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Preface

Bunsen and Grovefirst observed sputtering over 150 yearsago in
a discharge tube. Since then the basic level of understanding of the
sputtering phenomena has been refined. The applications of sputtering,
however, are still being developed on adaily basis. Sputtering deposition
and sputtering etching have become common manufacturing processesfor
awide variety of industries. First and foremost is the electronicsindustry,
which uses sputtering technology to produce integrated circuits and
magneto-optical recording media. This book describes many of the
sputtering applications that are relevant to electronics.

Sputtering processes are also present in many other disparate
areas. For example, sputter deposition is used to coat the mirrorlike
reflective windowsin many buildings. The hard coating of amachinetool
is awell-known application of sputtering.

Sputtering is essential for the creation of new materials such as
diamond thin films, high-T. superconductors, and ferroelectric and mag-
netic materials like those used in random access memories. Nanometer
materialsarealso provided by sputtering. It isimportant that the sputtering
process is considered an environmentally benign production technology.
The sputtering process is a key technology for material engineering in the
twenty-first century.

In the last ten years, radical progress has been seen in sputtering
technol ogy. For production, an exampl eisthe high-rate sputtering technol -
ogy using pul sed DC/M F dual-magnetron sputtering for coatinglargeareas

Vii
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Viii Preface

like window glass. Another production technology is the sputter-etching
of deep trench structures using plasma-assisted long-throw magnetron
sputtering systems. At the basic research level, epitaxial processing of
complex oxides such as layered perovskite for high-T,. superconductors
and ferroelectric superlattices of perovskites at the nanometer level were
extensively studied, and commercial sputtering systems were developed.

The material in this book is based on the author’ s research works
at Panasonic, Research Institute of Innovative Technology for the Earth,
RITE (Japanese government institute for global environment issues), and
Y okohama City University, for over forty years. This edition includes
experimental sputtering dataaccording to the author’ srecent experiments,
and up-to-date references. The theoretical descriptions of the sputtering
and film growth processes are geared to graduate students of materials
engineering disciplines based on the author’ s lectures at Y okohama City
University. Production level engineering dataareincluded for engineersin
industry.

Chapter 1 describes the special features of thin films from a
materials science and engineering viewpoint. This chapter also reviews
some of the devices and applications of sputtered thin films. Chapter 2
shows overviews of the thin film growth mechanisms, and basic deposi-
tion processes are discussed. Tables are included giving the properties of
crystal substrates and summarizing the epitaxial relationships. The basic
concepts of sputtering phenomena are described in Ch. 3 including
discussions of ion energy, collisions, and sputtering yields. The systems
used for sputtering deposition are characterized in Ch. 4. This chapter
includes information on discharges, targets, and process monitoring.
Chapter 5 shows a basic process design for the sputtering deposition of
complex compound materials and a variety of experimental data for the
application of thin films in electronics industry. Chapter 6 describes the
basi ¢ sputtering processfor acontrolled microstructure showing examples
of the deposition of perovskite ferroelectric thin films with a controlled
microstructure, the application of the sputtering for nanometer thin film
materials, andtheinterfacial control of high-k Si gate oxides by magnetron
sputtering. Chapter 7 showsmicrofabrication methodsusing the sputtering
etching process.

In the last ten years, several excellent tutorial texts on thin films
have been published for young scholars. However, for the practical use of
thin films, we should understand the physics and chemistry of thin film
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Preface iX

materials including crystal chemistry, vacuum engineering, and gas dis-
charge and plasma physics. The study of thin film material engineering
should include both thetutorial phenomenaand practical engineering data,
and few textbookscover both. Thistext will act asabridge betweentutorial
textbooks and practical application, and will be useful as a sub-textbook
for graduated students and as an experimental guidebook for young
scientists or engineers.

I owe my thanksto many senior material scientistsincluding K. L.
Chopra (Indian Institute of Technology), R. Roy, L. E. Cross, R. E.
Newnham (Penn StateUniversity), and T. H. Geballe (Stanford University)
for continuous discussion on ceramic thin films. | am also grateful to K.
Uchino, S. Trolier-McKinstry, D. G. Schlom (Penn State University), and
C. B. Eom (Wisconsin-Madison University), and S. Kisaka (Kanazawa
Institute of Technology) for their helpful discussion and evaluation of the
thinfilms. | also want tothank S. M. Rossnagel (IBM Watson Res. Center)
whose kindly help has been invaluable. Thanks are due to many vacuum
material sand equipment companieswho supplied the practical data. | wish
tothank studentsR. Ai, R. Suzuki, and K. Maedaat Wasa' sThinFilm L ab.,
Y okohama City University, and my daughter Y asuko Hirai, for their help
with the manuscript.

Finaly, I pray for the repose of the soulsof R. F. Bunshah (former
professor, University of California, Los Angeles) and G. Narita (former
Vice President, Executive Editor, Noyes Publications) who passed away
before the publication of this edition.

November 2003 KiyotakaWasa
Y okohama, Japan
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1

Thin Film Materialsand
Devices

Thin filmsare fabricated by the deposition of individual atomson
asubstrate. A thin filmisdefined asalow-dimensional material created by
condensing, one-by-one, atomic/molecular/ionic species of matter. The
thicknessistypically lessthan several microns. Thinfilmsdiffer fromthick
films. A thick film is defined as a low-dimensional material created by
thinning a three-dimensional material or assembling large clusters/aggre-
gates/grains of atomic/molecular/ionic species.

Historically, thinfilmshave been used for morethan ahalf century
in making electronic devices, optical coatings, instrument hard coatings,
and decorativeparts. Thethinfilmisatraditional well-established material
technology. However, thin film technology is still being developed on a
daily basissinceit isakey in the twenty-first century development of new
materials such as nanometer materials and/or a man-made superl attices.

Thinfilm materialsand devicesarea so availablefor minimization
of toxic materials since the quantity used is limited only to the surface
and/or thinfilmlayer. Thin film processing al so saveson energy consump-
tion in production and is considered an environmentally benign material
technology for the next century.[4

Thin film technology is both an old and a current key material
technology. Thin film materials and deposition processes have been
reviewed in several publications.? Among the earlier publications, the

1


http://cuuduongthancong.com?src=pdf
https://fb.com/tailieudientucntt

2 Thin Film Materials Technology

Handbook of Thin Film Technology (Maissel and Glang) is still notable
even though thirty years have passed since the book was published and
many new and exciting devel opments occurred in the intervening years.

1.1 THINFILM MATERIALS

Thin films are deposited on a substrate by thermal evaporation,
chemical decomposition, and/or the evaporation of source materialsby the
irradiation of energetic species or photons. Thin-film growth exhibits the
following features:

1. The birth of thin films of all materials created by any
deposition technique starts with a random nucleation
process followed by nucleation and growth stages.

2. Nucleation and growth stages are dependent upon vari-
ous deposition conditions, such as growth temperature,
growth rate, and substrate chemistry.

3. The nucleation stage can be modified significantly by
external agencies, such as electron or ion bombardment.

4. Filmmicrostructure, associated defect structure, andfilm
stress depend on the deposition conditions at the nucle-
ation stage.

5. The crystal phase and the orientation of the films are
governed by the deposition conditions.

The basic properties of film, such as film composition, crystal
phase and orientation, film thickness, and microstructure, are controlled
by the deposition conditions. Thin films exhibit unique properties that
cannot be observed in bulk materials:

1. Unique material properties resulting from the atomic
growth process.

2. Size effects, including quantum size effects, character-
ized by the thickness, crystalline orientation, and multi-
layer aspects.
The properties of thin films are governed by the deposition
method. The deposition process using the decomposition of source
materials is known as chemical vapor deposition (CVD). The deposition
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process using the irradiation of energetic species is known as sputtering.
Bunsen and Grove first observed sputtering in a gas discharge tube over
150 years ago. The cathode electrode material was disintegrated by the
discharge. Sincethat time, thebasiclevel of understanding of the sputtering
process has become fairly well developed. It was known that the disinte-
gration of the cathode material was caused by irradiation of the cathode
surface by highly energetic ions. The removed particles, called sputtered
species, were comprised of highly energetic atoms. Their energy ranges
were 1 to 10 eV, which was higher than those of the other deposition
processes such as thermal evaporation and chemical decomposition. The
sputtering process achi evesthe deposition of avariety of material swithout
heating the source materials.

Now sputtering has become a common manufacturing processfor
avariety of industries. First and foremost i s the semiconductor industry,
where sputtering technology is used in the metallization processin the
production of virtually every integrated circuit. The production technol-
ogy for Si ICs has been established using an automatic sputtering deposi-
tion system.

Sputtering depositionisal so present in many other disparate areas.
For instance, sputter deposition isused to coat the mirrorlike windowsand
reflective layers in many tall buildings. For the stable production of
refl ective-coating glasswindows, aspecial sputtering systemwasdesigned
in the 1990s. The sputtering deposition process for material production,
however, hasalow level of efficiency. An optimum sputtering design for
production is necessary for each material.

Bulk materials are usualy sintered from powders of source
materials. The particle size of these powders is of the order of 1 pm in
diameter. Thin films are synthesized from atoms or a cluster of atoms.
Sputtering deposition is unique, compared to other deposition processes,
in that sputtering deposition is a quenched, or high-energy process. Films
deposited by other processes, such as thermal evaporation and CVD, are
formed under conditions of thermodynamic equilibrium. In the sputtering
process, highly energetic sputtered species are quenched on the substrate
surface. This dynamic quenching process allows the formation of novel
thin-film materials. These ultrafine particles are quenched on substrates
during film growth, and this non-equilibrium state can lead to the forma-
tion of exotic materials. A variety of abnormal crystal phases have been
reported in thin films. Energetic sputtered particles lower the synthesis
temperature of materials. A typical exampleisadiamond growth at room
temperature.
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Bulk diamonds are conventionally synthesized at high pressure
(=50,000 psi) and high temperature (2000°C). The deposition of diamonds
from energetic carbon ions (=10-100 eV) enables the growth of cubic
diamond crystallites and/or diamond films at room temperature using a
sputtering process.[®l A hexagonal diamond isalso synthesized by sputter-
ing. The natural diamond found on the earth is cubic diamond whichisa
stable phase. The hexagonal phase is not grown under thermodynamic
equilibrium conditions; rather, it is grown under non-thermal equilibrium
conditions.[*]

Thehigh-T, superconductors of layered perovskite discovered by
Bednorz and Miller show different superconducting transition tempera-
tures due to the numbers of copper oxide layers. The single phase was
difficult for the bulk ceramics sintering process.!”! However, phase control
of the high-T, superconductors was successfully achieved by layer-by-
layer deposition using the sputtering process. [l

The sputtered, thin, two-dimensional structure fixed on the sub-
stratesmodifiesthe material properties. It isreasonably considered that the
thin films may show features that are different from the bulk materialsin
terms of mechanical strength, carrier transportation, superconductivity,
ferroelectricity, magnetic properties, and optical properties. For instance,
thin films may be characterized by a strong internal stress of 10°-10'°
dynes/'cm? and a number of lattice defects. The density of the lattice
defects can be more than 10 dislocations/cm?. Theselattice defectshave
the effect of increasing the elastic strength. The strengths obtained in thin
filmscan be up totwo hundred timesas|large asthose found in correspond-
ing bulk material. The stress arises from the mismatch in the lattice
parameter and thethermal expansion coefficient betweenthethinfilmsand
the substrates. The compressive stress elevates the Curie temperature of
ferroelectric thin films of perovskite structure.[8ll¥] The superlattice of the
ferroelectrics thin films shows a giant permittivity*? and a pseudo-
pyroelectric effect.['3 The stress affects the superconducting critical
temperature at or below which electrical resistance vanishes. The tensile
stressincreasesthecritical temperature for metal superconductingfilms.[4
The compressive stress increases the critical temperature for high-T,
cuprate.[19]

The thin-film process is aso essential for making nanometer
materials. Nanomaterials are defined asfollows: materials or components
thereof in alloys, compounds, or compositeshaving oneor moredimensions
of nanometer size(1nm=107cm=10A). Nanomaterialsareclassifiedinto
three types:
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1. Zero-dimensional nanomaterials have all three dimen-
sions of nanometer size (e.g., quantum dots).

2. One-dimensional nanomaterials have two dimensions
of nanometer size (e.g., quantum wires).

3. Two-dimensional nanomaterials have one dimension of
nanometer size (e.g., thin films, superlattices).

The phenomenological dimensionality of nanometer materials de-
pendsonthe sizerelativeto physical parameters such as quantum confine-
ment regime (< 100 atoms), mean free path of conduction electron (< 10
nm), mean free path of hot electron (< 1 nm), Bohr excitation diameter (S
=8.5nm, CdS=6nm, GaAs= 196 nm), deBrogliewavelength (< 1.nm).[%0)

The three types of nanometer materials have been successfully
synthesized by thin-film processes such as codeposition, layer-by-layer
deposition in an atomic scale, and nanolithography using a sputtering
process.[?!]

The current progressin thin-film research is much indebted to the
atomic observation technology including the scanning tunneling micro-
scope (STM) developed by Binnig and Rohrer.[22

Figure 1.1 shows some photographs of thin-film materials. Table 1.1
summarizes the interesting phenomena expected in thin films

Figure 1.1. Photographs of some thin-film materials. (a) Diamond crystals prepared at
room temperature by ion beam sputtering. (b) Cross-sectional TEM imagesof ferroel ectric
superlattice, PbTiO5/ (Pb, La) TiO; nanometer multilayers, prepared by magnetron
sputtering.
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(b)

Figure 1.1. (cont'd.)

Table 1.1. Interesting Phenomena Expected in Thin Film Materials

Size Effect*

Increase of resistivity, p, in metal: pe/pg = (4/3)[y In(1/y)]™*
Reduced TCR, a, in metal: ar/ag =[In(1/y)]™
Reduced mobility, p, in metal: u fug =[In(l/ y) ]™*
Anomalous skin effect at high frequenciesin metal.
Reduced thermal conductivity, K, in metal: Kg /Kg = (3/4) [yIn(1/ y)]
Enhanced thermoel ectric power, S, in metal:
SIS =1+ (23)[(Iny-1.42)/(Iny-0.42)]
Reduced mobility in semiconductor: ue/ug = 1+ (1+ 1/ )™

Quantum size effects in semiconductors and semimetals, at t <A,
de Broglie wavelength: thickness-dependent oscillatory variation of
resistivity, Hall coefficient, Hall mobility, and magnetoresistance.

Galvanomagnetic surface effects on Hall effect and magnetoresi stance
due to surface scattering.

Note: y=t/l « 1 wheretisfilm thickness, | is mean free path of electrons,
A = h/mv where h is the Planck constant, mis the mass of the particle, and
v isthe velocity. Electron transport phenomena (F: film, B: bulk).

(cont’d.)
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Table 1.1. (cont’'d.)

Field Effects

Conductance change in semiconductor surface by means of electric field,
Insulated-gate thin transistor (TFT).

Space-Charge Limited Current (SCLC)

SCLC through insulator, J:J = 10 pg eV %t * (Alcm?)
(one-carrier trap-free SCLS).

Note: uq4, drift mobility of charge carriers, ¢, dielectric constant, V,
applied voltage.

Tunneling Effects

Tunnel current through thin insulating films, voltage-controlled negative
resistance in tunnel diode.

Tunnel emission from metal, hot €l ectron triode of metal-base transistor.

Electroluminescence, photoemission of electrons.

Tunnel spectroscopy.

Spin-dependent tunneling magnetoresistance (TMR) effects:!”?
TMR=2P,P,/(1- P;P,); P4, P,: spin polarization.

Tunnel current between island structure in ultra thin films.

Ferroelectricity

Increase of Curie temperature T by film stress.[®¥
AT, =26C(Qq1 + 2Q15)0 (cubic-tetragonal).

Note: C: Curie constant; Q;;: cubic electrostrictive constants; o'
hydrostatic stress.

Thickness dependence of dielectric constant.™”

Crystalline size effects.™!

Giant permittivity.*3

Charge pumping, pseudopyroelectric effects.*!

7

(cont’d.)
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Table 1.1. (cont’'d.)

Superconductivity

Superconductivity-enhancement;
Increase of critical temperature, T, in metal with decreasing thickness, t:
AT, = Alt - Bit?and/or crystallite size.

Stress effects:
Tensile stressincreases T..
Compressive stress decreases T, in metal.
Compressive stress along ¢ axis decreases T...
Compressive stressin a-b plane increases T, in high-T, cuprates.

[14]

[15]

Proximity effects in superimposed films:
Decrease of T.in metal caused by contact of normal metal.

Reduced transition temperature, T
(TYT)? =1-1/(0.2 + 0.8ty).
Note: tsistheratio of thickness of superconducting films and a critical

thickness below which no superconductivity is observed for a constant
thickness of norma metal films.

Increase of critical magnetic field, H:
At pardllel field:

Her/Hes = (/24)(M1), where A is the penetration depth due to

Ginzburg-Landau theory.
At transverse field,

HerHes = (4/2) K, where K isthe Ginzburg-Landau parameter.

Reduced critical current, Jc:

Jor eg = tanh(t/2)), where Jcg, isthe critical current of bulk and
Jcr isthe critical current of thin films)

Supercurrent tunneling through thin barrier, Josephson junction, and tunnel
spectroscopy. Intrinsic Josephson junctions in high-T, cuprates.™®

(cont’d.)
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Table 1.1. (cont’'d.)

Magnetics

Increase in magnetic anisotropy:

The anisotropies originate in a shape anisotropy, magnetocrystalline
anisotropy, strain-magnetostriction anisotropy, uniaxial shape-
anisotropy.

Magnetic free energy (E) is expressed as:
E=K,sin’p - MeH
where: K, : magnetic anisotropy constant
M : magnetization
H : magnetic field
@: angle between M and easy axis.

Increase in magnetization and permeability in amorphous structure, and/or
layered structure.

Giant magnetoresistance (GMR) effectsin multilayers;* '8
MR = (oar - pF) I0F
where:  pae: antiparallel resistivity
Pr : parallel resistivity

GMR multilayer on V-groove substrate.*
Ocap = OgpCOS 0+ Ocpp SN0
where  acap : conductivity for current at an angle to plane
Ocip - conductivity for current in plane
Ocpp: conductivity for current perpendicular to plane
6 :angleof V-groove

Exchange coupling at the interface between ferromagnetic (FM) and
antiferromagnetic (AF) layers.

— Increase of coercivefield (H¢)

—  Shift of M-H curve (exchange bias)
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1.2 THIN FILM DEVICES

Sincethelatter part of the 1950s, thin films have been extensively
studied in relation to their applications for making electronic devices. In
the early 1960s, Weimer proposed thin film transistors (TFTs) composed
of CdS semiconducting films. He succeeded in making a 256-stage, thin-
filmtransistor decoder, driven by two 16-stage shift resistors, for television
scanning, and associated photoconductors, capacitors, and resistors.[?3]
Although these thin-film deviceswere considered asthe best devel opment
of both the science and technology of thin films for an integrated micro-
electronic circuit, the poor stability observed in TFTswas an impediment
to practical use. The bulk Si MOS (metal-oxide semiconductor) devices
were successfully developed at the end of 1960s.?4 Thus, thin-film
devicesfor practical use were limited to passive devices such asthin-film
resistors and capacitors.

In the 1970s, several novel thin-film devices were proposed,
including thin-film, surface acoustic wave (SAW) devices,[® integrated
thin-film bulk acoustic wave (BAW) devices,[? and thin-film integrated
optics.[?1 A wide variety of thin-film devices were developed. Of these,
one of themost interesting technol ogieswas athin-film amorphoussilicon
(a-Si) proposed by Spear using a CVD process.[?8l This technology
achieved a low-temperature doping of impurities into a-Si devices and
suggested the possibility of making a-Si active devices such asaSi TFT
and a-Si solar cells!?? In the 1980s, rapid progress was made in a-Si
technology. Amorphous Si solar cells have been produced for electronic
calculators, although the energy conversion efficiency is5to 7% and is
lower thanthat of crystalline Si solar cells. Inthe middle of the 1980s, high
quality a-Si technology led to the production of aliquid crystal television
with aSi TFT. Due to the improvement of aSi thin film, the energy
conversion efficiency of the a-Si solar cells has been improved and is now
ashigh as 129%.13% The a-Si/poly-Si stacked cell shows an efficiency of 21
to 23%,134 which is in the same order of magnitude as the efficiency of
single-crystal Si solar cells. The processing temperatureisaslow as300°C
for aSi thin-film solar cells. Thin-film technology for making high-
efficiency a-Si solar cellswill be akey for the production of clean energy
since aSi solar cells consume much less energy to produce than single-
crystal bulk Si solar cells, which also use the sputtering process.[34

Other interesting thin-film devices are ZnO thin-film SAW de-
vices and ZnO thin-film BAW devices for color televisions, mobile
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telephones, and communication systems.[3334 ZnO is known as a piezo-
electric material for making acoustic transducers. The sputtering process
successfully deposits thin films of ZnO of transducer quality. The ZnO
SAW and ZnO BAW devicesact assolid-state resonatorsand/or band-pass
filtersin the frequency region of MHz to GHz band.

Silicon carbide (SiC) thin film, high-temperature sensors were
another typeof attractivethin-film device producedinthe 1980s. Tempera-
ture sensorswere devel oped using bulk SiC single crystalsfor satellite use
because of their high radiation resistance. However, the difficulty of
producing the precise equipment required to make them precluded their
production for commercial use. Sputtering technol ogy was ableto achieve
a low-temperature synthesis of high-temperature SiC materials to over-
cometheissuesof producing SiC sensorswith high accuracy.[®® These SiC
devices are now developed as high-power, semiconducting integrated
circuits and radiation-resistant semiconducting devices. The nanometer,
multilayered structure provided by the d-doping process made the high-
mobility SIC MOS devices areality. These SIC MOS devices have ahigh
potential for saving energy in consumer electronics.!3

The sputtering process produces a narrow magnetic gap for
videotape recording systems and for computer disk applications. In the
production of the magnetic gap, anonmagnetic spacer isformed from glass
material. Prior totheuse of thin-film technol ogy, the spacer manufacturing
processwas quite complex. For instance, magnetic-head core material was
first immersed in amixed solution of finely crushed glass, then taken out
and subjected to centrifugation so that a homogeneous glass layer was
deposited onto the surfaces of the core members of the opposing gap. After
forming aglassfilm onthe core surfacesby firing the deposited glasslayer,
the two opposing gap faces were butted against each other with the glass
layer sandwiched between and then fused together by a heat treatment to
form the desired operative gap. Since the width of the magnetic gap was
around 0.3 um, these traditional methods were difficult to use in production
because of the difficulty in controlling the film thickness of thefired glass.

Thin-film deposition technology enabled the production of mag-
netic headswith narrow gap lengthsof 0.3 pm.3”1 The narrow-gap forming
technol ogy was based on the atomic scal e achievable by thin-film deposi-
tion processes. Sputtering technology, with its precise, controlled deposi-
tion, is used to develop layered new materials including giant magnetore-
sistance (GMR) magnetic materials. The spin-dependent, tunneling-mag-
netoresistance (TMR) effects will provide a high-density memory disk of
up to 200 Ghit/inch?.["]
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Thin-film materials are used for the production of electronic
devices such as high precision resistors, SAW devices, BAW devices,
optical disks, magnetic tapes, magnetic disks, and sensors, and for active
matrices for liquid-crystal TV. Thin films of high-T, superconductors are
used for the fabrication of superconducting planar filters with gigaband
capability.[38 Additionally, integrated acousto-optic and magneto-optic
devices for optical information processing have been developed by
Tsai 139

Thedevelopment of thin-film devices owesits development to the
siliconlarge-scaleintegration (L SI) technol ogy, includingthin-filmgrowth
process, microfabrication, and analysistechnol ogy of both the surface and
interfaces of thin films. It is noted that the ferroel ectric dynamic random
access memory (FEDRAM) has been developed and is now used in
practice. Ferroelectric thin films were studied in the past for use in high-
capacitive dielectric and pyroelectric sensors.[*¥) FEDRAM owes its
devel opment to theintegration of Si L S| technology and ferroel ectricthin-
film technology. The superlattice of giant magnetoresi stance al so provides
high-density magnetoresistance dynamic random access memory
(MRDRAM).I FEDRAM and MRDRAM will be key next-generation
LSl technologies.[*2

Figure 1.2 shows photographs of some thin-film devices.

@

Figure1.2. Photographs of somethin-film devices. (a) A 5-GHz high-T, superconducting
planar disk resonator. (b) Submicron narrow-gap magnetic head for video system.
(c) Optical disk, magneto-optical disk, and hard disk with Si wafers. (Courtesy of Mitsubishi
Materials Corporation.)
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The pioneer researcher of ion-beam sputtering deposition, K. L.
Chopra, said “ Thethin film wasin past considered as the 5" state of matter
next to plasma, sincethereliable material sproperties could not be obtained
and thin films were considered to be different from bulk materials. At
present the thin films are considered asthe 1% state of matter. Thisis owed
to establishment of scientific technology of the thin film growth kinet-
ics.” 4]

The sputtering deposition processis complicated. However, many
of the problems associated with sputtering in the past are being eliminated.
In this book, a number of experimental data on the sputtering deposition
are presented for a variety of materials in relation to their structure and
other electrical properties. These data are based on the author’s experi-
ments spanning the forty years since 1960, from basic research to produc-
tion, and will be helpful for the research and production of new thin-film
materials and devices.

Sputtering technology is becoming commonplace in many manu-
facturing disciplines, and the sputtering process is considered to be an
environmentally benign thin-film process due to its small environmental
load compared to the CVD process. New sputtering applications in
technology are emerging.!

A pioneer researcher of sputtering physics, G. K. Wehner, be-
lieved that sputtering showed high potential for the deposition of high-
quality semiconductors similar and/or superior to the MBE/CVD pro-
cesses“l Further study on the growth kinetics for sputtering deposition
will realize Wehner’ s concept.
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Thin Film Processes

Several publications have presented adetailed review of thin-film
deposition processes;!! thusonly brief descriptionsof thethin-film growth
and deposition processes are presented in this chapter.

2.1 THIN FILM GROWTH PROCESS

Any thin-film deposition process involves three main steps:

1. Production of the appropriate atomic, molecular, or ionic
Species.

2. Transport of these species to the substrate through a
medium.

3. Condensation on the substrate, either directly or via a
chemical and/or electrochemical reaction, toformasolid
deposit.

Formation of a thin film takes place via nucleation and growth
processes. The general picture of the step-by-step growth process emerg-
ing from the various experimental and theoretical studies can be presented
asfollows:

17
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1. The unit species, on impacting the substrate, lose their
velocity component normal to the substrate (provided
the incident energy is not too high) and are physically
adsorbed on the substrate surface.

2. Theadsorbed speciesare not in thermal equilibrium with
the substrate initially and move over the substrate sur-
face. In this process they interact anong themselves,
forming bigger clusters.

3. Theclustersor the nuclei, asthey are called, are thermo-
dynamically unstable and may tend to desorb in time,
depending on the deposition parameters. If the deposi-
tion parametersare such that acluster collideswith other
adsorbed species before getting desorbed, it starts grow-
inginsize. After reachingacertaincritical size, thecluster
becomes thermodynamically stable and the nucleation
barrier is said to have been overcome. This step involv-
ing the formation of stable, chemisorbed, critical-sized
nuclei is called the nucleation stage.

4. Thecritical nuclei grow in number aswell asin size until
asaturation nucleation density isreached. Thenucleation
density and the average nucleus size depend on anumber
of parameters such as the energy of the impinging spe-
cies, the rate of impingement, the activation energies of
adsorption, desorption, thermal diffusion, and the tem-
perature, topography, and chemical nature of the sub-
strate. A nucleus can grow both parallé to the substrate
by surface diffusion of the adsorbed species, and perpen-
dicular to it by direct impingement of the incident spe-
cies. Ingeneral, however, therate of lateral growth at this
stage is much higher than the perpendicular growth. The
grown nuclei are called islands.

5. The next stage in the process of film formation is the
coalescence stage, in which the small islands start coa-
lescing with each other in an attempt to reduce the
substrate surface area. This tendency to form bigger
islands is termed agglomeration and is enhanced by
increasing the surface mability of the adsorbed species,
by, for example, increasing the substrate temperature. In
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some cases, formation of new nuclei may occur on areas
freshly exposed as a consequence of coalescence.

6. Largerislandsgrow together, leaving channelsand holes
of uncovered substrate. The structure of the films at this
stage changes from discontinuous island type to porous
network type. Filling of the channels and holes forms a
completely continuous film.

The growth process thus may be summarized as consisting of a
statistical processof nucleation, surface-diffusion controlled growth of the
three-dimensiona nuclei, and formation of a network structure and its
subsequent filling to give a continuous film. Depending on the thermody-
namic parameters of the deposit and the substrate surface, the initia
nucleation and growth stages may be described as (a) island type, called
V olmer-Weber type, (b) layer type, called Frank-van der Merwetype, and
(c) mixed type, called Stranski-Krastanov type. Thisisillustrated in Fig.
2.1. Inamost all practical cases, the growth takes place by island forma-
tion. The subsequent growth stages for an Au film sputter-deposited on
NaCl at 25°C, asobservedintheel ectron microscope, areshowninFig. 2.2.

Island Structure

Z 7000

Substrate

(a) Volmer-Weber Type

Uniform Film

Substrate

(b) Frank-van der Merwe Type

Uniform Film
Island Structure

Substrate

(c) Stranski-Krastanov Type

Figure 2.1. Three modes of thin film growth processes.
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Figure 2.2. Transmission electron micrographs of 15, 45, and 75 A thick argon-sputtered
Aufilms deposited on NaCl at 25°C at adeposition rate of approximately 1 A/sec.[

Except under special conditions, the crystall ographic orientations
and the topographical detailsof different islandsare randomly distributed,
so that when they touch each other during growth, grain boundaries and
various point and line defects are incorporated into the film due to
mismatch of geometrical configurations and crystallographic orientations,
asshown in Fig. 2.3. If the grains are randomly oriented, the films show
aring-type diffraction pattern and are said to be polycrystalline. However,
if the grain size is small (20 A), the films show halo-type diffraction
patterns similar to those exhibited by highly disordered or amorphous
(noncrystalline) structures. Evenif theorientation of differentislandsisthe
same throughout, as obtained under special deposition conditions de-
scribed in Sec. 6.2.3 on suitable single-crystal substrates, a single-crystal
film is not obtained. Instead, the film consists of single-crystal grains
oriented parallel to each other and connected by low-angle grain bound-
aries. These films show diffraction patterns similar to those of single
crystalsand are called epitaxial single-crystal films.

Besides grain boundaries, epitaxial films may also contain other
structural defectssuch asdislocationlines, stacking faults, microtwins, and
twin boundaries, multiple-positioning boundaries, and minor defects
arising from aggregation of point defects (for example, dislocation loops,
stacking faults, and tetrahedraand small dotlike defects). Notethat defects
such as stacking faults and twin boundaries occur much less frequently in
polycrystallinefilms. Dislocations with adensity of 10'° to 10 lines/cm?
arethemost frequently encountered defectsin polycrystallinefilmsand are
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largely incorporated during the network and hole stages due to displace-
ment (or orientation) misfits between different islands. Some other mecha-
nismswhich may giverisetodislocationsinthinfilmsare(1) substratefilm
lattice misfit, (2) the presence of inherent large stresses in thin films, and
(3) continuation into the film of the dislocations apparently ending on the
substrate surface.

After acontinuous film is formed, anisotropic growth takes place
normal to the substrate in the form of cylindrical columns. The initia
nucleation density determines the lateral grain size, or crystalite size.

Island
Misfit Dislocations _L 111

Substrate

Translational e o o
and Rotational O 0O
Displacement

Insipient Dislocations

Stacking Faults ///

Extrinsic Intrinsic

Double Positioning v

Figure2.3. A schematic diagram showing theincorporation of defectsinathinfilmduring
growth.l4
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However, if recrystallization takes place during the coal escence stage, the
lateral grain sizeislarger than the average separation of theinitial nuclei,
and the average number of grains per unit area of the film isless than the
initial nucleation density. The grain size normal to the substrateis equal to
thefilmthickness. For thicker films, renucl eation takes place at the surface
of previously growngrains, and each vertical columngrowsmultigranularly
with possible deviations from normal growth.

The film growth isinitiated by the adatoms. The adatoms will be
trapped at a nucleation center after a Brownian movement. The mean
residence time of adatoms, 7, is estimated by

E.,
Eq. (2.1) T =T, epH T E

where 7, is aperiod of vibration perpendicular to the surface assumed to
bealmost 1/v(= 10'13s), wherev (=10'3Hz) isafrequency of | atticethermal
vibration, and E, isadsorption energy of adatoms on the substrates (= 0.1
to 1 eV). Thethermal equilibrium time of the adatoms, 7, is expressed by

— Ead
Eq (22) Te =T €EXp KT

If E,q > KT, the adatoms will stay on the surface of substrates
where 14 > 1. If E;q = KT, the adatoms will reevaporate from the
substrates. The adatoms will diffuse on the surface showing Brownian
movement, which is continuous random movement. The traveling time
due to the diffusion on the surface, 1, is expressed by

- Ed
Eq. (2.3) Tq =T, &P =

wheret, is a period of vibration parallel to the surface assumed to
be almost 1/v (= 10 s) and E, is the surface diffusion energy for the
adatoms against the potential barrier on the substrate surface.

The mean traveling distance of the adatoms, X, is expressed by

Eq. (2.4) X = (Dgrg¥2
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2
Eq. (2.5) D.=%
Ty

where a, denotes alattice spacing of surface atoms of the substrates. Since
T, = T,, Xisexpressed by

E,-E
Eq. (2.6) X =aoeXpE d2kT "E

Both E_4 and Ej areimportant for the growth of thinfilms. Assume
ap,=05nm, E,4=0.2 eV for adsorption, E;=0.01 eV, and T = 300K, X
=20nm (= 39 a,) and the mean residencetime (physical) = 160 ps. When
E,g=0.4eV, X=780 nm (= 1500 a,) and 1, = 0.24 ps. This showsthat the
diffusion of adatoms strongly depends on the E,4 and E;. In general, the
diffusion length of the adatomswill be on the order of micrometers during
the film growth. When E_4 = 1 eV for achemical absorption, T, becomes
6 x 103 secondsat 300K . Thetisreducedto 1 msat 500K. Thisestimation
shows the potential utility of baking out high vacuum systems.

The growth stage of thin filmsis governed by the surface energy
of thin films, y;, the surface energy of substrates, y,, and the interfacial
energy between thin films and substrates, y;,. Theisland growth (Volmer-
Weber mode) will be predominant at (ys- Vo) < V;, and the layer growth
(Frank-van der Merwe mode) at (Vs- Vi) >Y; Inlayer growth, the covering
on the surface showsthe minimum free energy. The binding energy of thin-
film atoms at the coalescence stage is E, where E, < E,4. The surface
treatment before deposition also changes the E,; and E;. Neugebauer
presented the critical review on nucleation and growth of the thin films.[®!
Computer simulations are useful for understanding film growth.[4l]

2.1.1 Structural Consequences of the Growth Process

The microstructure and topographical details of a thin film of a
given material depend on the kinetics of growth and hence on the
substrate temperature, the source and energy of impurity species, the
chemical nature, the topography of the substrate, and gas ambients. These
parameters influence the surface mobility of the adsorbed species: kinetic
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energy of the incident species, deposition rate, supersaturation (i.e., the
value of the vapor pressure/sol ution concentration above that required for
condensation into the solid phase under thermodynamical equilibrium
conditions), the condensation or sticking coefficient (i.e., the fraction of
the total impinging species adsorbed on the substrate), and the level of
impurities. How the physical structure is affected by these parametersis
described below.[6]

2.1.1.1 Microstructure

The lateral grain size is expected to increase with decreasing
supersaturation and increasing surface mobility of the adsorbed species.
As a result, deposits with well-defined large grains are formed at high
substrate and source temperatures, both of which result in high surface
mobility. Transmission electron micrographs of 100-A-thick Au films
deposited on NaCl at 100°, 200°, and 300°C by vacuum evaporation
illustrate the effect of substrate temperature asshowninFig. 2.4. Notethat
increasing the kinetic energy of the incident species (for example, by
increasing the source temperature in the case of deposition by vacuum
evaporation, or by increasing the sputtering voltage in the case of deposi-
tion by sputtering) also increases the surface mobility. However, at
sufficiently high kinetic energies, the surface mobility isreduced dueto the
penetration of the incident speciesinto the substrate, resulting in asmaller
grain size. This effect of the kinetic energy of the impinging species on
grain size is more pronounced at high substrate temperatures. Also, the
effect of substrate temperature on grain size is more prominent for
relatively thicker films.

Figure 2.4. Transmission electron micrographs of 100-A-thick Au films vacuum evapo-
rated on NaCl at 100°, 200°, and 300°C.[4
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Giving the film a postdeposition annealing treatment at tempera-
tures higher than the deposition temperature may also modify the grain
size. The higher the annealing temperature, the larger the grain sizes
obtained. The effect of heat treatment is again more pronounced for
relatively thicker films. The grain growth obtained during postdeposition
annealingissignificantly reduced fromthat obtai ned by depositingthefilm
at annealing temperatures; this is because of the involvement of the high
activation-energy process of thermal diffusion of the condensate atomsin
theformer case compared to the process of condensation of mobile species
in the latter.

For a given material-substrate combination and under a given set
of deposition conditions, the grain size of thefilmincreasesasitsthickness
increases. However, beyond a certain thickness, the grain size remains
constant, suggesting that coherent growth with the underlying grains does
not go on forever, and fresh grains are nucleated on top of the old ones
above this thickness. This effect of increasing grain size with thicknessis
more prominent at high substrate temperatures. The effect of various
deposition parameterson the grain sizeissummarized qualitatively in Fig.
2.5. Itisclear that the grain size cannot be increased indefinitely because
of the limitation on the surface mohility of the adsorbed species.

The conditions favoring epitaxial growth are (1) high surface
mobility as obtained at high substrate temperatures; (2) low supersatura-
tion; (3) clean, smooth, and inert substrate surfaces; and (4) crystallo-
graphic compatibility between the substrate and thedeposit material. Films
in which only a particular crystallographic axis is oriented along a fixed
direction (due to preferential growth rate) are called oriented films. In
contrast to epitaxial films, whichrequireasuitablesingle-crystal substrate,
oriented films may also be formed on amorphous substrates. At the other
extreme from thin-film microstructures, highly disordered, very fine-
grained, noncrystalline deposits with agrain size of 20 A that show halo-
type diffraction patterns similar to those of amorphous structures (i.e.,
having no trandlational periodicity over several interatomic spacings) are
obtained under conditions of high supersaturation and low surface mobil-
ity. The surface mobility of the adsorbed species may be inhibited, for
example, by decreasing the substrate temperature, by introducing reactive
impurities into the film during growth, or by codepositing materials of
different atomic sizes and low surface mobilities. Under these conditions,
the film is amorphous-like and grows layer-by-layer.
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Figure2.5. Qualitativerepresentation of theinfluence of variousdeposition parameterson
thegrainsizeof thinfilms.[?

2.1.1.2 Surface Roughness and Density

Under conditions of alow nucleation barrier and high supersatu-
ration, the initial nucleation density is high and the size of the critical
nucleus is small. This results in fine-grained, smooth deposits which
become continuous at small thicknesses. On the other hand, when the
nucleation barrier is large and the supersaturation is low, large but few
nuclei are formed, resulting in coarse-grained rough films which become
continuous at relatively large thicknesses. High surface mohility, in gen-
eral, increases the surface smoothness of the films by filling in the
concavities. One exceptionisthe specia casewherethe deposited material


http://cuuduongthancong.com?src=pdf
https://fb.com/tailieudientucntt

Thin Film Processes 27

hasatendency to grow preferentially along certain crystal faces because of
either large anisotropy in the surface energy or the presence of faceted
roughness on the substrate.

A further enhancement in surface roughness occursif theimping-
ing speciesareincident at oblique anglesinstead of falling normally onthe
substrate. This occurslargely dueto the shadowing effect of the neighbor-
ing columns oriented toward the direction of the incident species. Figure
2.6 shows the topography of two rough film surfaces, one (Fig. 2.6a)
obtained by oblique deposition and the other (Fig. 2.6b) obtained by
etching a columnar structure. Also shown are the topographies of rough
(Fig. 2.6c) and smooth (Fig. 2.6d) CdS films prepared by controlled
homogeneous precipitation under different conditions.[

rfi.-x ""'r..i.'"-l"jr 1-"-ll e

-wﬂ{, e

Figure 2.6. Scanning electron micrographs showing topography of smooth and rough
films; (a) obliquely deposited GeSefilm; (b) etched CdSfilm (vacuum evaporated);(c)
rough CdS film (solution grown); and (d) smooth CdS film (solution grown).!2
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A gquantitative measure of roughness, the roughness factor, isthe
ratio of thereal effectiveareatothegeometrical area. Theroughnessfactor,
AB, isgiven by

—_ 2 1 2 i
Eq. (2.7) AG—%B —%Zn %

where 0, the coverage or average film height, is defined by
Eq. (2.8) ezizh
N I

and N is the number of surface sites, and h; is the film height of each site.

The variation of the roughness factor with thickness for a number
of casesisqualitatively illustrated in Fig. 2.7a. Inthe case of porousfilms,
the effective surface area can be hundreds of times the geometrical area.
The deviation of the chemical composition also changes the roughness of
compound thin films.

Density is also an important parameter of physical structure. It
must be known for the determination of the film thickness by gravimetric
methods. A general behavior observed in thin filmsis a decrease in the
density with decreasing film thickness. Thisis qualitatively illustrated in
Fig. 2.7b. Discrepancies observedinthevalue of thethicknessat which the
density of agiven film approaches its bulk value are attributed to differ-
encesin the deposition conditions and measurement techniques empl oyed
by different observers.

Surface roughnessis also essentially related to the modes of film
growth described earlier in Sec. 2.1. The Frank-van der Merwe mode
provides the smooth surface and V olmer-Weber mode provides the rough
surface. The roughness is analyzed by computer modeling the film
growth.l”! The strains due to the thermal expansion mismatch between a
film and its substrate affect the surface microstructure and/or the
roughness.[® Inthe Ge/Si heterostructure, the compressive misfit strainin
Ge thin films induces a transition of a planar film to a three-dimensional
island morphology due to a reduction of strain.[9)

In a heteroepitaxial film, the density will change due to the
deformation of thelatticestructure. PoTiOthinfilmsepitaxially grownon
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Figure 2.7. Qualitative variation of (a) the roughness factor and (b) the film density asa
function of filmthickness.[d

SrTiO; substrates show an expansion of the ¢ axis and the a/b axis. The
density will be 90 to 95% of the bulk density. Figure 2.8 showsthe surface
AFM (atomic-forcemicroscope) and SEM (scanning el ectron microscope)
images of PbTiO; thin films epitaxially grown on vicinal SrTiO; sub-
strates. The surfaceroughnesswasgoverned by theinitial surfacestructure
of the vicinal substrates as seen in Fig. 2.8a. The Pb-rich composition
enhanced the growth of small islands on the surface probably due to the
two-dimensional nucleation of Pb or PbO, as seen in Fig. 2.8b. The film
growth on the vicinal substratesis discussed in detail in Sec. 6.2.4.

2.1.1.3 Adhesion

Theadhesion of afilmtothe substrateisstrongly dependent onthe
chemical nature, cleanliness, and the microscopic topography of the
substrate surface. The adhesion is better for higher values of (1) kinetic
energy of theincident species, (2) adsorption energy of the deposit, and (3)
initial nucleation density. The presence of contaminants on the substrate
surface may increase or decrease the adhesion depending on whether the
adsorption energy isincreased or decreased, respectively. Also, the adhe-
sion of afilm can be improved by providing more nucleation centers on
the substrate, for instance, by using afine-grained substrate or a substrate
precoated with suitable materials. Loose and porous deposits formed
under conditions of high supersaturation and poor vacuum are less
adherent than compact deposits.
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Figure2.8. Surface SEM and AFM images of PbTiOg thinfilms; (&) stoichiometricfilms,
(b) Pb-rich films grown on miscut (100) SrTiOs.

It is known that the deposited films include internal stress during
film growth. The elastic energy is stored in the films dueto the stress. The
elastic energy density, u,, is expressed by

2

(0} .
Eq. (2.9) u, = (n Jm?)

where Y denotes Y oung’ s modulus of thin films. Thus, the stored energy
at unit area of thin films, ug, becomes
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Eg. (2.10) u, =u,d _od (in¥m?)
%

S

where d shows the thickness of the deposited films. When ug is larger
than the adhesive energy, the deposited filmswill peel off. Under agiven
adhesive condition, there is a critical film thickness. Beyond the critical
thickness, the deposited films will peel off. The internal stress originates
mainly from adhesion to the substrates. Stress can be introduced in the
films by differential thermal expansion between thin films and the sub-
strates and/or by lattice misfit with crystalline substrates. The internal
stress, 0, is estimated by measuring the strain, €, using an XRD analysis.
The stress, 0, is expressed by

Eq. (2.11) o=EY
2v

where € denotes the strain and v denotes the Poisson’ s ratio of the films.
Theratio visapositive number for almost all materialsand islessthan one-
half.[10]

2.1.1.4 Metastable Structure

In general, departures from bulk values of lattice constants are
found only in ultrathin films. The lattice constants may increase or
decrease, depending on whether the surface energy isnegative or positive,
respectively. As the thickness of the film increases, the lattice constants
approach the corresponding bulk values.

A large number of materials, when prepared in thin-film form,
exhibit new metastable structures not found in the corresponding bulk
materials. These new structuresmay be purely dueto deposition conditions
or they may be impurity- or substrate-stabilized. Some general observa-
tions regarding these new structures in thin films are listed:

1. Most of the materials, in pure form or in combination
with appropriate impurities, can be prepared in amor-
phous form.

2. Thedistorted NaCl-structurebulk materialstendtotrans-
form to the undistorted form in thin films.

3. The wurtzite compounds can be prepared in sphalerite
form and vice versa.
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4. Body-centered cubic (bcc) and hexagonal close packed
(hep) structures have a tendency to transform to face-
centered cubic (fcc) structure.

Some common examples of such abnormal structures found in thin films
are:
1. Amorphous Si, Ge, Se, Te, and As.

2. Face-centered cubic (fcc) Mo, Ta, W, Co, and b-Ta, etc.
(al due to deposition conditions).

3. Face-centered cubic Cr/Ni, bce Fe/Cu, and fec Co/Cu (all
due to the influence of the substrate).

Note that these abnormal metastabl e structures transform to stable normal
structures upon annealing. Thisisillustrated in Fig. 2.9 for the case of ion-
beam sputtered Zr films.

Figure2.9. Electron diffraction patterns of 500-A-thick Zr films, ion-beam sputtered onto
NaCl at (a) 23°C, amorphous; (b) 250°C, fcc; (c) 450°C, hep; and (d) fccannealed at 675°C
in vacuum, fcc + hep.[d
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2.1.2 Solubility Relaxation

Another consequence of the thin-film growth process is the
phenomenon of solubility relaxation. The atomistic process of growth
during codeposition allows the doping and alloying of films. Since thin
filmsareformed fromindividual atomic, molecular, or ionic specieswhich
have no solubility restrictionsin the vapor phase, the solubility conditions
between different materials upon codeposition are considerably relaxed.
This allows the preparation of multicomponent materials, such as alloys
and compounds, over an extended range of compositions compared to the
corresponding bulk materials. It is thus possible to have materials tailor-
made with desired properties adding a new and exciting dimension to
materials technology. An important example of this technology of tailor-
made materials is the formation of hydrogenated amorphous Si films for
use in solar cells. Hydrogenation has made it possible to vary the optical
bandgap of amorphous Si from 1 eV to about 2 eV and to decrease the
density of dangling bond states in the bandgap so that n- and/or p-type
doping is made possible.

2.2 THIN FILM DEPOSITION PROCESS

2.2.1 Classification of Deposition Processes

Typical deposition processes, physical and chemical, areshownin
Fig. 2.10. The physical process is composed of the physical vapor
deposition (PV D) processes, and the chemical processes are composed of
the chemical vapor deposition (CVD) process and the chemical solvent
deposition process. In this section, typical physical and/or chemical vapor
processes are described.

2.2.1.1 PVD Processes

The PVD process is divided into two categories: (1) thermal
evaporation and (2) sputtering. There are also miscellaneous processes
discussed at the end of this section.

Thermal Evaporation. The thermal evaporation process com-
prises evaporating source materials in a vacuum chamber below 1 x 10
torr (1.3 x 10"*Pa) and condensing the evaporated particles on asubstrate.
The thermal evaporation processis conventionally called vacuum deposi-
tion. Two types of thermal evaporation processes are shown in Fig. 2.11.
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Figure 2.10. Thin-film deposition processes.!!
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Figure2.11. Thermal evaporation process: ES, evaporation source; S, substrate; H, Heater;
EB, electron beam source.

Resistive heating is most commonly used for the deposition of
thin films. The source materials are evaporated by a resistively heated
filament or boat, generally made of refractory metalssuchasW, Mo, or Ta,
with or without ceramic coatings. Crucibles of quartz, graphite, alumina,
beryllia, boron-nitride, or zirconia are used with indirect heating. The
refractory metal sare evaporated by el ectron-beam deposition sincesimple
resistive heating cannot evaporate high melting point materials.
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Pulsed laser deposition (PLD) is an improved thermal process
used for the deposition of aloys and/or compounds with a controlled
chemical composition. In laser deposition, a high-power pulsed laser such
as the KrF excimer laser (1 J/shot) isirradiated onto the target of source
materials through a quartz window. A quartz lens is used to increase the
energy density of the laser power on the target source. Atoms that are
ablated or evaporated from the surface are collected on nearby sample
surfacestoformthinfilms. A typical PLD systemisshowninFig.2.12. The
target material islocally heated to the melting point, melted, and vaporized
inavacuum. Thelaser pulse may also provide photoemitted el ectronsfrom
the target to make a plasma plume and the evaporation mechanism may be
complex since the process includes the thermal process and the plasma
process. The PLD has the advantage of being simple in design, and the
target has many forms such as apowder, sintered pellet, and single crystal.
However, at present, the process has alimited area of uniform deposition,
and microsized globulesor particlesareejected fromthetarget.[*! Toavoid
the deposition of the microsized gjections, the substrates are settled at an
off-axis position.

The mechanism of evaporation is simply discussed by Mahan
using the thermal evaporation model.l*d The irradiated laser power is
absorbed on the surface of the target. The optical absorption depth, L, of
an ultraviolet laser is on the order of 10 nm. The depth, L, is given by

Vacuum

N\ T

Eximer Laser
\ Plume

Off-axis

Figure2.12. Pulsed laser deposition (PLD) uses alaser to ablate the source material from
atarget. The material is collected on substrates (S) in the form of thin films.
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Eqg. (2.12) L =

where a is the optical absorption constant of the target. The thermal
diffusion depth, L, will govern the heating of the target; thisis given by

2
Eq. (2.13) L = Ezat CnK g
'mol

where ot is the pulse duration of the laser light, Kk is the thermal
conductivity of thetarget, cisthemolar heat capacity of thetarget, and n,,
is the molar density of the target. The L, and L, characterize the mode of
the heating as follows:

B, >> L, (weakly absorbing)
» << L, (strongly absorhing)

Eq. (2.14)

The values of L, for copper and Si are typically in micrometers.
Thetargets of theinsulator and wide-bandgap semiconductors show weak
absorption. Metal targets and narrow-bandgap semiconducting targets
show strong absorption. The strong absorption effectively meltsthe target
and thermally evaporatesit. Thelaser irradiation may photoemit electrons
from the target accompanied by photoionized atoms of target materials.
The photoionized atoms create the plasma plume.

The molecular beam epitaxy (MBE) process is the most reliable
deposition process in thermal evaporation. Figure 2.13 shows a typical
MBE system. The system is a controlled process, where the evaporation
rate of the source materialsis controlled in situ by a computerized process
control unit. The man-made superlattice structure composed of thin
alternating layers of GaAs and GaAlAs can be successfully deposited as
shown in Fig. 2.14.[13]

This kind of deposition process is now widely used for the
controlled deposition of alloys and compounds. The system is generally
composed of a growth chamber, the analysis chamber, and a sample
chamber. A typical recent MBE system is shown in Fig. 2.15.124 A vapor
source was also available for the MBE system shown in Fig. 2.16, and
metal -organic compounds were used for its source.!®
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Figure 2.13. Molecular beam epitaxy (MBE) system.[13]
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Figure 2.15. A schematic diagram of an MBE growth chamber for growing high T,
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Sputtering. When a solid surface is bombarded with energetic
particles such as accel erated ions, surface atoms of the solid are scattered
backward due to collisions between the surface atoms and the energetic
particles, as shown in Fig. 2.17. This phenomenon is called back-sputter-
ing, or simply sputtering. When a thin foil is bombarded with energetic
particles, some of the scattered atoms transmit through the foil. The
phenomenon is called transmission sputtering. The word “spluttering” is
synonymous with “sputtering.” Cathode sputtering, cathode disintegra-
tion, and impact evaporation are also used in the same sense.

Cathode sputtering isused for the deposition of thin films. Several
sputtering systems are proposed for thin-film deposition including dc
diode, rf diode, magnetron, and ion-beam sputtering. McClanahan and
L aegreid presented an historical review of sputtering deposition.!'®! Their
basic constructions are shown in Fig. 2.18.

Among these sputtering systems, thesimplest model isthedcdiode
sputtering system. Thedc sputtering systemiscomposed of apair of planar
electrodes. One of the electrodes is a cold cathode and the other is the
anode. The front surface of the cathode is covered with target materialsto
be deposited. The substrates are placed on the anode. The sputtering
chamber isfilled with sputtering gas, typically argon gasat 5 Pa (4 x 102
torr). Theglow dischargeis maintained under the application of dc voltage
between the electrodes. The Ar* ions generated in the glow discharge are
accelerated at the cathode fall (sheath) and sputter the target, resulting in
the deposition of the thin films on the substrates. In the dc sputtering
system, the target is composed of metal since the glow discharge (current
flow) is maintained between the metallic electrodes.

Incident lon

Sputter Atom
Target Atom

Target Surface

QQOOO@O

% lon Implantation
—
\

Figure 2.17. The physical sputtering processes.
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Figure 2.18. Sputter deposition systems.

By simple substitution of aninsulator for the metal target inthedc
sputtering discharge system, the sputtering discharge cannot be sustained
because of the immediate buildup of a surface charge of positive ions on
the front side of the insulator. To sustain the glow discharge with the
insulator target, rf voltageissupplied to thetarget. Thissystemiscalled rf-
diode sputtering. In the rf-sputtering system, the thin films of the insulator
are sputtered directly from the insulator target.

In magnetron sputtering, a magnetic field is superposed on the
cathode and glow discharge, which is parallel to the cathode surface. The
electrons in the glow discharge show cycloidal motion, and the center of
theorbit driftsin the direction of ExB with thedrift velocity of E/B, where
E and B denote the electric field in the discharge and the superposed
transverse magneticfield, respectively. Themagneticfieldisoriented such
that these drift paths for electrons form a closed loop. This electron-
trapping effect increases the collision rate between the electrons and the
sputtering gas molecules. This enables one to lower the sputtering gas
pressure aslow as 107 torr, but more typically 1072 torr. In the magnetron
sputtering system, the magnetic field increases the plasma density which
leads to increases in the current density at the cathode target, effectively
increasing the sputtering rate at the target. Due to the gas's low working
pressure, the sputtered particles traverse the discharge space without
collisions, which results in a high deposition rate.

At present, the planar magnetron is indispensable for the
fabrication of semiconductor devices. Historically, magnetron sputtering
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was first proposed by Penning in 1936.1171 A prototype of the planar
magnetron was invented by Wasa in 1967,1'8 and a practical planar
magnetron system was devised by Chapinin 1974.1% A typical construc-
tion isshown in Fig. 2.19.

When a reactive gas species such as oxygen or nitrogen is intro-
duced into the chamber, thin films of compounds (i.e., oxides or nitrides)
are deposited by the sputtering of the appropriate metal targets. This
technigue isknown asreactive sputtering and may be used in either thedc
or rf mode. Reactive sputtering is used in practice for the high-rate
deposition of insulating metal oxide films. However, dc sputtering from a
metal target isunstableinastandardlarge-scal edc sputtering operation due
tothedeposition of aninsulatinglayer onthe cathodeleading to thebuildup
of a charge. To reduce the charge-up phenomenon, medium-frequency
sputtering with twin targetsis used in practice. A typical system is shown
in Fig. 2.20. A medium-frequency power source is connected to the twin
targets. Thetargets act asanode and cathode alternatively at the frequency
of severa tens of kilohertz, and deposition can be carried out with no
appreciable decrease in the deposition rate.

Inthese glow-discharge systems, sputtering gas molecules, during
thin-film growth, irradiate the sputtered films. This causestheinclusion of
the gas molecules in the sputtered films. In ion beam sputtering systems,
incident ions are generated at the ion source. The target is sputtered in a
sputtering chamber separated from the ion source. The typical ion-beam
current is 10 to 500 mA, with an ion energy from 0.5to 2.5 kV. Sincethe
ions are generated in the ion-source discharge chamber, the working
pressure of the sputtering chamber can be reduced aslow as 1 x 10 torr.
This reduces the amount of gas moleculesincluded in the sputtered films.

Chopradid pioneering work on the deposition of thinfilmsby ion-
beam sputtering in 1967.120

Vacuum Vacuum
C B = Chamber & 3 Chamber
P|T 1 A A: anode
Y I L P: plasma
Sm s+ E Sy T: target
PRI M: magnet
| L : E: electric field
B: magnetic field
— High Vol — Hi SM: solenoid
igh Voltage High Voltage magnet
Cylindrical Magnetron Planar Magnetron

Figure 2.19. Sputter deposition systems.
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Figure 2.20. Medium frequency sputtering system. T, T,: twin magnetron cathodes; P:
plasma.

Although ion-beam sputtering is not widely used for thin-film
depoasition, this kind of system is widely used for the sputter-etching of
semiconductor devices.[?] There has been recent interest in the synthesis
of exotic thin films by ion-beam sputtering.[?? The basic sputtering data
has been summarized by Behrisch.[®! The sputtering process is described
in detail in Chs. 3 and 4.

Miscellaneous PV D processes. lon plating wasfirst proposed by
Mattox in the 1960s.%4 The coating flux is usually provided by thermal
evaporation. The evaporated atoms are ionized at the plasma region and
accelerated by the electric field prior to deposition. A typical construction
is shown in Fig. 2.21. The adhesion of thin films is improved by the
acceleration of evaporated atoms.

Activated reactive evaporation (ARE), proposed by Bunshah, is
commonly used for the deposition of metal oxides, carbides, and ni-
trides.[?°l The configuration of the ARE system showninFig. 2.22issimilar
totheion plating system. Reactive gasisinjected into the plasmaregion to
achievethereaction between evaporated atoms and the reactive gasatoms.

lonized cluster beam deposition (ICBD), developed by Takagi in
the 1970s, is amodification of ion plating.[??! Atoms are evaporated from
a closed source through a nozzle. Cooling of the atoms upon expansion
through the nozzle leads to cluster formation, which might have a few
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hundred to a thousand atoms per single cluster. The cluster is ionized
through the plasma region and then is accelerated to the substrate. The
average energy of the atomsin the accelerated cluster isin arange of 0.2
to several electronvolts, even when the clustersthemsel vesare accel erated
to kilovolts. The relatively low energy of the adatoms reduces lattice
damage to the substrate surface.

2.2.1.1 CVD Processes

When a volatile compound of the substance to be deposited is
vaporized, and the vapor is thermally decomposed into atoms or mol-
ecules, and/or reacted with other gases, vapors, or liquids at the substrate
surface to yield nonvolatile reaction products on the substrate, the process
is called thermal chemical vapor deposition (CVD).

Most CVD processesoperateintherange of afew torr to abovethe
atmospheric pressure of the reactants. A relatively high temperature (near
1000°C) is required for CVD processes. Several CVD processes are
proposed to increase the efficiency of the chemical reaction at lower
substratetemperatures. A typical construction of aCV D deposition system
isshownin Fig. 2.23.

Plasma-assisted chemical vapor deposition (PACVD) is one of
the modifications of the conventional CVD process. The basic construc-
tionisshowninFig. 2.24. Inthe PACV D system, electric power issupplied
tothereactor to generatethe plasma. The power issupplied by aninduction
coil from outside of the chamber, or directly by diode glow-discharge
electrodes. Usually theworking pressureisin therange of 10to 100 Pa. In
the plasma, the degree of ionization istypically only 104, so thegasin the
reactor consists mostly of neutrals. lons and electrons travel through the
neutrals and get energy from the electric field in the plasma. The average
electron energy is 2 to 8 eV, which corresponds to electron temperatures
of 23,000 to 92,800 K. In contrast, the heavy, much more immobile, ions
cannot effectively get enough coupling energy from the electric field. The
ions in the plasma show dlightly higher energy than the neutral gas
molecules at room temperature. Typically the temperature of theionsin
plasmais around 500 K.

Since the electron temperature in the plasmais much higher than
the gas temperature, thermal equilibrium is not maintained between
electrons and neutral gas molecules. This suggests that the plasmain the
glow discharge is asort of “cold plasma’ which comprises high tempera-
ture electrons (i.e., “hot electrons’) and room temperature gas molecules.
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The high-temperature electrons enhance the chemical reactions in the
plasma as indicated in Table 2.1. This results in the lowering of the
temperature of the reactions.

Several improved PACV D processes have been developed. Inone
major development, microwave-based plasmas have been used to reduce
theworking pressure. A magnetic field is superimposed on the microwave
plasma at the appropriate field strength to cause a resonance between the
electron cyclotron frequency and the applied electric field. Thisisknown
as an electron cyclotron resonance (ECR) condition. A typical construc-
tionis shown in Fig. 2.25.

Vacuum Chamber

Heater
) / (Quartz)
OSNONN
RRTE R Substrate
SRR A i O l Vacuum
l UU\JI
f Gas Source
Figure 2.23. Chemical vapor deposition (CVD).
Vacuum Chamber Gas Source
\J / (Quartz) RF Power
S Y R P L . Vacuum
Plasma .-/ -["f Source — KChamber
’ - Vacuum
™ Induction Coil V
Plasma SOurce _ﬁcuum

1 Gas Source

Figure 2.24. Plasma assisted chemical vapor deposition (PACVD).


http://cuuduongthancong.com?src=pdf
https://fb.com/tailieudientucntt

46 Thin Film Materials Technology

Table 2.1. Plasma Enhanced Chemical Reactions

Electron neutrals

Excitation e +tA - A*+e

Dissociation e +AB - A+B+e

Electron attachment e +A - AT+2e

Dissociative attachment € +AB - A"+B+2¢
Electronions

Recombination e + A" o A

Dissociative recombination e +AB - A" +B

Metastable collisions A*+G - G"+A+e

lon neutrals A*+BC - A"B+C

AB - A (film) + B
Surface reaction
A"+ CB (film) — A" C (film) + B (film)

SiHs
L
L‘_':l
Vacuum J Microwave
+“— 4—— Plasma 2.45 GHz
Substrate o —| IV_
| H U
Magnet N )
Coils

Figure 2.25. ECR plasma assisted chemical vapor deposition.
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Laser-assisted chemical vapor deposition (laser CVD) has aso
been developed as a modification of CVD.[21 These CVD reactions are
activated by theirradiation of ultraviolet laser light without the application
of electric power.

Among these deposition processes, ion-assisted depositions such
assputtering, ion plating, and PACV D arecalled ion processesasshown
inFig. 2.10

2.2.2 Deposition Conditions

Most thin films are deposited by evaporation (vacuum deposi-
tion), sputtering, and/or chemical vapor deposition. The nature of depos-
ited films is governed by the deposition parameters including deposition
rate, substrate temperature, substrate materials, and deposition atmo-
sphere.[?8l

The chemical composition of deposited films is governed by the
substrate temperature and/or the deposition atmosphere. Under low sub-
stratetemperatures, the chemical composition of deposited filmscoincides
with that of the source materials. Under high substrate temperatures, the
chemical composition of deposited films differsfrom the source materials
due to the reevaporation of high vapor pressure materials from the films
during the deposition.

The gas molecules of the deposition atmosphere are frequently
included in the deposited films. The chemically active gas molecul esreact
with the thin films during film growth and the resultant films become the
compounds between the evaporated source and the active gas in the
deposition atmosphere. Thin films of metal oxides, for instance, are
prepared by reactive sputtering from a metal target in an oxygen atmo-
sphere. A guidefor the deposition of theelementsispresentedin Table2.2.
A suitable selection of deposition processes are required when thin films
are used for the preparation of active electronic devices such as semicon-
ducting devices, since the surface of semiconductive substrates is often
damaged during deposition. The special features of the typical deposition
processes are listed in Table 2.3.

Tounderstand thin-film deposition, weshoul d consider thegrowth
rate of thin films. Thekinetic theory of gas showsthat the numbers, N,
of evaporated gas molecules impinging on the substrate surface is ex-
pressed by
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Table 2.2. Periodic Table of Elements with Deposition Condition
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Table 2.3. Specia Features of Deposition Processes

adatoms

Type of deposition Evaporation Sputtering CVvD PLD*
Property Twe:;atsit:ée Electron beam Diode Magnetron Pyrolysis Plasma Excimer |laser
; ; . Decomposition and/or Varieti_es of
- . Matenal_of Mater_lal of h'gh Wide varieties of materials, chemical reaction of materials,
Thin film material low melting | melting point, compounds, refractory metals, alloys | organometallic compounds or compounds,
point refractory metals P ' y .\t 9 halides P refractory metals,
aloys
Substrate temperature Low High (>300°C) Low (= 100°C) = 1|_(|)I(g)]g°c) High (>300°C)
Deposition rate Metal: = 'gigl m/min Metall_:ozwo.OZ— Same asHel'\?:poration Same as ev Hiogggtion method
- =l 0.2 pm/min method P
Low High Low High High High
Gas pressure <10 torr =0.01-0.1torr | =10"-10°torr latm = 1-10 torr = 0.01-1 torr
iger;gy of evaporated ~ 0-02eV ~10-200 eV ~10-20 eV ~0.1-100 eV
Energy of adatoms =0.1-0.2eVv =0.1-20eVv =0.2-10eVv =0.1-10eVv
Contamination
Residual gas atoms =107 50 1 High purity

* Morimoto, S., private communication 2002
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Eq (215 N, =35x102-P_ (particlesom? sec)

(MT)*

or

i} M 12
— 2 2
Eq. (2.16) m, =5.8x107° p, E?Er (g/cm*” sec)

where p, is the vapor pressure (torr) of the evaporated gas molecules, M
isthe molar weight of the evaporated gas molecules, T(K) is the tempera-
ture of evaporated gas molecules, and m, is the mass of impinging
evaporated particles. When the substrates are in an atmaosphere of evapo-
rated source gas of pressure, p,, the evaporated gas molecules will arrive
at the substrates, and thin films will be grown on the substrates. If we
assume the whole molecules are deposited on the substrates without
reevaporation from the substrates, the growth rate of thin films, D, is
expressed by

M/T 2

Eq. (2.17) b =5gx10° P o (o)

where p is the density of thin films.

It is known that a source vapor pressure, p,, of 102 torr gives a
useful deposition rate of thin films. As an example, for the deposition of
copper thin films, taking p,= 102torr, M =63.5¢g, T= 300K, and p = 8.95
g/cm®, D becomes 300 nm/sec. In a thermal evaporation process, the
practical evaporation temperature for metallic elements (e.g., vapor pres-
sure: 1072 torr) is aimost equal to the melting point. Table 2.2 shows the
characterizing temperatures of elementsgiving thevapor pressuresin units
of 10 torr. Source vapor pressures of 1072 torr will be obtained at 200° to
300°C higher than the characterizing temperatures. In avacuum system, to
suppress outgassing from the wall materials, the temperature of the wall
should be 200° to 300°C lower than the characterizing temperatures of the
elements of thewall materials. Theselower temperatures of 200° to 300°C
reduce the outgas pressure to below 10 torr.

The crystalline properties of deposited films are controlled by the
selection of the substrate materials and the substrate temperatures.
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Amorphous thin films are prepared on glass and/or ceramic substrates at
substrate temperatures below the crystallization temperature of the thin
films. Polycrystallinefilmsare prepared on glassand/or ceramic substrates
at substrate temperatures above the crystallization temperature. Single-
crystalline films are, in general, grown on single-crystal substrates due to
the epitaxial growth process at substrate temperatures above the epitaxial
temperature. In the epitaxial growth process, the epitaxial temperature is
governed by the relationship

Eq. (2.18) R= anpELgH

H KT.H

where R denotesthe deposition rate, T, isthe minimum temperaturefor the
epitaxial growth (epitaxial temperature), and Q isthe activation energy for
the epitaxial growth. The epitaxial temperatureisabout 400°C for vacuum-
evaporated Gethin films, and about 1,100° to 1,200°C for Si thin films. A
low depositionrateresultsin alower epitaxial temperature. Theseepitaxial
processes are called vapor -phase epitaxy. In contrast, polycrystallinefilms
deposited on single-crystalline substrates typically become single-crystal-
line films due to a postannealing process. This case is called solid-phase
epitaxy. Therelation between the deposition conditions and the crystalline
properties of deposited films are summarized in Table 2.4.

Typical substrate materials of glass, ceramics, and single crystals
areshownin Tables 2.5, 2.6, and 2.7, respectively. The epitaxial relation-
ships of single-crystal substrates are summarized for variousthin filmsin
Table2.8.

Table 2.4. Deposition Conditions and Crystalline Properties

Amorphous phase T<T.

Polycrystalline Ts> T, Ts< T, post-annealing

Single crystals Ts> Teni

(single crystal substrate) Ts < T, post-annealing (solid-phase epitaxy)
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Table 2.5. Typical Glass Substrates for Growth of Polycrystalline Thin
Films

. . Alumino- -
Material Microsheet Pyrex borosilicate Fused silica
Corning Code No. 0211 7740 7059 7940
Density (g/cm®) 2.57 2.23 2.76 2.2
Therma expansion
(x107/°C) (= 0-300°C) 73.8 325 46 55
Strain point (°C) 508 510 593 956
Anneal point (°C) 550 560 639 1084
Softening point (°C) 720 821 844 1580
Therma conductivity
(cal/cm/sec/°C) - 0.0027 - 0.0034
(25°C)

Hardness (KHN1o0) 608 418 - 489
Y oung's modulus
(x 10° kg /sz) 7.59 6.4 6.89 74
Poisson's ratio 0.22 0.20 0.28 0.16
Resistivity 25°C - 15 - 17
(logp, Qcm)  250°C 8.3 8.1 131 11.8
Dielectric constant 6.7 4.6 5.84 3.8
(1 MHz, 20°C)
Tan & (%) 31 2.6 0.58 0.0038
Refractive index
(5893, 5876 A) 1.523 1474 1.530 1.459
>90% >90% >90%
Optical transparency = 0.36-2.5 ym = 0.36-2.2 um o =0.36-2.2 um
(2 mmthick) (2 mm thick) (2 mm thick)
SiO, 64.4% SO, 80.5% SO, 49.9% SO, 99.5%
B,O; 10.3% B,0; 12.8% BaO 25.1%
NaO 6.2% NaO 4.1% B,0; 10.5%
Composition Zn0 54% Al,O; 25%  Al,0310.3%
KO 69% K,O 05% CaO 4.3%
AlL,O; 4.1%
TiO, 3.1%
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Table 2.6. Typical Ceramic Substrates for the Growth of Polycrystalline
Thin Films

Steatite Forsterite Alumina Beryllia Spinel
Material
. . AlOs Al,O3
MgO-SO; 2MgOSO; _ 96.97% 99.50% BeO  MgO-Al,O3
Density ~2627 =~2728 38 =3839 29 33
(g/em’) o s ' S '
Thermal expansion
(><106/°C) =~7-8 10 6.7 6.8 6 8.1
(= 40-400°C)
2\‘/"(6‘3( safe temp. 1000 1000 1600 1750 1600 1200
Thermal
conductivity =006~ =05
(callcmisec/°C) 0.006 0.008 0.05 007 0.85 0.04
(20°C)
Specific heat ) ) ) )
(callgC) 0.19 0.19
Hardness, Hv 650 900 1600 1600 i i
(kg/mm?) (500 g) (500g)  (500g)  (500)
Compressive
strength 9000 9000 17,500 25,000
(kg/em?)
Flexural strength =2800- =2800-
(kg/om?) 1650 1650 500 2000 1500
Young's modulus R \ =3.4- =37 - -
(x10° kg/cm?) 35 -
Dielectric strength _
(kV/mm) 9 9~10 10 10 9 10
?eﬁ stivity  25°C >14 >14 >14 >14 >14 >14
og p,
Qcm) 500°C 8 10 1 1 1
Dielectric constant
(1 MH2) (25°C) 6.3 =665 94 9.7 =6.3-6.4 8
tan & (%) _
(1 M HZ) (250(:) 0.06 = 0.01-0.03 0.02 0.02 0.01
. surface roughness

l\/'l’:)scereltlaneous Rz=13pum Rz=0.5pum
property Ra=0.3pm Ra=0.075um
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Table2.7. Typica Crysta Substrates for the Epitaxia Growth of Thin Films

Crystal Material (;gﬁi?é) Si Ge GaAs
Crystal system trigonal cubic cubic cubic
Latticeconstant ()~ 27 4703 a=5.431 a=5657 a=b5.654
Density (g/cm®) 3.97 2.33 5.32 5.32
Therma expansion 53(C)
(x107/°C) (25°C) 45(Co) 26 58 57
Mélting point (°C) 2053 1430 937 1238
Thermal conductivity
(cal/lcm/sec/°C) 0.1 0.34 0.15 0.11
(25°C)
Specific heat
(callg°C) 0.18 0.17 0.077 0.038
Hardness (mhos) 9 (Eglczmzz)%o 7 6.5
Compressive
strength (kg/cm?) 30000
Flexural strength
(kg/emd) 7000
Y oung's modulus _ _ _
(xlOG kg/sz) 48 = 1—16 = 1—16 = 06—12
Dielectric strength 48
(kV/mm) (25°C)
Resigtivity (log p, 16 (25°C) o o
Qcm) 11 (500°0) 5.8 (25°C) 1.66 (25°C)
Dielectric constant 11.5(C)
(1 MH2) (25°C) 9.3(C) 117 158 129
Tan d (%) (1
MHz) (25°C) 0.01
N, = 1.768 N, = 3.47 No=410 N,=3.36
Refractive index N.=1.760 A=166pm) (A=2.06pum) (A=21pm)
(A =0.63 um)
. >80%
t?grt]garency 0.25= 4 um
(2 mm thick)
. (0001), ¢ plane
I\/:gsc;l:aneous (1102) , r plane
property (1320) , aplane

(cont’d.)
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Table 2.7. (cont’'d.)

. MgO-Al,Oy
Crystal Material MgO (spinel) NaCl
Crystal system cubic cubic cubic
L attice constant (A) a=4.203 a=5.628
Density (g/cm®) 3.65 = 3.58-3.61 2.16
Thermal expansion
(x107/°C) (25°C) 138 76
Melting point (°C) 2800 2135 801
Thermal conductivity
(callcmisec/°C) (25°C) 0.06 0.06 0.0155
Specific heat (cal/g- °C) 0.209 0.2 0.204
Hardness (mhos) 55 8 25
Compressive strength
(kg/em?)
Flexural strength (kg/cm?) = 2800-3500
Y oung's modulus _
(x].OG kg/sz) =25-35
Dielectric strength
(kV/mm)

o > 14
Resistivity (log p, Qcm) (25°C)
Dielectric constant
(1 MH2) (25°C) 9.65 8.4 5.62
Tan & (%) (1 MHz)
(25°C) 0.008
Refractive index No,=1.74 N, =1.718

(A =0.633 um) (A =0.5893 um)

3 >85%
Optical transparency ~035um
Miscellaneous property

(cont’d.)
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Table 2.7. (cont’'d.)

Optical transparency

Crystal Material Mica SO, LiNbO;
Crystal system monoclinic hexagonal trigonal
. a=5.148

Lattice constant (A) c=13.163

Density (g/cm®) 2.76~3.0 2.65 4.64

Thermal expansion 110(C)) 79.7 (Cy)

(x107/°C) (25°C) 200 (Cp) 133.7 (Cp)

Melting point (°C) 1425 1253

Thermal conductivity

(callcm/sec/°C) (25°C) 0.0016 0.03

Specific heat (cal/g- °C) 0.21 0.191

Hardness (mhos) 25~30 7 5

Compressive strength

(kg/em?)

Flexural strength (kg/cm?)

Y oung's modulus

(x10° kg/cm?)

Dielectric strength (kV/mm)

Resistivity (log p, Qcm) 16 (20°C)

Dielectric constant 65~90 46 (C)

(1 MHz) (25°C) ' ' 45(C,)

Tan 8 (%) (1 MHz) (25°C)

Refractive index N, =1.544 N, = 2.2967

(NaD) (A =0.633um)

Ne = 2.2082

Miscellaneous property

chemical formula
KHAI3(Si0y)3
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Table 2.8. Summaries of Epitaxial Relationships of Single Crystal
Substrates for Various Thin Film Materials

Thinfilm  Substrate Epitaxial relation Ref.
Ag Si Ag(111) // Si(111)
Au NaCl (100)Au // (100)NaCl , [110]Au // [110]NaCl
Ti (111)Cu // (0001)Ti , [110] Cu // [1120] Ti
Cu
w (111)Cu// (110)W , [112] Cu// [110] W
Co MgO  (001)Co// (001)MgO, [100]Co // [200]MgO
Fe MgO  (001)Fe// (001)MgO, [100]Fe// [110]MgO
(001)Pt // (001)MgO , [100]Pt // [100]MgO
Pt MgO  (110)Pt// (110)MgO , [001]Pt // [001]MgO [29]
(111)Pt // (112)MQO, [11Q]Pt // [110]MgO
(200)si // (1102) AlLO5, [110]Si // [2201] Al,O3
(111)Si // (0001)Al,05, [110] Si // [1230] Al,O4
d-Aleg _ [30]
(111)Si // (1120) Al,05, [110] Si // [2201] Al,O5
S (112)Si /I 1124) Al,05, [110] Si // [1100] Al,O4
(100)Si // (100)spinel
MgO-Al,O3 ' .
(spinel) (110)Si // (110)spine
(119)si /1 (112)spine
(001)SiC// (001)Si , [100]SIC// [100]Si [31]
SC Si
(11ysic// (111)s , [110]SiC// [110)S
Ge Car, (111)Ge/l (111)CaF, [32]
NaCl (0001)CdS // (001)NaCl , [1120] CdS // [110]NaCl
Cds ~ - [33]
Mica  (0001)CdS// (0001)mica, [1010] CdS// [1010] mica
(0001)ZnO // (0001)Al,05, [1120] ZnO // [1010] Al,O4
ZnO a—A1203 _ _ _
(1120) ZnO /1 (0112) Al, O3, [0001]ZNnO // [0111] Al,O4

(cont’d.)
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Table 2.8. (cont’d.)

Thinfilm Substrate Epitaxial relation Ref.

(0001)AIN // (0001)AlL0;5 , [1210] AIN // [1100] Al,0;  [35]

Q-A1203
(1120) AIN // (1012) AL,Os , [0001]AIN // [0111] Al,O; [36]
(000L)AIN // (111)Si , [1120] AIN // [110] Si [37]
AIN
Si (000L)AIN // (110)Si , [1120] AIN // [110] Si
(000L)AIN // (100)Si , [1120] AIN // [011]Si
MgO (2110) AIN // (110)MgO , [0111]AIN // [001]MgO [38]

(0001)GaN // (0001)Al,0 , [1210] GaN // [1100] Al,O5 [35]
GaN Q-A1203
(1120) GaN // (0112) Al,O5 , [0001]GaN // [0111] Al,05 [39]

(39]

a-AlO;  (111)GaAs// (0001)AL,0;, [011] GaAs// [11210] Al.Os ()

(111)GaAs// (111)spinel , [011] GaAs// [011] spinel  [35]

?gé’i%*)'?% (100)GaAs // (110)spinel , [011]GaAs// [110] spinel  [41]

GaAs (111)GaAs// (100)spinel , [111] GaAs// [110] spinel
(100)GaAs // (1011) BeO [35]
BeO (111)GaAs // (0001)BeO [42]

(111)GaAs// (1011) BeO

a-AlLO;  (111)GaP // (0001)Al,05, [110] GaP // [1120] Al,O;  [35]

GaP (MSS}SQA)'Z% (111)GaP // (111)spind , [011] GaP // [011] spinel [43]
Sila-AL,O;  (100)GaP/ (100)Si / (0112) Al,Os
InSb  NaCl (0001)InSh // (00L)N&Cl , [1010] InSb // [L10]NaCl  [44]

(cont’d.)
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Table 2.8. (cont’d.)
Thin film Substrate Epitaxial relation Ref.
MgO (100)TiN // (100)MgO, [001] TiN // [001]MgO [45]
TiN
Si (112)TiN // (111) Si, [110]TiN // [110] Si
SrRuO;4 SITiO, (110)SrRuO; // (100)SrTiO, [46]]
Z2roY . . .
YS2) Si (100)Y Sz // (100) Si, [001]YSZ // [001] Si [47]
SITiO, (001)LaMnO; // (001)SrTiOs (48]
LaMnO;  Mmgo (001)LaMnO;3 // (001)MgO
YSz (110)LaMnO; // (001)Y SZ
POTIOs ALO,  (111)PT // (O001)AI,0;
(PT)
MgO (100)PLZT // (100)MgO [49]
PLZT a-AlO, (112)PLZT // (0001)Al 04 [50]
SITiO, (100)PLZT // (100)SrTiO,
(100)Fes0, // (100)MgO, [001]Fey0, // [001]MgO [51]
Fe;04
(magnetite) MgO
(110)Fes0, // (110)MgO, [001]Fey0, // [001]MgO
LiNbO;
LN -
(tN) LiTa0s (0001)LN // (Q0OL)LT 53]
(LT)
(8T0) (BGO) (111)BTO // (111)BGO [54]
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2.3 CHARACTERIZATION

A measurement of thin-film properties is indispensable for the
study of thin-film materials and devices. The chemical composition,
crystalline structure, and optical, electrical, and mechanical properties
must be considered in evaluating thin films.

Several methods are proposed for the evaluation of the thin films,
summarized in Table 2.9. Among these processes, rapid progress has been
made in eval uating the surface and thin-film composition for semiconduc-
tor materials. Several methods have been proposed for the evaluation of
the surface or thin films. Typical methods are listed in Table 2.10. There
are a number of major considerations that determine the choice of an
instrumental method to solveaspecific probleminthesurfaceor thinfilms,
including areaand depthto be sampled, sensitivity and reproducibility, and
the number of detectable elements.

In studying thin-film materials, evaluate the thin-film properties
listed in Table 2.9 and notice the correlation between growth conditions
and the properties of the resultant thin films shown in Fig. 2.26. In-situ
evaluations of the surface or thin-film properties are needed for determin-
ing the relationship between the growth condition and the film properties.
Auger electron spectrometry (AES) iswidely used to measurethe chemical
composition of thethin film during film growth. The condensation process
and surface-crystal propertiesof thinfilmsare evaluated by reflection high
energy electron diffraction (RHEED).

Asidefrominstrumental analyses, evaluating electrical properties
and physical properties are also important. For example, the impurity
contentsin ametal film are eval uated by measuring an el ectrical resistance
and its temperature coefficient.[5°!
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Table 2.9. Summaries of Thin Film Evauation Methods

Fil m Evaluation methods Remarks
properties
Optica
color comparison Transparent films on substrate. Simple,
range: = 500-15000 A, accuracy:
=100-200 A.
interferometer Step and reflective coating, range:
= 10-20000 A, accuracy: = 2-30 A
Thickness ellipsometry Transparent films, range: few A to
micron
cross-sectiona SEM . .
& TEM Accuracy: up to atomic level
Mechanical stylus Step required, -smple, range 20 A to no
limit, accuracy: = 10 A
Mechanical stylus and/or Simple, mechanical stylus, resolution:
optical microscope =10A
Scanning electron Conductive coating needed for
Surface microscope dielectric films, resolution: = 10 A
roughness  seanning tunneling Conductive films, high resolution: = 1
microscope A. Atomic scale
Atomic force microscope Simple, high resolution: = 1 A. Atomic
scale
Inductively coupled plasma
optical emission
spectroscopy (ICP)
Rutherford backscattering High Sensitivity obtained by ICP and
spectroscopy (RBS) SIMS,; detection limit: = 0.1 ppm
_ Auger electron Non-destructive, quantitative analysis,
Chemica o~ troscopy (AES) by RBS and/or EPMA
composition
Electron probe Depth profile; by RBS, SIMS, and
microanalysis (EPMA) AES
X-ray photoelectron Simple analysis; by ICP and/or EPMA
spectroscopy (XPS), and/or
secondary ion mass
spectroscopy (SIMS)

(cont’d.)


http://cuuduongthancong.com?src=pdf
https://fb.com/tailieudientucntt

62 Thin Film Materials Technology

Table 2.9. (cont'd.)

Fil m Evaluation methods Remarks
properties
Electron and/or X-ray Microstructural analysis, by TEM.
diffraction analysis Amorphous films, by IR (infrared)
X-ray photoelectron absorption and/or EXAFS (extended
Structure spectroscopy (XPS) and X-ray absorption fine structure).
electron energy loss Electronic states and valence states, by
spectroscopy (EELS) EELS and X PS, respectively.
Optical absorption Refractive index, by ellipsometry.
For weak adhesion, filmis peeled off
Adhesion Peeling method, scratching  using a backing of adhesive tape. For
method, and pulling method  strong adhesion (>1 kg/cm?),
scratching and/or pulling methods.
In the disk method, the film stressis
measured by observing the deflection
of the center of acircular plate; in the
bending-beam method, by observing
the deflection of a beam.
Disk method, bending-beam } v
Stress method, and x-ray |
diffraction method.
d thin film
t
Bending-beam method: Relation for
stress g, 0 = Edd/3L4(1- Wt E, vd, L,
denote Y oung’s modules, Poisson's
ratio, thickness, and length of substrate
beam, respectively, t, film thickness.
Measured at light load of indentor.
Hardness of substrate affects the
Micro-Vickers hardness hardness of the films. Extraporated
Hardness measurement and nano values at zero indentor load givesthe
identation measurement true values of film hardness. Ultra-thin
' films, surface are evaluated from
identation |oad-displacement data
using a nano-identation tip*
Wear & Wear test betwe_en film Strong adhesion onto the substrate is
Friction coated ball and iron plate. necessary for the wear test
Sand blast method. y :
* Oliver, W. C,, and Pharr, G. M., J. Mater. Res., 7:1564 (1992).

(cont’d.)
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Film

p

; Evaluation methods Remarks
properties
A%
electrode
substrate
Electrical .
Y Standard four terminals
resistivity, thin film

resistive measurements

Four terminals measurements. p = V/I-W/|

Di€lectric measurements:

at sandwich structure;
Dielectric  evaporated electrode /
constant,  dielectric film/ evaporated
e f electrode on substrate, or at

interdigital electrodes (IDE)

on dielectric films.

Sandwich structure: e*f = Ct /ey S, €*f & ;
dielectric constant of thin films, free space,
respectivively; C, capacitance; t, film
thickness; S, electrode area. Interdigital
electrodes: C = Knl{[(e*s+ 1) + (¢*¢—
e*J[1l—exp(-4.6t/L)]},K=[6.5
(D/L)?+1.08 D/L + 2.37]x10? Fim; ¢*,
dielectric constant of substrates; n, I, D, L;
numbers of pair, length, width, pitch of the
IDE, respectively.

Electromechnical coupling
ki: admittance
measurements at sandwich
structure; evaporated
electrode / piezoelectric
Piezo- film / evaporated electrode
electricity  on fuzed quartz substrate.
dgs, at sandwich structure;
piezoelectric film/
conductive substrate, Si,
La-doped SrTiOs. day, at
micro-cantilevers

Electromechanical coupling, k k2=
GpXcTiZy | 4Z7 where Gu, Xc, arethe
conductance and capacitive reactance at
antiresonant frequency, Zy,, Zr; acoustic
impedance of substrate and piezoelectric
films, respectively. ds3: measurement,
Newton meter;! da; = (dL/L)(t/V),2 L, length
of cantilever beam, t, piezoelectric film
thickness, dL, deflection of beam at
voltage v.

Substrate

Pt thin films Piezoelectric films

$ L:100~500 pm
t: ~ pm

Tokyo (Jan. 2002).

(1997).

1 Uno, T., Noge, S., Int. Conf. New Piezo. Mater. & High Performance AW Devices,

2 Kanno, I., Fujii, S., Kamada, T., and Takayama, R., Appl. Phys. Lett., 70:1378
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Table 2.10. Summaries of Surface and Thin Film Analysis Methods

Incident Emitted  Spatia resolution Detection limits  Accurac
Techniques beam beam (um) (a. ppm) (%) Y Elements  Other features
(paticle)  (paticle)  dia  thick -PP
XRF  X-ray fluoresence X-rays X-rays 10000 30 = 1-100 +1 Z=9 Quantitative
spectroscopy Non-destructive
EPMA Electron microprobe Electrons  X-rays 1 1 =0.01-0.1% +2 Z>4 Quantitative
analysis Non-destructive
PIXE Particleinduced x-ray lons X-rays 1 1 1 -- Z=4  Elementa
emission analysis
RBS  Rutherford back- lons lons 3 0.03 =0.01-0.1% +3 Z>5 Quantitative
scattering spectroscopy Non-destructive
Depth profile
ISS lon scattering lons lons 1000 0.0003 =0.1-1% +20 Z=6  Semi-quantitative
Spectroscopy Depth profile
SIMS Secondary ion mass lons lons 1 0.003 =0.1-100 +20 Semi-quantitative
spectrometry Depth profile
Conductor
AES  Auger electron Electrons  Electrons 0.05  0.003 =0.1-1% +20 Z>3 Elementa
spectroscopy anaysis

Electronic States

(cont’d.)
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Table 2.10. (cont’d.)

Incident Emitted Spatial Resolution  Detection AcCurac
Techniques beam beam (pm) limits (%) Y Elements  Other features
(particle) (particle) dia thick (at. ppm)
EELS  Electron energy loss  Electrons Electrons 0.01 0.05 -- Semiquantitative
spectroscopy Vaance states
Non-destructive
XPS X-ray photoelectron ~ X-rays Electrons 150 0.003 =01-1% 20 Z>=3  Surface structure
spectroscopy
RHEED Reflection high energy Electrons Electrons 100 A 100 A Surface structure
electron diffraction
LEED Low energy electron  Electrons  Electrons 300 A 3A Surfacelinterface
diffraction structure
TEM  Transmission electron Electrons  Electrons 100 A 2A Surface
microscopy topography
Conductor
SEM  Scanning electron Electrons  Electrons 20A 30A Surface
microscopy topography
Conductor
ST™M Scanning tunneling Distance Tunneling 3A 0.01A Bias(=1mV to
microscopy (=12A) (=1-10nA) =1V)
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Fig. 2.26. Correlations between growth conditions and the properties of the resultant thin

films
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Sputtering Phenomena

Grovefirst observed sputtering in adc gas discharge tubein 1852.
He discovered that the cathode surface of the discharge tube was sputtered
by energetic ionsin the gas discharge, and cathode materials were depos-
ited on the inner wall of the discharge tube.

At that time, sputtering wasregarded as an undesired phenomenon
sincethe cathodeand grid inthe gasdischarge tubewere destroyed. Today,
however, sputtering iswidely used for surface cleaning and etching, thin-
film deposition, surfaceand surfacelayer analysis, and sputter ion sources.

In this chapter, the fundamental concepts of the various sputtering
technologies are described. The energetic particles in sputtering may be
ions, neutral atoms, neutrons, electrons, or photons. Since most relevant
sputtering applications are performed under bombardment with ions, this
text deals with that particular process.

3.1 SPUTTERYIELD

Thesputteryield, S, whichistheremoval rate of surfaceatomsdue
to ion bombardment, is defined as the mean number of atoms removed
from the surface of a solid per incident ion and is given by

_ atomsremoved

Ea. (3.) incidentions

71
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Sputtering is caused by the interactions of incident particles with target
surface atoms. The sputter yield will be influenced by the following
factors:

1. Energy of incident particles
2. Target materials
3. Incident angles of particles
4. Crystal structure of the target surface
The sputter yield, S, can be measured by the following methods:
1. Weight loss of target
2. Decrease of target thickness
3. Collection of the sputtered materials
4. Detection of sputtered particlesin flight

The sputter yield is commonly measured by weight loss experi-
ments using a quartz crystal oscillator microbalance (QCOM) technique.
Surface analysis techniques, including Rutherford back scattering spec-
troscopy (RBS), are available for measuring the change in thickness or
composition of targets on an atomic scale during sputtering. RBS is
essentially nondestructive and thedynamic sputter yieldisdetermined with
apriori accuracy of some 10%. Scanning electron microscope (SEM) and
stylus techniques are used for measuring minute changes in target
thickness. These techniques need an ion erosion depth in excess of
around 0.1 um. The QCOM technique is asensitive probing method with
sub-monolayer resolution.[*!

Both el ectron- and proton-probe beam techniques are successfully
used dynamically in situ and provide absol ute yield determinations. Auger
electron spectroscopy (AES) could also be used for the determination of
monolayer thickness. Proton-induced x-ray emission (PIXE) with proton
energies of 100 to 200 keV!d and electron-induced x-ray emission with
electron energies of around 10 keV are also used for sputter yield
measurements.[® The PIXE technique can quantify both initial surface
impurities as well as the pure sputter yield of the target.

3.1.1 lon Energy

Figure 3.1 shows atypical variation of the sputtering yield with
incident ion energy. The figure suggests the following:
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Plateau (E = 10—100 keV)

S«E (E >100 eV)

Sputter Yield (S)

S2cE (E<100 eV)
tThreshoId

lon Energy (E)

Figure3.1. Variations of sputter yield with incident ion energy.

1. In a low energy region, a threshold energy exists for
sputtering.

2. The sputter yield shows maximum valuein ahigh-energy
region.

Hull first observed the existence of the sputtering threshold in
1923. Hefoundthat the Th-W (thorium-tungsten) thermonic cathodein gas
rectifier tubes was damaged by bombardment with ions when the
bombarding ion energy exceeded a critical value, which was in the order
of 20 to 30 eV.!"! Many workers have studied the sputtering threshold
because it is probably related to the mechanism of sputtering. Threshold
values obtained by these workers ranged from 50 to 300 eV.!56l Their
results were somewhat doubtful because the threshold energy was mainly
determined by measurements of small weight lossfrom the cathode, inthe
range of 10" atoms/ion. Thethreshold energy isvery sensitiveto contami-
nation of the cathode surface. In addition, theincident angle of ionsand the
crystal orientation of cathode materials also change the threshold values.

In 1962, Stuart and Wehner skillfully measured reliable threshold
val uesby the spectroscopic method.[” They observed that threshold val ues
areinthe order of 15to 30 eV, similar to the observations of Hull, and are
roughly four times the heat of sublimation of cathode materials.

A gas discharge tube used by Stuart and Wehner is shown in Fig.
3.2 The target is immersed in plasma generated by a low-pressure
mercury discharge. In a noble gas discharge, the mercury background
pressure is about 10 torr (1.33 x 10°3Pa) or less. The temperature of the
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Figure 3.2. Experimental gas discharge tube for the measurement of threshold energy.[”]

target iskept at about 300°C to reduce condensation of the mercury vapor.
The sputtered target atoms are excited in the plasma and emit the specific
spectrum. The sputter yields at low energy are determined by the intensity
of the spectral line. This technique eliminates the need for very sensitive
weight measurements.

Typical sputter yieldsin alow-energy region measured by Stuart
and Wehner are shown in Fig. 3.3. The threshold values determined in the
sputter yields are on the order of 10* to 10° atoms/ion. Table 3.1
summarizesthe sputtering threshol d energy measured by the spectroscopic
method for various target material s.["1(8l

The table suggests that there is not much difference in threshold
values. The lowest value, which is nearly equal to four times the heat of
sublimation, is observed for the best mass fit between target atom and
incident ion. The higher threshold energy is observed for poor mass fits.

The threshold energy also strongly depends on the particular
sputtering collision sequence involved. High threshold energy (i.e.,
E./Uo > 10 for Ar® - Cu where E;, denotes the threshold energy; U,, the
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heat of sublimation) will be expected in the collision sequence where
primary recoil produced in the first collision is gected directly. Lower
valueswill be observed for the multiple sputtering collisions. An incident
angle of around 40° to 60° offers the minimum threshold energy
(i.e., Ex/Uy= 2 for Ar* — Cu) under the multiple sputtering collisions.[®!

The sputter yield, S, varieswith theincident ion energy, E. In the
low-energy region near the threshold, Sobeysthe relation ST E?, as seen
in Fig. 3.1. At the energy region in the order of 100 eV, Sis expressed by
SO E.I819 |n thisenergy region, theincident ions collide with the surface
atoms of thetarget, and the number of displaced atoms dueto the collision
will be proportional to the incident energy.

At higher ion energies of 10 to 100 keV, the incident ions travel
beneath the surface and the sputter yields are not governed by surface
scattering, but by the scattering insidethetarget. Above 10keV, the sputter
yields will decrease due to energy dissipation of theincident ions deep in
the target.

Maximum sputter yieldsare seenintheion energy region of about
10keV. Figure 3.4 summarizesthe energy dependence of theyield, i.e., the
sputter rate, as reported by Sigmund.[*!

@ @
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Figure3.3. Sputter yieldin alow-energy region.[”]
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Table 3.1. Sputtering Threshold Data for Various Target Material 718l

'\;lr:tregr?;j . Bombarding lons wtl;:?r?: a(t)ifon
e Ar Kr Xe Hg (eV)
Be 12 15 15 15 - -
Al 13 13 15 18 18 -
Ti 22 20 17 18 25 4.40
\% 21 23 25 28 25 5.28
Cr 22 22 18 20 23 4.03
Fe 22 20 25 23 25 412
Co 20 25 23 22 - 4.40
Ni 23 21 25 20 - 441
Cu 17 17 16 15 20 3.53
Ge 23 25 22 18 25 407
Zr 23 22 18 25 30 6.14
Nb 27 25 26 32 - 7.71
Mo 24 24 28 27 32 6.15
Rh 25 24 25 25 - 5.98
Pd 20 20 20 15 20 4.08
Ag 12 15 15 17 - 3.35
Ta 25 26 30 30 30 8.02
W 35 33 30 30 30 8.80
Re 35 35 25 30 35 -
Pt 27 25 22 22 25 5.60
Au 20 20 20 18 - 3.90
Th 20 24 25 25 - 7.07
U 20 23 25 22 27 9.57
Ir 8 5.22
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3.1.2 Incident lons, Target Materials

Sputter yield datahave been extensively accumulatedinrelationto
gasdischarges, sputter deposition, etching, surface analysis, and radiation
damage. At first, sputter yields were measured in the cold-cathode dis-
charge tube,[*213 but these measurements did not offer reliable data
because the incident ions and sputtered atoms frequently collide with
discharge gas molecules in the cold-cathode discharge tube.

Laegreid, Wehner, and Meckel, in 1959, accumulated the first
reliable data of sputter yieldsin alow gas-pressure discharge tube.™! At
present, this yield data is still widely used for sputtering applications.
Figure 3.5 shows Wehner’ s sputtering stand.[€1125 The system is based on
amercury dischargetube. The dischargeismaintained at low gas-pressure
by athermionic mercury cathode. The discharge gasis 1 x 102 torr for
Hg, = (2-5) x 102 torr for Ar, and 4 x 102 torr for Ne. The sputter yield,
S is determined by

wW
S=10°——
Eq. (3.2) Alt
whereW denotestheweight lossof target during the sputteringtime, t, with
the ion current, |, to the target, and A denotes the atomic number of the
target materials.

Kovar Rod

Anode
Target

Graphite Grid

5~ +—— Auxiliary Anode
Pump

\\
EEs— Cathode

Figure 3.5. Wehner's experimental apparatus for the measurement of sputter yield.[S!
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Typical resultsareshowninFig. 3.6 and Table 3.2. Polycrystalline
targets were used in the measurements so the effects of the crystal
orientation could be neglected. It isnoted that thisyield data correspond to
S(1+vy), whereyisthesecondary el ectron emission coefficient of thetarget
materials. The values of y for various combinations of incident ions and
target materialsareshownin Table3.3.126! For sputter deposition, therange
of theincident ion energy isbelow 1,000 eV wherethey=0.1for Ar*. The
error of Wehner’ sdatawill betypically lessthan 10% even if the effects of
the secondary electron emission are not taken into consideration.

Recent PI X E techniquessuggest that the sputter yield of Cr, S(Cr),
measured by Wehner is larger than S (Cr) measured by PIXE. Sartwell’s
PIXE measurements indicate that S(Cr) = 0.93 atoms/ion at 1.0 keV Ar*
bombardment.[? Wehner has reported a value of S(Cr) = 1.18 atoms/ion
at 500 eV. Wehner’ smeasurementsof S(Cr) indicatedinFig. 3.6 and Table
3.2 are 1.5 timeslarger that the PIXE measurements.[d

Asindicated in Fig. 3.6, sputter yields vary periodically with the
element’s atomic number. Comparing various materials, the yields in-
crease consistently as the electronic d shells of target materials are filled,
with Cu, Ag, and Au having the highest yields. Conversely, elementswith
the most open electronic structure result in the least sputtering yield. The
sputtering yields are proportional to the energy transfer factor, and are a
function of the hardness of the atoms since hard collisions increase the
yield. Periodicity is also observed in sputtering thresholds.[*”) Sigmund
detailed the theoretical considerations.[*d

3.1.3 Effects of Incidence Angle

Sputter yieldsvary withtheangle of incident ions. Fetz studied the
influence of incident ionsin 1942 and, later, Wehner studied the topic in
detail 1181119 Metal ssuch asAu, Ag, Cu, and Pt, which have high sputtering
yields, show very dlight “angle effects.” Iron, Ta, and Mo, that have low
sputtering yields, show very pronounced angle effects. Theyieldincreases
with the incident angle and shows a maximum at angles between 60° and
80°, whileit decreasesrapidly for larger angles. Theinfluence of theangle
isalso governed by the surface structure of the target. Theoretical studies
have been done by several workers.[?) Detailed results obtained by Bay
and Bohdansky are shown in Fig. 3.7.124
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Table 3.2. Sputter Yield!dl

Ne* Art
Target [ 100 200 300 | 600 | 100 | 200 | 300 | 600
(eV) (eV) (ev) | (eV) | (eV) (eV) (eV) (eV)
Be | 0012 | 010 | 026 | 056 | 0074 | 018 | 029 | 0.80
Al | 0031 | 024 | 043 | 08| 011 | 035 | 065 | 1.24
S | 0034 | 013 | 025 | 054 ]| 007 | 018 | 031 | 053
Ti | oo [022 |03 | o045 | 0081 | 022 |03 | 058
v |oos | 017 | 036 |o055]| 011 | 031 |04 | 070
cr | 018 | 049 | 073 | 105|030 | 067 | 087 | 130
Fe | 018 | 038 | o062 | 097|020 |05 | 076 | 126
Co | 0084 | 041 | 064 |09 | 015 | 057 | 081 | 1.36
Ni | o022 |[o046 | o065 | 134|028 | o066 |09 | 152
cu | 026 |08 | 120 | 200 | 048 | 110 | 159 | 2.30
Ge | 012 | 032 |o048 |08 | 022 |05 |o074 | 122
zr | 0054 | 017 | 027 | 042 | 012 | 028 | 041 | 075
No | 0051 | 016 | 023 | 042 | 0068 | 025 | 040 | 065
Mo | 010 | 024 | 034 | 054|013 | 040 | 058 | 093
Ru | 0078 | 026 | 038 | 067 | 014 | 041 | 068 | 130
Rh | 0081 | 036 | 052 | 077|019 | 055 | 086 | 1.46
Pd | 014 | 059 | 082 | 132 | 042 | 100 | 141 | 2.39
Ag | 027 | 100 | 130 | 198|063 | 158 | 220 | 340
Hf | 0057 | 015 | 022 | 039 | 016 | 035 | 048 | 0.83
Ta | 0056 | 013 | 018 | o030 ] 010 | o028 | 041 | 062
w | 0038 | 013 | 018 | 032 | 0068 | 029 | 040 | 062
Re | 004 | 015 | 024 | 042|010 | 037 |05 | 091
Os | 0032 | 016 | 024 | 041 | 0057 | 036 | 056 | 095
Ir | 0069 | 021 | 030 | 046 | 012 | 043 | 070 | 117

Pt 0.12 0.31 0.44 0.70 | 0.20 0.63 0.95 1.56

2.43
(500)
Th | 0028 | 011 | 017 | 036 | 0097 | 027 | 042 | 066

U 0.063 0.20 0.30 052 | 0.14 0.35 0.59 0.97

Au 0.20 0.56 0.84 118 | 0.32 1.07 1.65
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Table 3.3. Secondary Electron Coefficients, 116l

(=]
°

Figure3.7. Sputter yield vsincident angle of bombarding ions.[?!
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Figure 3.8 shows the angular distribution of sputtered atoms for
the oblique incidence of bombarding ions measured by Okutani, et al.[22
The atoms are gjected preferentially in aforward direction.

Theangular distributions of sputtered atomsfor normal-incidence
ion bombardment were studied in various ranges of incident ion energy.
Seeliger and Sommermeyer measured them in a high-energy region of 10
keV. These experiments suggested that the angular distribution was
governed by Knudsen's cosine law, which was observed in a thermal
evaporation process.!?l Wehner and Rosenberg have measured the angu-
lar distribution in the lower energy region of 100 to 1,000 eV in a low-
pressure mercury-discharge tube, which is shown in Fig. 3.9. The target
strip is mounted in the center of the glass cylinder, which holds the
collecting glassribbon onitsinsidewall. The density of material sputtered
over the entire 180° of the ribbon gives the angular distribution. Typical
results are shown in Fig. 3.10.1*° It suggests that the angular distribution
is“under cosing,” i.e., much morematerial isejected tothesidesthaninthe
direction normal to thetarget surface. Thedistribution approachesacosine
distribution at higher ion energies. Molybdenum and Fe show more
pronounced tendenciesto eject to the sidesthan Ni or Pt. At energieshigher
than 10 keV, the distribution shows “over cosine.”

Angular distributions are rel ated to the sputtering mechanism and
are also considered in several applications including secondary ion mass
spectrometry (SIMS), sputter deposition, and sputter etching. Angular
distributions have been studied in detail using ion-beam sputtering sys-
tems.[24]

3 keV Ar* — Si Experiment
Oblique Incidence |° ----- Monte Carlo
= 0 o : 60°
Ar*

Target (Si)

+90° -90°

2 3 4
S(a) (Arb. units)

5

Figure3.8. Angular distributions of sputtered Si atomsfor 3keV Ar*ion bombardment at
anincident angle of 60°.[22
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Figure3.9. Experimental sputtering apparatusfor themeasurements of angular distribu-
tions.[19)

Hg* lon )/ Incident lon

Mo Target Energy

\ 1000 ev |

Figure3.10. Angular distributions of sputtered particlesfrom apolycrystalline target.!'%

3.1.4 Crystal Structure of Target

It iswell known that the sputtering yield and angular distribution
of the sputtered particles are affected by the crystal structure of the target
surface. Asdescribed in the previous section, the angular distribution may
be either under cosinelaw or over cosine law when the target is composed
of polycrystaline materials. Nonuniform angular distribution is often
observed from the single-crystal target.
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Wehner studied, in detail, the nonuniform angular distribution of
single crystals and found that deposited patterns appeared.[®l He suggests
that, near the threshold, the sputtered atoms are gjected in the direction of
close-packed atoms. For instance, in fcc Ag, the close-packed direction
correspondsto[11000When anfcc (111) Ag target issputtered, athreefold
symmetrical pattern appears since there are three close-packed directions
in the (111) plane.

Table 3.4 shows a summary of the sputtered patterns for single-
crystal targets.

At higher ion energy, additional atoms are freed from the more
numerous positionswhere neighbor atoms may interferewith thedirection
of close-packed rows. This causes deviations from these directions.

Measurementsof Ar*incident ontofcc crystalssuchasCu, Ag, Au,
and Al confirmthegeneral features; thesputter yieldsshow that S, > S,
> S, forincident energiesof afew keV .25 Atlow incident energies, < 100
eV, the ordering of the sputter yields becomes S, > Sjo0 > S;11® The
theoretical approachessuggest that the ordering of the sputter yieldsrel ates
to that of the binding energy U;;; > Ujg0 > Uy, 28

The sputter yields of hep crystalsfor afew keV Ar* bombardment
exhibit Syp01 > S10 > Spa20 fOr Mg, So10 > Spoor > Spazo fOr Zr, and Sy,
> S010> Sy120 for Znand Cd. Theordering of these sputtering yieldsrelates
the ordering of theinteratomic distance, t, for [0001] and [1010] direction
with thevalue c/a: tyyg; > t910> t119 fOr Cdand Zn, tyg,0> tygo, for Mg and
Zr.[% Typical experimental results are shown in Fig. 3.11.127]

Several models have been considered to explain the angular
dependence of the sputter yield for the monocrystallinetarget including the
transparency model by Fluitl?8] and the channeling model by
Onderdelinden.[?® Figure 3.12 shows the angular dependence of the
sputter yield measured at 27-keV Ar* on a(111) Cu crystal turned around
the (112) axis with theoretical values due to the channeling model.[3°!

Table 3.4. Sputtered Pattern for Single Crystal Targets

Target Crystal Structure Direction of Sputtered Pattern
Ag fcc <110>

W, Mo, a-Fe bce <111>

Ge diamond <111>

Zn, Ti, Re hexagonal <1120>, <2023>
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Art — Cu Target

Sputter Yield (atoms/ion)

0 | | | 1
101 1 10 102 10°

lon Energy (keV)

Figure3.11. Energy dependence of the sputter yieldsof Ar* onthe (110), (100), and (111)
planes of Cu.[27]

30 |-
27 keV Ar* —Cu Target

Sputter Yield (atoms/ion)

] 1 1 ] 1 ] 11 1 1
-10°  0° 20° 40° 60° 80°

Figure3.12. Angular dependenceof thesputter yieldsfor Art onthe(111) Cuplanerotated
about the (112) axis.*
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3.1.5 Sputter Yields of Alloys

Experience has shown that the chemical composition of the
deposited film sputtered from an alloy target is very close to that of the
target. This suggeststhat sputtering is not governed by thermal processes,
but by a momentum transfer process. When the temperature of the target
isso high that the composition of thealloy target changesduetothethermal
diffusion, theresultant filmsshow different chemical compositions. Under
even higher substrate temperature, the resultant films aso show different
chemical compositions because of the reevaporation of the deposited
films.

Several alloysareroutinely sputtered including Permalloy (81Ni-
19Fe) and Ni-Cr aloys. Flur and Riseman found that films sputtered from
aPermalloy target had the same composition as the target.[3!

Patterson and Shirn suggested that the composition of the Ni-Cr
target was preserved in the sputtered films.[3? Sputtering conditions will
ater the composition of the sputtered films. The correlation between the
compositions of the targets and the deposited films of alloys and com-
pound materials need to be studied.

The nature of changes in the alloy target is significant. Patterson
showed that variation of the surface composition during sputtering depo-
sition of a binary alloy target (A, B) was expressed by the following
relations:32

Eq. (33) A= %% - S5 NoAy Eexp— H%SB *+ BySa Ft%“ SsNoAy
o ASs +ByS, H N2 AS; +ByS,

Eqg. (3.4) B:% -SANOA)EeXp— AoSs + BoSy Ft SaNoAy
o ° AS +BS, NZ ASs +BySy

where A, and B, denote the surface density of the composition A, B at the
initial stage of the sputtering, respectively. The sputter yields of A, B are
S, and S, respectively; N, isthe atomic density of thealloy target surface,
F istheion current density at thetarget surface, andt isthe sputtering time.

These relations are obtained under the assumption that values S,
and S; for the alloy are the same as those of each element, A and B,
respectively. Weknow theserel ations are useful when each element, A and
B, shows small differencesin its atomic weight. A typical exampleis Ni-
Cr aloys.
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Equations (3.3) and (3.4) suggest that the surface composition of
thetarget will change during the sputtering time. Thetime constant for this
changeis

+B,S, _U
Eq. (3.5) %QL—JFD

o Ng
Ast - o
0 ASN,
£ As B,
Eq. (3.6) 0
%q B,Sa N,
H AStBS,

and both A and B approach a constant value.

Consider, for example, the sputtering of Ni-20Cr (A, = 0.8N,, By
= 0.2N,) by 600 eV Ar ions; the sputter yield for Ni (S,) is 1.5 atoms per
ion and Cr (S;) = 1.3. The surface density, N,, isabout 2 x 10'°at.cm™. If
F =6 x 10% cm? sec! (1 mA/cm?), the time constants become 250 msec.
Thecalculatedtimeconstant isfairly shorter thanthesputteringtimefor the
deposition. It can be shown from Egs. (3.5) and (3.6) that the surface of the
target will changefrom 80Ni-20Cr to 78Ni-22Cr during onetime constant.

Thelnstantaneousfl Im compositionsfor A and B are expressed by
J’ S, Adt and J’ S;Bdt, respectively. Then, the ratio of the each compo-
sition of the sputtered filmatt — oo, (A;/By) becomes

A_A
Eq. (3.7) B Eo

S

Equation (3.7) suggests that the sputtered film should have the same
composition as the target in the steady state when the solid-state diffusion
inthetarget isneglected. At ordinary temperatures (afew hundred degrees
centigrade), such diffusion will be unimportant.[32

Liau has found that the surface change of the target composition
for aPt and Si alloy isnot governed by Egs. (3.5) and (3.6).I%%! He studied
the surface composition by Rutherford backscattering techniques and
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showed that the Si, which has a small elemental sputter yield, had been
preferentially sputtered off. After sputtering, the Pt, which has a high
elemental yield, increased in the target surface.

Table 3.5 showsthe steady-state composition of the surface layers
for 40-keV Arion sputtering for variousbinary alloysalliedto Pt/Si. It was
suggested that these phenomenawere chiefly observedinthe binary alloys
which were composed of light components and heavy components. The
heavy components were generally enriched in the surface layer.

Haff has studied the phenomena of surface-layer enrichment and
suggests that it is related to the collision cascade between two species of
binary alloys in the surface layer.[3¥ Tarng and Wehner showed that the
surface change of a Cu-Ni alloy is governed by Egs. (3.5) and (3.6),
although Cu is much heavier than Ni.[3°]

Asdescribed above, the compositional change of thetarget surface
is complicated. The composition of the sputtered aloy films, however, is
generally equal to the target composition when the target is cooled during
deposition.[3® Table 3.6 shows some exampl es of the composition of alloy
films sputtered by conventional magnetron sputtering.%7]

Table 3.5. Variations of Surface Compositions Under lon Bombardment
with 40-keV Ar* long3?!

Bulk Surface
AUg16AQ AUp23Ag
CuzAl CuzAly 4
AUAI AugzAl
AUAl, AugzAl,
Pt,Si Pt33Si
PtSi Pty S
NiSi NiySi
InP same as bulk
GaP same as bulk
GeSi same as bulk
Ta,0s Tays05
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Table3.6. Compositionsof Al Alloy Thin Films Deposited by Magnetron
Sputteringl36l

Materias Target Composition Film Composition
Cu 3.9-5% 3.81%
S 0.5-1% 0.86%
Mn 0.4-1.2% 0.67%
2014 Al dloy Mg 0.2-0.8% 0.24%
Fe 1.0% 0.21%
Cr 0.10% 0.02%
Zn 0.25% 0.24%
(Al+Cu+Si)Cu 4% 3.4%
S 2% 2.8%
(AI+Si)Si 2% 2% +0.1%

3.2 SPUTTERED ATOMS

3.2.1 Features of Sputtered Atoms

Inaconventional sputtering system, sputtered atomsare generally
composed of neutral single atoms of the target material when thetarget is
sputtered by bombardment with ions having afew hundred electron volts.
These sputtered atoms are partially ionized (i.e., a few percent of the
sputtered atoms are ionized) in the discharge region of the sputtering
system.

Woodyard and Cooper have studied the features of sputtered Cu
atoms under bombardment with 100 eV Ar ions, using a mass spectrom-
eter. They found that 95% of the sputtered atoms are composed of single
Cu atoms, and the remaining 5%, Cu, molecules.[!

Under higher incident-ion energy, clusters of atoms are included
in the sputtered atoms. Herzog showed that the sputtered atoms were
comprised of clusters of Al; when the Al target was sputtered by 12-keV
Ar ions. Under bombardment with Xeions, clusters of Al,; were detected.

For an alloy target, the features of the sputtered atoms are similar
to those of the single-element target. Under low incident-ion energy, most
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of the sputtered atoms are composed of the single element of the alloy.
Clusters are predominant when the ion energy is higher than 10 keV.

3.2.2 Velocity and Mean Free Path
3.2.2.1 Veocity of Sputtered Atoms

Theaverageenergy of sputtered neutral atomsismuch higher than
that of thermally evaporated atoms in a vacuum. Guenthershulze,3%
Mayer, % and Spronl*Y first observed the high energy of the sputtered
atoms.

Wehner has studied the velocity of sputtered atoms in detail. He
measured the velocity by a quartz balance shown in Fig. 3.13.142 A low-
pressure Hg plasma is maintained between an anode and an Hg pool
cathode. A guartz helix balance with alittle quartz pan is suspended in the
upper part of the tube. When the sputtered atoms deposit on the underside
of the pan, the atoms exert a force, (dM/dt)v,, which displaces the pan
upward by a certain distance, where dM/dt denotes the mass-per-second
arriving, and V, is the average velocity component normal to the pan
surface. The continuous deposition increases the weight of the pan with
time, and the pan will return to its original position. When one measures
thetimeinterval, t, required for the pan to return to itsoriginal position,V,
is estimated from the relation (dM/dt)v, = (dM/dt)tg, where g is the
acceleration of gravitational force. Then, v, = tg and g = 981 cm/sec?
without knowledge of dM/dt.

The quartz-balance method is also used for determining the
average velocity of vacuum-evaporated particles. Wehner has estimated
the average velocity by this method and suggested that the average
velocity of Pt, Au, Ni, and W, sputtered by Hg ions of afew hundred eV,
is of the order of 3 x 10° to 7 x 10° cm/sec, corresponding to the average
kinetic energy of 10 to 30 eV. The kinetic energy is more than 100 times
higher than thermal evaporation energy.

Both the calorimetric method and time-of-flight method are also
used for determining the average energy of sputtered atoms. In the
calorimetric method, thetemperaturerise of the substrate dueto theimpact
of sputtered atoms determines the average energy. However, this method
must take into account the heat of condensation and the various energetic
processes occurring in the plasma. Detailed data, however, have been
obtained by the time-of-flight method.
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Figure 3.13. A quartz balance for measuring the velocity of sputtered atoms.[42

Figure 3.14 shows the experiment used by Stuart and Wehner for
the time-of-flight measurements.[*3 The target in low pressure, dense, dc
plasmaispul sedto afixed negativevoltage sothat atomsare sputtered from
the target as a group. When the group of atoms travels in the plasma, the
atoms are excited and emit their characteristic spectrum. The energy
distribution is determined by the measurement of the time shift of the
emitted spectrum.

Typical resultsfor a Cu target, sputtered by Kr ions, are shownin
Fig. 3.15.1% |t shows that the kinetic energy of sputtered atoms isin the
range of 0to 40 eV for Cu (110) normally bombarded by 80 to 1,200 eV
Krions. Theenergy distribution peaksat afew el ectron voltsand morethan
90% of the sputtered atoms have energies greater than 1 eV.

The energy of the sputtered atoms is dependent on both the
incident ion species and incident bombardment angles. Typical resultsare
shown in Figs. 3.16 and 3.17. Oblique incident ions shift the energy
distribution to a higher region. Figure 3.18 shows the variation of the
average energy of the sputtered atoms with the incident-ion energy. Note
that the average energy of the sputtered atoms shows a slight dependence
on the incident-ion energy. The value will saturate near 10 eV.
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Figure3.15. Energy distributions of sputtered atomsfor variousincident-ion energies.[*3


http://cuuduongthancong.com?src=pdf
https://fb.com/tailieudientucntt

94 Thin FilmMaterials Technology

N
o

Cu (110) - 600V
[110] normal to surface

2
'c
=]
=
s
£ 15
2
= 10
g \ A \ Hg
4 r
5
s He\\
x
4
0 10 20 30 40

Energy (eV)

Figure 3.16. Energy distributions of sputtered atoms for various incident ions.[*?!
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Figure 3.17. Energy distributions of sputtered atoms for various ion energies.[*?!
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Figure 3.18. Average energy of sputtered atoms.[43]
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These results suggest that when the incident-ion energy increases,
energy lossesinthetarget alsoincreasesuch that theenergy of incidentions
is not effectively transferred to sputtered atoms. For light ion bombard-
ment, ions will penetrate beneath the target surface and their energy loss
will increase. Thiswill shift theenergy distributiontoalower energy level.

In the case of sputtered ions, their average energy is higher than
that of sputtered neutral atoms described above. This experiment is
complicated by the presence of a strong electric field at the target surface
in a plasma-based sputtering measurement. This strong field will tend to
return emitted positive ions to the target surface. Sputtered ions which
escape from the target are limited to very highly energetic sputtered ions.
In an ion-beam experiment which has no strong field at the cathode
surface, the amount of sputtered ionsison the order of 1% of the sputtered
atoms.

The knowledge of the composition and the kinetic properties of
sputtered particles is important for understanding the sputtering mecha-
nism, thin-film growth, and surface science. Extensive studies have
continued on sputtered particled*! including the postionization by an
electron cyclotron resonance (ECR) plasma,!“® multiphoton resonance
ionization (MPRI),1“®l and laser-induced fluorescence spectroscopy
(LFS).141

Since the vast majority of sputtered particles are emitted as
neutrals, most experiments rely on some sort of ionization technique and
subseguent detection of the ions. The simplest technique relies on
postioni zation by an el ectron beam. However, the posti oni zati on probabili-
ties are estimated to approach, at best, values around 10, Postionization
by electron impact in alow-pressure, noble gas plasmaexcited by an ECR
plasma is much more efficient in ionizing the sputtered atoms, asis the
MPRI technique. LFSis also an attractive method for understanding the
energy distribution of sputtered particles. The velocity of the sputtered
particles can be measured by the Doppler-shift of the emitted light. These
experimental arrangements are shown in Fig. 3.19.[491(48]

Typical energy distributions measured by the ECR plasmaioniza-
tion system are shown in Fig. 3.20.1%%1 Experimentally, the E-2 dependence
at the high-energy slope of N(E) has been observed, which denotes the
validity of the theory, developed by M. W. Thompson, of isotropic
sputtering cascades in solid targets.[*°]

The LFS study suggests that under anisotropic conditions such as
alow-energy region and oblique incidence, the isotropic theory is insuf-
ficient. The velocity distributions have a “hot” tail compared to the
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Figure3.19. Experimental arrangementsfor thestudy of sputtered particlespost-ionized by
an ECR plasma source.[48]

I I I I I I

2 keV Art— Ni Target

20°/70°

45° ] 45°

k X (AN/AE) (arbitrary units)

Energy (eV)

Figure3.20. Energy distributionsof sputtered atomsfor variousincident/escapeanglesfor
Ar* bombardment of Ni.[*%]
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isotropic model.[*?! The energy and angular distribution of the sputtered
particles are completely reviewed by Hofer.[5!

3.2.2.2 Mean Free Path

M ost of the sputtered atoms passthrough the discharge spaceinthe
form of neutral atoms. Their mean free path before they collide with
discharge gas moleculesis given by

Ea. (3.8) A =gy,

where c; is the mean velocity of sputtered atoms and v, is the mean
collision frequency between sputtered atoms and discharge gas molecules.
Since the velocity of sputtered particles is much larger than the gas
molecules, v,, is given by

Eq. (3.9) v, =z (r +1, ) cn,

wherer, and r, are the atomic radii of sputtered atoms and discharge gas
molecules, respectively, and n, is the density of discharge gas. Then, the
mean free path is simply given by

Eq. (3.10) Jy =Un(r, +r,1n,

In the case of Ar ion bombardment of a copper target, taking
r,=0.96x10%cm, r,=1.82x108cm, n,=3.5x 10 cm3(at 0°C, 1torr)
A, becomes 11.7 x 103 cm. These estimated valuesare slightly longer than
the mean free path between neutral gas molecules at room temperature.

3.3 MECHANISMS OF SPUTTERING

Two theoretical models were originally proposed for sputtering:

1. Thethermal-vaporizationtheory: the surface of thetarget
is heated enough to be vaporized due to the bombard-
ment of energetic ions.
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2. The momentum-transfer theory: surface atoms of the
target are emitted when kinetic moments of incident
particles are transferred to target surface atoms.

Thethermal -vaporization theory was supported by Hippel in 1926,
Sommermeyer in 1935, and Townes in 1944 due to their experimental
observations of Knudsen’s cosine emission distribution. At that time,
thermal vaporization was considered the most important mechanism.

The momentum-transfer theory was first proposed by Stark in
1908 and Comptonin 1934. Detail ed studiesby Wehner in 1956, including
the observation of spot patternsin single-crystal sputtering, suggested that
the most important mechanismisnot thermal vaporization, but momentum
transfer.

At present, sputtering is believed to be caused by a collision
cascade in the surface layers of a solid.

3.3.1 Sputtering Collisions

Electron clouds screen the nuclei of the target atoms. The type of
collision between an incident particle and the target is determined by
incident-ion energy and the degree of electron screening.[> The effects of
electron screening are considered Coulomb collisions. The interaction
between two atoms is given by

Eq. (3.11) lerze expt- ;@

wherer isthe distance between incident ions and target surface atoms, z;e
and z,e are the nuclear charge of incident ions and target atoms respec-
tively, andaisthescreeningradius. Theavarieswith the degreeof electron
screening. For the Thomas-Fermi potential, a = ca, /23’3, where a,, is the
Bohr radius (= #%/me?) and c = .

The degree of electron screening expressed by Eqg. (3.11) and the
distance of closest approach determine the type of collisions between the
incident ions and the target atoms. In the case of head-on collisions
between these atoms, the distance of closest approach b is given by the
relation
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2 2
zze" _ MM,y
Eq. (3.12) b 2(M1+ Mz)

where M, and M, are the mass of the incident ion and the target atom,
respectively, and v; is the velocity of the incident ions. Combining Egs.
(3.11) and (3.12) leads to

b_ zzizzezim_ 413 2R,

Eq. (3.13
413 MV a, E

whereR|,istheRydberg energy,e?/2a,=13.54 eV, and Eisthetheincident-
ion energy.

Thestate of collisionsvarieswith theratio of b/a. At high energies
(i.e.,, b/a << 1), the incident ions are scarcely screened by the electron
clouds of the target atoms. Theincident ions are scattered by target atoms.
Thisissimilar to Rutherford scattering. At low energies(i.e., b/a>>1), the
incident ions are screened by the electron clouds of target atoms. The
classical hard-sphere model describes the collisions.

At moderate energies, the collision cascadein the surfacelayers of
thetarget isbelieved to causethe sputtering phenomenon. For higher-order
collisions near the target surface, the energy of the collision atomswill be
much less than the incident recoil energy from the first collision (several
hundred eV). According to Eq. (3.13), thissuggeststhat the approximation
b/a < I isvalid. The approximation b/a > |, however, will not fit for the
primary collision, so the whole sputtering process can not be understood
by the simple hard-sphere model, where b/a >> |. The simple hard-sphere
model can only roughly explain sputtering.

For b/a<<| and b/x >> 1, thecollisionisgoverned by the classical
Rutherford scattering where i denotes the wavel ength of incident atoms
(= Alpv, p=M;M,/(M; + M,), and v is the velocity of incident atoms). A
differential cross section R(8) dw (dw denotes an elements of solid angle)
is expressed by

_b* .9 o b
Eq. (3.14) R(B)—Ecosec o
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For b/a<< 1 and b/k << 1, the differential cross section B(8)dw is
given by

R(®)

Baf
4

under the assumption that the collision is screened Coulomb scattering
event with Born’s approximation.

For b/ >> bla >> 1, the collision is described by the elastic-
collision theory. The collision is isotropic and the total scattering cross
sectionisexpressed by iR?. From Eq. (3.11), wehave R=alog(z, z,?/RE)
for an incident-ion energy, E. For a small E, the R is approximately the
atomic radius of the incident particles.

For b/x < b/a, the cross section isnot calculated simply by Born's
approximation, except in the case b/A << (b/a)¥? where the collision is
isotropic.

Eq. (3.15) B(0) =

o o o

M OOoo0d 0,

N @

3.3.2 Sputtering

A sputtering event is initiated by the first collison between
incident ions and target surface atoms, followed by the second and third
collisions between the target surface atoms. The displacement of target
surface atoms will eventually be more isotropic due to successive colli-
sions, and atoms may finally escape from the surface. Figure 3.21 shows
the features of sputtering collision in the target surface.

The sputtering process is considered in detail for the following
three different energy regions of the incident ions.[%?

1. Threshold region (< 100 eV)
2. Low-energy region (>100 eV)
3. High-energy region (1060 keV)

Detailed studies have been performed with the aid of computer simula-
tion.[531(54]
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Figure 3.21. Incident ions and the sputtered particles.

3.3.2.1 Classical Empirical Formula of Sputtering Yield

According to the elastic-collision theory, the maximum possible
energy transferred in the first collision, T, is given by

AMM,

Eq. (3.16) = (Ml + |\/|2)2 -

where M; and M, are the masses of the incident ions and target atoms
respectively, and E is the energy of incident ions. In the first order of
approximation, the sputter yield, S is proportional to the T, and the
sputter yield of agiventarget material bombarded with adifferent el ement
isgiven by

1 M;M,

Eqg. (3.17 S=k
%317 AE) cos® (M, +M,)?

E
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where k is a constant that includes different target material constants, A is
the mean free path for elastic collisions near the target surface, and 0 isthe
angle between the normal on the target surface and the direction-of-
incidence ions. The mean free path is given by

1
Eg. (3.18 A=——
g. (3.18) Ron,
where ng is the number of lattice atoms per unit volume, and R is the
collision radius.
The collision radius, R, for the rigid-sphere model can be calcu-
lated for a screened potential as

2

e

Eq. (3.19) R:C( 2/3 & 2/3)“2 n j,lzléE
2" +z, 0

whereE” = M,E/(M; +M,), Cisaconstant, &, istheradius of the hydrogen
atom(=0.57 x 108 cm), etheelementary charge, €, isthediel ectric constant
in the vacuum, and z,e and z,e are the nuclear charges for M; and M,
respectively. Therelationin Eq. (3.17) gives qualitative information about
the sputter yield.

Rol, et al., have suggested that by setting k= 1.67 x 101t m/eV and
C = 1, the sputter yield measured for the ion bombardment of a copper
target with 5to 20 keV Ar* or N* ionsfits the theoretical relationship Eq.
(3.17).155T Almén, et al., have shown that the constant, k, isexpressed by the
experimental relationship

k:AepoﬂEBH
Mi+M2

and found the sputter yield as

Eq. (3.20) S=4.24 x 10_8n0R2E%226XpH—10.4 N EBH
M, +M, 2 TH T My+M, °H

where Ej is the binding energy of the target materials.[5
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Goldman and Simon have shown a theoretical model of the
sputtering of copper with500keV deuterons!>” Rutherford scatteringwill take
place in the collisions between the deuterons and target copper atoms. In
these collisions, the mean free path of the deuteron is of the order 104 cm.
The energy for the displacement of target atoms from their normal lattice
is about 25 eV. The average energy of the target recoil atoms after the
deuteron bombardment at the first collision is estimated to be 200 eV.

When incident atoms with energy, E, and mass, M, elastically
collidewiththetarget atomwith mass M,, themean freepath of theincident
atom, A,, is expressed by

) M,z 2%z, %"
Eq. (321) M =(noq)7 oy =H|t/|212E2Ed

where n, is the atomic density of the target, and E; is the energy for the
displacement from the normal lattice. The average energy of the recoil
atoms, T, ,,, IS expressed by

Eq. (3.22) Taa = E, I, MiME
(M 1 +M 2)2 Ed

The simple hard-sphere model considers the collisions after the
first collision. The mean free path after the first collision is of the order of
10" cm. Thediffusion of these knock-on atomsistreated by simpletheory,
and the sputter yield is given by the relationship

M, InE 1
Eq. (3.23) UM, E coso

where 8 denotestheincident angle of ions. Almén, et al., have experimen-
tally shown the validity of the relationship in Eq. (3.23).

3.3.2.2 Linear Cascade Callision Theory

Modern theoretical and experimental works on linear cascade
collision theory started in the 1960s. Sigmund, Thomson, and Wehner did
the seminal works. Sigmund has studied the theory of sputtering in detail.
He assumed that sputtering of the target by energetic ions or recoil atoms
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results from cascades of atomic collisions. The sputtering yield is calcu-
lated under the assumption of random slowing in an infinite medium. The
theoretical formulawas compared with the experimental results given by
Wehner.[8 Sigmund’ s cascade collision theory isthe most acceptable for
understanding sputtering phenomenain thekil oelectron-volt energy range.

In the theory, the collision is considered to be the hard-sphere
model. The sputter yield, SE) isexpressed by the following relationships:

Eq. (3.24) sE) = %m <kev
4 U,
Eq. (3.25) S(E) = o.4zo%('5) . =1-10keV
0
where: T, = LMZZ E
(M, +M,)

U, = heat of sublimation

a = function of My/M;

S, (E) = 4mz.2,€%,, (Ml“fle)sn(s)

c= MzE/(Ml"'Mz)
lezezaiz

2,3)—1/2

a,, =0.8853a, (212’3 +2,

S,(€) = reduced nuclear stopping cross section for
Thomas-Fermi interaction.

The a,, isthe Bohr radius (a,, = 0.53 x 10" cm). The valuesa and
S,(e) are shown in Fig. 3.22 and Table 3.7. A Born-Mayer potential
[V(r)=Ae"2 a=0.219A, A=52(Z,Z,)%*eV] isappliedinthelow-energy
region, Eqg. (3.24), whilethe Thomas-Fermi potential isappliedinthehigh-
energy region, Eq. (3.25).

Figure 3.23 shows the comparison of measured and theoretical
yield values at energies below 1 keV. The agreement is quite good. The
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periodicity relatesto the U,. The U, isequal to the surface binding energy,
Uy, Thevaluesof U, for elements tabul ated by Gschneidner are shownin
Table3.8. Figure3.24 showssputter yieldsof polycrystallinecopper for Kr
ions. Ation energiesbelow 10 keV, Egs. (3.24) and (3.25) agree well with
the experiments.

L | IIIIIIII ] LI

IIII| | 1 IIIIIII | L1 11111
0 0.1 1 10
M, /M,

Figure 3.22. The value of a (where o = M,/M,) according to Sigmund.[*!

Table 3.7. Values of Reduced Nuclear Stopping Cross Sections for
Thomas-Fermi Interactions, S,(€)!*4

€ Si(e) € Si(e)
0.002 0.120 0.4 0.405
0.004 0.154 1.0 0.356
0.01 0.211 2.0 0.291
0.02 0.261 4.0 0.214
0.04 0.311 10 0.128
0.1 0.373 20 0.0813
0.2 0.403 40 0.0493
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Figure 3.23. Sputter yields for various materials compared to Sigmund'’ s theory.[11]

Table 3.8. Surface Binding Energy, U,*

Target Li B C Mg Al Si
U, (eV/atom) 1.68 5.73 7.42 1.55 3.36 4.69
Target Ti Cr Mn Fe Co Ni
Uy (eV/atom) 4.90 4.12 2.92 4.34 4.43 4.47
Target Zn Ga Ge Se Sr Y
Uy (eV/atom) 1.35 2.82 3.88 1.74 1.70 4.25
Target Zr Nb Mo Ru Rh Ag
Uy (eV/atom) 6.34 7.60 6.86 6.68 5.77 2.97
Target Cd In Sn Hf Ta w
Uy (eV/atom) 1.16 2.49 3.12 6.34 8.12 8.68
Target Ir pt Au Hg Pb Bi
U, (eV/atom) 6.90 5.86 3.80 0.64 2.03 217
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Figure 3.24. Sputter yields cal culated by Sigmund.[*!

Thelinear cascadetheory devel oped by Sigmund can satisfactorily
account for the sputtering behavior of amorphous or polycrystaline
elemental targets. A possible exception to this theory is the case of
anisotropic collisions including the single target, the low-energy region,
and the oblique incidence.

The nature of atomic collision cascades has been continuously
studied sincethey areimportant not only asafundamental science, but also
for their technological applicationsin solids. They initiate the process of
radiation damage, sputtering, and ion implantation.

Surface analysis methods, such as AES, ESCA, and SIMS, are
useful for examining the sputtering features of an alloy. Altered layersare
formed on the aloy target, and enhanced-surface and near-surface diffu-
sions are observed during sputtering. This sometimes causes difficulty in
the controlled deposition of alloy films by direct sputtering of the alloy
target.[50

Hofer reviewed modern sputtering theory using a linear cascade
mode! and showed the angular, energy, and mass di stribution.!>% Thomson
also reviewed the sputtering model;[®! he evaluated the velocity of
sputtered gold atoms using time-of-flight techniques and compared this
with hislinear cascade theory. The experiments with polycrystalline gold
targets show that the energy spectra at different energies, 10, 20, 40 keV,
have asymmetric peaks at about 2 eV and tailsthat behave functionally as
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1/E2. Thomson'’ slinear cascade theory shows that the energy distribution
of sputtered particles, dY/dE, is expressed by

dy 0 EY,
Eqg. (3.26) dE, (Eo +Ub)3

where E; denotes the incident energy and U, denotes the surface binding
energy of target material. The experimental observations are well-under-
stood by the formula in Eq. (3.26): a maximum at Uy/2 (Ug= 4 eV for
gold), and 1/E? slope at higher energies. Sigmund’s theory is useful for
understanding linear cascade collisions. However, there are still experi-
mental results that cannot be explained by the cascade collision theory.
Thomson pointed out the experiments on the energy spectra shown in
Fig.3.25 which indicate the presence of sputtering from thermal spikes
when the target was kept at elevated temperature. Thisis probably due to
theevaporationat local patchesof thetarget surface heated by thesubsiding

10 K | | T T T =

dN I\ 20 keV Ar* —> Au (polycr.)
ae &) !
107" - .
Target temperature
900°C ——

10-2 |- 950°C — — -
700°C ~——
30°C ——

1073 - .
= -4 |- —
g 10
)

105 [ .

E-2

106 [~ -

107 ] ] ] | ] ]

1072 10" 10° 10" 102 108 104 108

Energy of sputtered particles (eV)

Figure3.25.Changein energy distribution at higher temperatures.[61
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cascade similar to thermal evaporation. This process is considered a
nonlinear cascade collision and/or thermal sputtering, in constrast to the
linear cascade collision model.

3.3.2.3 Simplified Model and Modern Yield Formula

Mahan has reviewed empirical and theoretical formulasrelated to
linear cascade collisions with experimental data and discusses severa
useful formulas for yields of sputtering deposition.[f2 An empirical
formula by Bohdansky for the 1-keV energy range is given by Eq.
(3.27) .13

_ ~E. O
Eq.(327) Y =6.4x10 SMVS/SEo.stQ E g

wherey is the energy transfer mass factor expressed by y = 4mym./(m, +
m,)?, and m, and m, are the projectile mass and the recoil ion mass,
respectively. The projectile energy and sputtering threshold energy in
electron volts are represented by E and E;;,, respectively. The empirical
expression for E;, includesthe surface binding energy, Ug,, and isgiven by

U
Ey, = YUs for @EE< 0.30
y(d-y) m O

/5 m B
Emzsusbg%g for Eﬁ%osg

M ahan showsan exampl e of the cal cul ation using the sputtering
of gold by Ar ionsat 500 eV. Taking m, = 39.9 amu, m, = 197 amu, and
Uy, =3.8eV,wehavey=0.56, E; =15.4¢eV, and Y = 2.03 (Ref 62, p.
211). Thesevalues are close to Wehner’ s classical experimental values of
En=20eV andY =243,

Mahan proposed a simplified collision model of sputtering yield
for the linear cascade regime. Mahan assumed that the recoils were
uniformly distributed in a cylindrical volume and made a simple assump-
tion about the distribution function.[® Mahan’s yield expression for
normal incidence is given by

Eq. (3.28)
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f:%ﬁ N:£

v=24N,

Eq. (3.29)
A0 HREH E o

where f isthe fraction of the total number of recoils, RP (escape depth)
= 1(RPr + Rg‘)ZRﬁeﬁ, and RPp (uniform depth distribution of recails) =
T(RP+ Rg)2 RB, N is the effective number of recoils at energy incident E,
E; o (Qverageenergy of recoils) = Ug,, In(yE/Ug,) for surfacebinding energy
Ug,, and the mean val ue of the escape probability for all the recoilsis25%.
The smplified equation (Eq. 3.29) shows a qualitative model. Near the
threshold, it greatly overestimatestheyield values. However, at theenergy
rangeof 0.1to1keV, thecalculatedyieldsarevery closetoempirical yields
measured by Matsunami.[651*

*The other expression for yield is Matsunami’ s empirical formul a6
Y(E) = 0.42[0*Qs,(g)]/U[1 + 0.35Us(€)]
x 8.478Z,Z,m /(Z#3, + Z#3)Y¥(m, + m)
x [1-(Ey/E)V>®

where U, is the sublimation energy and two empirical parametersa* and E;, are
expressed by thefollowing empirical formulas,

o* = 0.08 + 0.164(m/m,)%4 + 0.0145(m,/m,)*-%
Ein = Ug x [1.9 + 3.8(m/m,)* + 0.134(m,/m,)*2/]
The s,(€) and s.(€) are expressed by following approximated formulas:
S,(€) = 3.441VIn(e + 2.718)/[1 + 6.355Ve + £(-1.708 + 6.882V¢)]
Se(E) = 0'079[(mp + mr)2/3/mp‘°’/2mr1/2] X [Zp2/3zr112(zp213 + Zr213)3/4]
The values of Q isnumerically given for several elementsasfollows:

(Be) 2.17 +0.82
(B) 4.6 £1.5
(C)3.1+0.9
(Mg)1.09 +0.14
(Al) 0.78 +0.17
(Ti) 0.58 +0.10
(V) 0.9+0.3

(Zr) 0.70 £0.16
(Cr) 1.23 +0.21
(Mo) 0.84 +0.24
(Fe) 1.06 £0.18
(Co) 1.0 +0.32
(Cu) 1.30 +0.22
(Ni) 1.06 +0.26

(Hf) 0.75 +0.08
(Nb) 1.02 +0.09
(Ru) 1.52 +0.20
(Rh) 1.26 +0.18
(Pd) 1.10 +0.25
(Ag) 1.21 +0.19
(Sn) 0.47 £0.14

(Ta) 0.78 +0.19
(W) 1.10 +0.18
(Re) 1.27 +0.22
(Os) 1.47 +0.19
(Ir) 1.37 +0.22

(Pt) 1.13 +0.17
(Au) 1.04 +0.23

It wassurprising that Wehner' sclassical yield dataof Cuat 400eV Art wasalmost
the same astherecent yield datameasured by Matsunami.
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Theoretical studies of sputtering using computer simulation are
useful for understanding sputtering phenomena. Thomson says that com-
puter simulation of the behavior of irradiated solids can be performed at
relatively low cost. These include molecular dynamic simulations, binary
collision approximation simulations, and Monte Carlo simulation. TRIM
(transport of ions in matter) is the most widely used computer model.[6€!
TRIM simulatesthe averageion trajectory and lattice damage with sputter-
ing yield.

The detailed analysis should be studied by molecular dynamic
simulation. Harrison, et al., have done seminal work on the computer
simulation of sputtering using the molecular dynamic method.[> They
suggest that the emission of clusters of two and three atoms are high-
probability eventsin sputtering of (100) copper by Ar ionsin the energy
range of 0.5t0 5.0 keV. Atomic motion in crystals after ion bombardment
is clearly demonstrated by the molecular dynamic simulation.[6”]
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A

Sputtering Systems

The understanding of glow discharges is important in order to
master the sputter deposition system since virtually all of the energetic
incident particles originate in the plasma.

Inthis chapter, the basic concepts of the glow discharge are given,
after which the construction and operation of the sputtering deposition
system are described.

4.1 DISCHARGEINA GAS

4.1.1 Cold Cathode Discharge

In a diode gas-discharge tube, the minimum voltage, which
initiatesthe discharge, i.e., the spark or breakdown voltage, Vg, isgiven by

_ pl
Eq. (4.1) Vs—alogp|+b

115
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where p is the gas pressure, | is the electrode spacing, and a and b are
constant. The relationship between spark voltage, V, and the gas pressure,
p, iscalled Paschen’sLaw. A typica experimenta resultisshowninFig. 4.1,
which showsthe existence of minimum spark voltage at gas pressure p,,.!!

Inaconventional sputtering system, the gas pressureiskept below
thepressurep,,. Toinitiatethedischarge, thegaspressure, p,, under agiven
electrode separation, |, is expressed by

)\0
Eq. (4.2) Ps = T
where A, is the mean free path of electronsin the discharge gas, given by
Ao = 1p., where p, denotes the elastic collision cross section between
electronsand gasatoms. Thep, valuesfor Ne, Ar, Kr, and Xeare shown
inFig. 4.2.14 Taking p. = 20 cm-torrtin Ar at 100 eV, A, becomes 0.05
cm. By putting | = 10 cm, p, becomes = 5 millitorr. This suggests the gas
pressure should be higher than 5 millitorr (6.5 x 10'! Pa) for initiating the
breakdown and forming the discharge.

In adiode discharge tube, when the dischargeisinitiated in alow-
pressure gas with a high-impedance dc power supply, the mode of
dischargevarieswith thedischarge current. Figure 4.3 showsthedischarge
modes.!

3000 —

2000 —

1000 —

Sparking Voltage (V)

0 | | |
102 10 Pm 1 10

Gas Pressure (torr)

Figure 4.1. Spark voltage vs gas pressure measured for Cu electrodes in air (electrode
spacing, 5 mm).
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Figure 4.2. Probability of elastic collision of éectron p, (cm - torrY) in Ne, Ar, Kr, and Xe.[d
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Figure 4.3. A classification of gas discharge modes for various discharge currents.!?
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At a discharge current below 0.1 mA/cm?, the Townsend
discharge appears. A small, non-self-sustained, continuous current is
maintained in the Townsend discharge. Positive ions are created close to
the anode dueto amultiple avalanche, traverse thewhole gap, and produce
a uniform space charge. However, the effects of the space charge are not
dominant.

At a discharge current above 0.1 mA/cm?, a luminous glow is
observed near the cathode. Thisregionis called a glow discharge and the
effects of the space charge are dominant.

At the low-current end of the glow-discharge region, the glow
partially covers the cathode surface. This mode is called a hormal glow
discharge. When the current density increases, the glow covers the whole
cathode. Thismodeis called an abnormal glow discharge. In the abnormal
glow discharge, if the cathodeisnot cooled and the current increases above
0.1 A/cm?, thermionic electrons are emitted. This causes a transition into
an arc discharge.

The basic ionization process in the gas discharge is as follows.
When the electrons collide with gas molecules, the latter are ionized and
positiveionsappear. The energy of the electrons should be higher than the
ionization energy of the gas molecules. At the beginning of the discharge,
the primary electrons from the cathode are accelerated by the electric
field near the cathode. The energy isin excess of theionization energy of
the gas molecules. These energetic electrons collide with the gas
molecules and generate positive ions before they travel to the anode. The
positiveions bombard the cathode surface, which resultsin the generation
of secondary electrons from the cathode surface. The secondary electrons
increase the ionization of the gas molecules and generate a self-sustained
discharge.

When the discharge current is below 10° A, the secondary
electrons areinsufficient in number to cause enough ionization to produce
a self-sustained discharge as shown in Fig. 4.3. The self-sustained dis-
charge appears when the discharge current isabove 10° A. Thisdischarge
is characterized by positive space charge effectsin the edge regions of the
plasma.

When asingle primary electron collideswith mgas moleculesand
creates m numbers of electrons and ions, the self-sustained discharge will

appear if
Eq. (4.3) my=1
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where y denotes the number of secondary electrons per incident ion
impact on the cathode surface (also known as the secondary electron
coefficient).

The rate at which electrons are created in the discharge due to
collisionswith the secondary isgiven asdn,/dx = a n,, wheren denotesthe
number of e ectronsanda istheprimary ionization coefficient. Thusthesingle
primary electron creates exp(al) secondary electrons during the travel
across the space between the electrodes. The multiplication coefficient of
the primary electron misgiven by m=[exp(al) - 1]. Sincemy = 1,

1
. (4. I =1 -
Eq. (4.4) a n%+y%

The ionization coefficient, a, is empirically expressed by the following
relationship:

a U_g O
Eq. (4.5) B = Aexp Elp E

where E denotesthe electric field in the discharge region, p isthe pressure
of the discharge gas, and A and B are constants. Assuming E = V//I,
Paschen’'s Law, described in Fig. 4.1, is given by

B(pl
Eq. (4.6) Ve = D(p) A O

|n(p|)+InE[|n(1+1/y)]B

Table 4.1 shows the values A and B with ionization energy.

In aglow discharge, the potential distribution between electrodes
isnot uniform dueto the presence of the chargeasshowninFig. 4.4. There
isavoltage drop, V;, near the cathode, which is known asthe cathode fall.
The cathode fall region corresponds to a so-called cathode dark space or
Crookes' dark space. The spacing, d, corresponds to the region through
which the electron gains the ionization energy of gas molecules. The
cathode fall satisfies the relationship

d 1
epr'Oa dx=1+ ;
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Table 4.1. lonization Energy, V;, and Constants A and B for Various
Gased?

Gas A B E/p Vi
(lon pairs)/(cm-torr) V/(cm-orr) V/(cm-orr) v
H, 5 130 150~600 154
N> 12 342 100~600 155
0, - - - 12.2
CO; 20 466 500~1,000 13.7
air 15 365 100~-800 -
H.0 13 290 150~1,000 12.6
HCI 25 380 200~1,000 -
He 3 34 (25) 20~150 (3~10) 24,5
Ne 4 100 100~400 215
Ar 14 180 100~600 15.7
Kr 17 240 100~1,000 14
Xe 26 350 200~800 12.1
Hg 20 370 200~600 104

Cathode Glow

Negative Positive Anode Glow

Column

Cathode
Anode

d
i i
Aston rq\ [Farady Dark Space | Anoge
Dark Space , NCrookes Dark Space : Dark Space
]
_ : <+— Discharge
i ' Voltage
[ !
2
=]
o !
@ ]
& 1
Qo [}
n | Cathode Fall
|
|
'
t
Cathode Anode

Figure 4.4. Features of aglow discharge.
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The electrical field, E(x), in Crookes dark space is empirically
shown by the relationship E = k(d - x). The spatial distribution of the
potential V(x) isgivenby V (x) = [ Edx = [Jk(d — x)dx. SinceV(x) becomes
the cathode fall, \,, at d = x, the V(x) and E(x) are expressed by

Eq. (4.7) V(x)=V, x(2d - x)/d?
and
Eq. (4.8) E(x)=2Vv,(d - x)/d?

The space charge of positiveionsisaccumulated in Crookes' dark
space and the space charge i's estimated by Poisson’ s relationship d2V/dx?
= -p/g,. The space charge, p, is given by the relationship

Eq. (4.9) p=2¢e.V,/d?

In the cathode fall region, the current flow is carried by ions and
isequal toion current j,. Theion current is governed by the space charge
limited current (SCLC), since the space charge given by therelationshipin
Eq. (4.9) appears. The ions are accelerated by the potential V(x) in the
cathodefall region. The velocity of theionsj, isgivenby v, =,/2eV/M ,
where e and M are the charge and mass of the ions, respectively. Since

j=pv,, dV/dx®=(j, /e, WM /2eV . Then, the current density j, is
given by

12 ,3/2
.4 2e AA
Eq. (4.10) Je =98 D&MQ

under the condition V=0at x = 0.

The glow discharge is maintained by secondary electrons pro-
duced at the cathode by positive ion bombardment. The current density at
cathodej is given by

Eq. (4.11) js=i+(@+y)

In glow-discharge sputtering, the energy of the incident ions is
closeto the cathodefall potential. Sincethe anodefall, whichis10to 20V,
and the potential drop acrossthe positive column are much smaller than the
cathode fall, the incident ion energy is roughly equa to the discharge
potential.
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Gasatomsareexcited by inelastic collisions between the energetic
electrons and gas molecules, resulting in a negative glow. The abnormal
glow discharge is used for sputtering systems and most processing
plasmas. In this case, the energy of incident ions is nearly egqual to the
discharge voltage, since V, = V.. Note that V, and j, cannot be changed
independently. The V, also varieswith j/p? asindicated in Fig. 4.5.18 The
minimum V, is obtained at normal glow discharge. In the sputtering
system, the V, is 500 to 1,000 V, which is characteristic of the abnormal
discharge. Itisunderstood that owering the gas pressure causes adecrease
of the current density under constant V.. In order to keep the current density

Thin FilmMaterials Technology

constant, the V, should be increased.
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Figure 4.5. Cathode fall for an abnormal glow discharge.[®!
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In glow discharge, the values (pd) are essentially constant, where
pisthedischargegas pressure, and disthewidth of the cathode dark space.
However, experimental values vary with discharge parameters. Table 4.2
shows typical experimental values of (pd). The values of (pd) in normal
glow dischargesaredlightly larger than valuesat abnormal glow discharge.

A superposition of magnetic field or high-frequency electrical
field somewhat extends the controllable range of discharge parameters. In
high-frequency discharges, the electronsin the discharge region will have
cyclic motions and the number of the collisions between the electrons and
the gas molecules will increase. This increases the efficiency of the gas
discharge. The modified Paschen's Law expresses the effects of the
alternating electric field of the discharge, or spark, voltage:

Eq. (4.12) v, = fpl, PH
0 b

where wis the frequency of the aternating electric field.

Table 4.2. Observed (pd) Values (torr x cm) For an Iron Cathodel®!

(pd) in (torr x cm)
Gas Normal Abnormal glow discharge
grow Ve=500V  V,=1000V V,=2000V

H, 0.9 0.46 0.25 0.2

He 13 0.8 0.6 0.5

N, 0.4 0.17 0.1 0.1

Hg 0.3 0.2 0.12 -

O, 0.3 0.1 0.07 0.07

Ar 0.25 0.07 - -
Note: (pd) isthe discharge gas pressure, p, times the width of the cathode
dark space, d.



http://cuuduongthancong.com?src=pdf
https://fb.com/tailieudientucntt

124  ThinFilmMaterialsTechnology

4.1.2 Discharge in a Magnetic Field

4.1.2.1 Spark Voltagein a Magnetic Field

In the presence of a magnetic field, electrons in a gas-discharge
tube show orbital motion around the magnetic lines of force as shown in
Fig. 4.6. In amagnetic field of strength B, the radius of the orbital motion
isr = mv/eB, wheree, m, and v are the electron charge, mass, and vel ocity,
respectively. When the magnetic field islongitudinally superposed on the
gas discharge, the electrons in the discharge are twined around the
magnetic line of force. This reduces the loss of electronsin the discharge
region and increases the discharge current density. However, strong
additional effects of the magnetic field are observed in the presence of a
transverse magnetic field.

When the transverse magnetic field, B, is superposed on the
electric field, E, the electron shows cycloidal motion with an angular
velocity w = eB/mand center of orbit drift in thedirection of ExB with the
velocity of E/B as shown in Fig. 4.7. These electron motions increase the
collision probability between electrons and molecul es enabling the use of
lower gas pressure, aslow as 10°° torr. Figure 4.8 shows the effects of the
transverse magnetic field on the spark voltage measured in coaxial cylin-
drical electrodes, in which the magnetic field is applied in an axial
direction.l! It shows the effects of the magnetic field observed at acritical
value B, whichisthe so-called “cutoff field.” In the magnetic field below
B., the primary electrons from the vicinity of the cathode will reach the
anode without performing the cycloidal motion between the electrodes
since the radius of the cyclotron motion is greater than the spacing of the
electrodes.

Magnetic Field

r = mv/eB (o© = eB/m)
—r 2 : Mass of Electron
v
: Charge of Electron

m
e

Electron v : Velosity of Electron
B

: Magnetic Field

Figure4.6. Cycloidal motion of electronsin amagnetic field.
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Figure 4.7. Electron trajectory in a crossed electric and magnetic field.
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Figure4.8. Spark voltage vsmagneticfiel d strength measured between coaxial cylindrical

electrodeswith anaxial magneticfield.

The cutoff field, B, is expressed by the following relationships:

2
B, = BZmVc Er H 22r2 i

o e 0 Hrz -
Eq. (4.13)

o, <2 B

o e g

E (cylindrical electrode)

(planar electrode)
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whereV_ istheapplied voltagebetweentheelectrodes, r, andr, aretheradii
of the outer and inner electrodes, respectively, and | is the electrode
spacing.

The abrupt decrease of the discharge voltagein the magnetic field
above B, results from the increase in the number of collisions between the
primary electrons and neutral gas molecules. In a significantly higher
magnetic field, the spark (discharge) voltage increases with the magnetic
field. Theincrease of voltagein the strong magnetic field isinduced by the
increase of electron energy losses through successive collisions.

The effects of the transverse magnetic field are qualitatively
considered to be an effective pressure, p,, given by

Eq. (4.14) [:; D[l+ (wT)Z] Ve

where w is the cyclotron frequency of the electron and 1 is the mean free
time of the electron.[*l Since

0= iB and = #
m p[2(e/ m)Vol/Z]

A,Ble/m)??

0

where A isthe mean free path of the electron at 1 torr, B isthe strength
of the magnetic field, (e/m) is the specific charge of the electron, and
V, is the acceleration voltage for the electron. Taking B = 100 G (0.01
T), p=1x10°torr (Ar), V, =100 V, and A, = 0.05 cm, we obtain wT =
5x 103, and p, = 0.05 torr.

Theoretically, the spark voltage in thetransverse magneticfieldis
estimated by the change of ionization coefficients a and y with the
superposition of thecrossed field. Table4.3 showsthetheoretical formulas
of the ionization coefficient a in the crossed electric and magnetic field.
The effect of the crossed field on yis not well understood. In general, the
secondary electrons released from the cathode surface will be partially
recaptured at the cathode surface since the crossed field bends their
trajectory. This may reduce the effective secondary electron coefficient.
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Table 4.3. lonization Coefficient, o, in a Crossed Electric and Magnetic
Field (Wasa, Ph.D. Thesis, Osaka Univ., 1967)

References Relations
3eB2 16 mE?2
Kugler, et al. o= . =0 m
4mE "¢ 3meB3)\
Haefer, H/
Somerville 4mE % H
Redhead _ 138 ZH -3
g
" g 4mE E2H
. 2 2
Somerville a:§AL£expB—§bL£H
H 4
. 22,2 2 O 22,2 ({20
Blevin and o = Ap +BeLE(eXpD_@ +BeLErD
Haydon p°meu® H E E p’m’u® H D

A: electron mean free path; L: A at 1 torr; u: electron velocity.

4.1.2.2 Glow Dischargein a Magnetic Field

Under the superposition of amagnetic field crossed on an electric
field, thewidth of the Crookes' dark space decreases. Thissuggeststhat the
superposition of the magnetic field equivalently increasesthe gas pressure
in the discharge region, as shown in the relationship described in Eqg.
(4.14).

Consider now the glow discharge with parallel electrodes shown
inFig. 4.9. Themotion of aprimary electronisdetermined by the equations

d?x dy d?y dx
m—,-=eE-Be—; m——:-=Be—
Eq. (4.16) dt? dt’ o dt? o dt

whereE = 2V,(d - x)/d2 From Eq. (4.16), the equation of electron mo-
tions becomes
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Figure 4.9. Electron motion in a Crookes' dark space.

2 2.2
Eq. (4.17) md—;(+ e+ B =cde
dt m

where ¢ =2V, /d® On the assumption that the electron starts from the
cathodewith zeroinitial velocity, it movesinacycloidal path. Theelectron
motion in the x-direction is given by

cd
Eq. (4.18) X= N— ¢ (l— coswr)
c+B? >
m
where
2
o
B m

w=
m

Themaximum displacement inthedirection of theelectricfield, D,
isgiven by

2cd

2 €
+B* =
ctB '

Eq. (4.19) D=
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The magnetic field affects the discharge when

Eq. (4.20) p=—29 4 o B2E>
m

e
c+B?—
m

2V,

C

d2

Therf discharge with atransverse magnetic field is often used for
the thin-film processing. From Eg. (4.16), the electron motions in the rf
discharge are given by

d?x . dy  d?y dx
. (4. m—-=eE,shwt-Be—; m—:-=Be—
Eq. (421) dt? 0 dt dt? dt

when we substitute E with Ej sinwt. From Eq. (4.21), the electron velocity
in the direction of electric field dx/dt is given by

dx . ek
— =VpSinwyt + Uy coswyt — —2 coswyt
dt m Q)Ei -2
Eq. (4.22) e
+ =0 coswt
m W - w?

where ugyand v, denotetheinitial velocity of electronsinxandy directions,
respectively, and w, =eB/mdenotes the electron cyclotron frequency.
The energy, €, transferred to the electron during the cycloidal motion, is
given by

ZD D
Eq(423) g0 1 1  2cos2ut

8m Hw-0,fF  (@+w, )} @f-o? b

Equations (4.22) and (4.23) show that electrons will effectively
receive energy at the cyclotron frequency w = uy. The discharge voltage
exhibits aminimum point at w = .

4.1.2.3 Glow Discharge Modes in a Transverse Magnetic Field

In the presence of atransverse magnetic field, there appearsto be
two different modes of glow dischargein adc cold cathode discharge tube.
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One is a positive space-charge—dominated mode (PSC mode), which
appears in a weak magnetic field. The other is a negative space-charge
mode (NSC mode), which appears in a strong magnetic field. The
appearance of the different modesis interpreted in the following manner:
In the presence of a magnetic field, the path of the electrons is deflected.
The electrons perform acycloidal motion in the plane perpendicular to the
magnetic field between the electrodes. As a result, the electron radial
velocity is reduced, and decreases with the increase of the strength of the
magnetic field. Theion radia velocity is only marginaly changed by the
magnetic field. When the magnetic field is so strong that the electron
velocity is smaller than the ion velocity, the NSC mode appears. In this
mode, the cathode fall is very small and, inversely, the anode fall is very
large. The electron gains sufficient energy to cause ionization of neutral
molecules in the anode fall. When the magnetic field is so weak that the
electron velocity islarger than theion velocity, the PSC mode appears. In
this mode, the anode fall is very small and, inversely, there is a large
cathodefall by whichtheelectronsgain energy to causeionization. Typical
distributions are shown in Fig. 4.10.1%!

1.0 ———1—'—"
/ PSC MODE /
0.8

ARy
A Y
L

0% 0.25 0.5 0.75 1.0

SPACE POTENTIAL

CATHODE ELECTRODE DISTANCE ANODE

Figure4.10. Special potential distributionsfor aglow dischargeinthepresenceof acrossed
electricand magneticfield.
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Themagnetic field prolongsthe electron path between electrodes,
and thus increases the probability of electron-neutral collisions through
which the neutral molecules can beionized. This enables the discharge of
both the PSC and NSC modes to be sustained at alow gas pressure where
the mean free path of the el ectronsislonger than the electrode spacing, i.e.,
A > or p<Ayl. Here, A denotes the electron mean free path at a given
pressure p, A, the electron mean free path at 1 torr, and | the electrode
spacing. At such low pressure, the discharge cannot be sustained
without the magnetic field. Thus, both modes may be used for low-
pressure sputtering. Kay suggeststhat, at low gas pressure, the PSC mode
is much more applicable for sputtering than the NSC mode, since the
former has a higher sputtering rate than the latter due to the large cathode
fall.[l He suggeststhat in order to havethelarge cathodefall, the magnetic
field should be assmall as possible. The electron cutoff field, below which
the glow discharge cannot be sustained, then determines the optimum
magnetic field.

Thepropertiesof the NSC mode are somewhat modified at low gas
pressure under the influence of avery strong magnetic field. Figure 4.11

1.0

:
1/
1

00 0.25 0.5 0.75 1.0

SPACE POTENTIAL

CATHODE  ELECTRODE DISTANCE  ANODE

Figure4.11. A spatial potential distribution in astrong magnetic field.
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showsthe potential distribution acrossthe el ectrodes. Significant voltages
at both the cathode fall and the anode fall are observed. In this modified
mode, the el ectron can gain theionization energy in both falls. The cathode
fall results from the loss of electrons due to their recapture at the cathode
surface. Sincethe large cathode fall resultsin significant levels of sputter-
ing, thismodeisuseful for many practical sputtering applications.[”l Inthis
mode, the strong magnetic field can increase the ionization efficiency
remarkably. Thus the operating pressure can be aslow as 10°° torr or less
for an el ectrode spacing of about 1 cm. Thismodified mode can be adapted
to a practical low-pressure sputtering system. A transition magnetic field
wherethe PSC mode changesinto the NSC modeisroughly estimated from
thefollowing relationship: v;/v,~ 1, wherev; denotestheradial ion velocity
and v, theradial electron velocity. In low pressure such as 1 millitorr, the
ionradial velocity dependsonthe squareroot of thedischargevoltagesince
theion mean free path islonger than the el ectrode spacing and theion mass
is so great that the magnetic field hardly causes a deflection of of theion.
Then theion velocity v; isgiven by v, = (2eV,/m ), where e denotes the
electronic charge, V thedischargevoltage, and m themassof theions. The
electron drifts in the radial direction due to collisions with the gas
molecules, and v, isgiven by v, =16m,E*/ T°eAB*, where m, denotesthe
massof theelectrons, E theradial electricfield, and B thestrength of agiven
magnetic field. Thev; /v, becomes

/2
v, _[ReV, 0" meAB?
Eq. (4.24) v, E m é 16m,E2

At thetransition condition of discharge mode, v;/v, =1, taking e=
1.6x109C, A=0.2mat 1 millitorr, m,= 9.1 x 103 kg, V,~ 1500V, m
= 6.6 x 10%° kg (Ar), and E ~ 7.5 x 10* V/m, we found that the transition
magneticfieldisestimated to beabout 140 G. Themodified NSC mode may
appear in amuch higher magnetic field of more than 1000 G, regardl ess of
the electrode size.

Computer modeling of thedischargeisalso studied to understand-
ing the energy, angle, and spatia distribution of ions in magnetron
plasma.[®l Most of the computer modeling is based on basic experimental
data of the discharge, i.e., space potential distribution and/or ion
velocity. Computer modeling may beauseful tool for designing sputtering
systems.


http://cuuduongthancong.com?src=pdf
https://fb.com/tailieudientucntt

Sputtering Systems 133

4.1.2.4 Plasmain a Glow Discharge

In the positive column of the glow discharge there is plasma
composed of the same number of electrons and ions. The energy of
electronsandionsinthe plasmaisestimated asfollows: the electrons(mass
m) and ions (mass M) in the plasma, whose initial velocity is zero, are
accelerated by the electric field E with an acceleration rate of Ee/mand Ee/
M, respectively. Theenergy givenfor theelectron andionfromtheelectric
field Eintimet is expressed by

(Eet)?

Eq. (4.25) o

(Eet)®
(electron), M (ion)

Since m << M, most of the energy is transferred to the electron from the
electricfieldintheinitial stage. Inlow-pressuregasdischarge, thecollision
rate between electrons and gas molecules is not frequent enough for a
nonthermal equilibrium to exist between the energy of the electronsand
the gas molecules, so the highly energetic particles are mostly composed
of electrons while the energy of the gas molecules is around room
temperature.

WehaveT,> T, > Tg , Where T, T;, and Tg are the temperatures
of the electron, ion, and gas molecules, respectively. Thistype of plasma
is called “cold plasma.” In a high-pressure gas discharge, the collisions
between el ectronsand gas molecul esoccur frequently. Thiscausesthermal
equilibrium between theelectronsand thegasmol ecules. Wehave T, ~ Tj,.
We call this type of plasma*hot plasma.”

In cold plasma, the degree of ionization is below 10*. The
electrons receive energy from the electrical field and collide with the
neutral atomsand/or molecules. Thisresultsin excitation and/or ionization
of the atoms and gas molecules.l’!

In plasma-assisted deposition systems, thinfilmsare grown on the
negatively biased electrode. The negative bias is induced even in rf
discharge, since electron mobility is much higher than that of ions. The
negative biasisinduced at the rf electrode with the blocking capacitor, as
shownin Fig. 4.12.

The induced negatively biased V is estimated as follows: The
positiveions of massM comefrom the plasmaand traversethe dark spaces
without making any collisions, and form a space charge region near the
electrode with a current density j:
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Figure 4.12. Potential induced on electrodes which are immersed in a plasma.
Ky /2
Eq. (4.26) 1= M Y242

where d is the thickness of the space charge zone and K is a constant.
Thetotal current flow is equal at both electrodes,

Eq. (4.27) A= 1A

Combining this with Eq. (4.25) gives

3/2 3/2
Eq. (4.28) Ai;’g - AZ(\j/g
1 2

The capacitance across the dark space is proportiona to the
electrode areaand inversely proportional to the dark space thickness. The
rf voltage is capacitively divided between the two sheaths near the
electrodes: We have

Vi_C_Ad
V2 C_I. d2

[y

Eq. (4.29)

2 |
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where ¢, and c, are the capacitances across the dark space for each
electrode. Combining Egs. (4.28) and (4.29), we have

Vl —
Eq. (4.30) \72 = E%g

This suggests that the self-bias voltage ratio V,/V, is proportional to the
square of theinverse arearatio A,/A;. It isnoted that under an assumption
that the current density of the positiveionsisequal at both electrodes, the
V,/V, is proportional to (A,/A;)*. However, the relationship in Eq. (4.30)
shows the actual power dependence.

4.2 SPUTTERING SYSTEMS

There are several sputtering systems for the purpose of thin-film
depoasition. Their designs are shown in Fig. 4.13. Among these sputtering
systems, the basic model is the dc diode sputtering system. The other
sputtering systems areimprovements on the dc diode sputtering system.!°!
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Figure 4.13. Basic configurations of sputtering systems.
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4.2.1 DC Diode Sputtering

The dc diode sputtering system is composed of a pair of planar
electrodes. One of the el ectrodesisacold cathode and the other isan anode.
The top plasma-facing surface of the cathode is covered with a target
material and the reverse sideiswater-cooled. The substrates are placed on
the anode. When the sputtering chamber iskept in argon gasat 0.1 torr and
several kilovolts of dc voltage with a series resistance of 1 to 10 kQ are
applied between the electrodes, the glow dischargeisinitiated. The Arions
in the glow discharge are accelerated at the cathode fall and sputter the
target, resulting in the deposition of thin film on the substrates.

In the dc diode system, sputtered particles collide with gas mol-
ecules and then eventually diffuse to the substrate since the gas pressureis
so high and the mean free path of the sputtered particles is less than the
electrode spacing. The amount of sputtered material deposited on a unit
substrate area W is then given by

_ kW
Eq. (4.31) pl

and the deposition rate R is given by
W
Eq. (4.32) &

wherek; isaconstant, W, isthe amount of sputtered particlesfrom the unit
cathode area, pisthedischarge gas pressure, | isthe electrode spacing, and
t is the sputtering time.

The amount of sputtered particlesfrom the unit cathode area W, is
given by

Eq. (4.33) W, = BJ#H s Béﬁ

Oed ONC

where |, istheion current density at the cathode, e isthe electron charge,
Sisthe sputter yield, A isthe atomic weight of the sputtered materials, and
N is Avogadro’s number.
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With the assumption that the ion current is nearly equal to the
discharge current I, and the sputter yield is proportional to the discharge
voltage V,, the total amount of sputtered particles becomes ;| t/pl. Thus,
the sputtered deposit is proportional to Vl.t.

4.2.2 RF Diode Sputtering

By simple substitution of an insulator target for the metal target in
a dc diode sputtering system, the sputtering glow discharge cannot be
sustained because of theimmediate buildup of asurface charge of positive
ions on the front side of the insulator.

To sustain the glow discharge with an insulator target, the dc
voltage power supply is replaced by an rf power supply. This system is
called an rf sputtering system. Robertson and Clapp observed sputteringin
the rf discharge in 1933.11% They found that the glass surface of the
discharge tube was sputtered during the rf discharge.

In the 1960s, sputtering in the rf discharge was used for the
deposition of dielectricthinfilmsasapractical rf sputtering system.!'] The
rf sputtering system holds an important position in the deposition of thin
films. A typical sputtering system is shown in Fig. 4.14.

The rf diode sputtering system requires an impedance-matching
network between the power supply and discharge chamber. A typical
network for impedance matching isshown in Fig. 4.15.112 Theimpedance
of the rf power supply isamost always 50 Q. Theimpedance of the glow
dischargeisonthe order of 1 to 10 kQ. In rf diode sputtering, the cathode
current density is given by

. dv
0c—
Eq. (4.34) st

where Cisthe capacitance between thedischarge plasmaand thetarget, and
dV/dt denotes the time variations of the target surface potential. This
indicates that the increase of the frequency increases the cathode ion
currents. In practical systems, the frequency used is 13.56 MHz.

Note that in the rf discharge system the operating pressure is
lowered to aslow as 1 millitorr, sincetherf electrical fieldinthedischarge
chamber increases the collision probability between secondary electrons
and gas molecules. In the rf sputtering system, a blocking capacitor is
connected between the matching network and the target. Thetarget areais
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much smaller than the grounded anode and the chamber wall. This
asymmetric electrode configuration induces negative dc bias on the target,
and this causes sputtering in the rf system. The dc bias is on the order of
one half of the peak-to-peak voltage of the rf power supply.

Figure 4.16 is a photograph of the sputtering target during depo-
sition. In rf sputtering systems, the target and inductance in the matching
network areawayscooled by water. Theelectrical resistivity of thecooling
water should be high enough to serve as electrical insulation.

4.2.3 Magnetron Sputtering

L ow-pressure sputtering is one of the most promising techniques
for the production of thin-film devices. A wide variety of thin films can be
madewithlittlefilm contamination and at ahigh deposition rate by thelow-
pressure sputtering technique.

In 1935, Penning first studied low-pressure sputtering in which a
transverse magnetic field was superposed on a dc glow-discharge tube as
shown in Fig. 4.17.[13]

The experimental system was composed of coaxial cylindrical
electrodes with an axial magnetic field, similar to a cold cathode magne-
tron. Hefound that superimposition of themagneticfield of 300 G lowered
the sputtering gas pressure by afactor of ten, and increased the deposition
rate of sputtered films. However, this kind of system was not used in
practice.

Figure 4.16. Photograph showing the rf sputtering system during a deposition.
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In the early 1960s, magnetron sputtering was reconsidered an
attractive processfor thin-film deposition. Kay studied the glow discharge
in the presence of amagnetic field in relation to thin-film deposition. He
found that a quadrupole magnetic field increases ion current density at
cathode by more than one order of magnitude accompanied by anincrease
in deposition rate.[ The electrode arrangement with quadrupole mag-
netic field is shown in Fig. 4.18. Gill and Kay proposed an inverted
magnetron sputtering system and demonstrated that the sputtering gas
pressurewas aslow as 107 torr, which wastwo orders of magnitude lower
than conventional sputtering systems. They applied the inverted magne-
tron for the deposition of superconducting thin films.[*® The strength of
the magnetic field was several hundred gauss and the PSC mode was
dominant in the sputtering discharge.

TARGET
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N\

77
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Figure4.18. A quadrupole magnetic field for sputtering system.[24]
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Hayakawaand Wasaal so studied thistype of dischargeinrelation
to the creation of high-current rotating plasmafor nuclear fusion.[*8l They
also studied an effect of atransverse magnetic field on a glow-discharge
mode,[*"] plasmainstability,*® and cathode sputtering.[*9124 |t wasfound
that the presence of a strong magnetic field enhanced the cathode sputter-
ing. Inaglow discharge, the mode of discharge changed from conventional
PSC mode to NSC mode with alarge anode fall. They first proposed the
planar magnetron sputtering system with a solenoid coil. Figure 4.19
shows the construction of the system.[?q The planar magnetron arrange-
ment was very convenient to usefor the deposition of thin films, compared
to the cylindrical magnetron. The original planar magnetron was based on
amodification of anuclear fusion system of current loop apparatus shown
in Fig. 4.20.12°1 However, in the 1960s, this type of magnetron sputtering
system was not used in practice.

In the 1970s, Clarke developed the practical magnetron sputter
system.[?Y The system, called an S-gun, was a modification of the
cylindrical magnetron, and is shown in Fig. 4.21. Also, Chapin devel-
oped the planar magnetron system, shown in Fig. 4.22.[25]

The seminal work on planar magnetron sputtering was done by
Thornton.[?l Magnetron sputtering became more widely used for its
potential applicationsfor Si integrated circuits aswell asfor various other
thin-film coating processes. Today, it isin broad-scale practical usel?”l in
industries ranging from microel ectronics, to automobiles, to architectural

glass, to hard coatings.
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Figure 4.22. Construction of a planar magnetron cathode.[?%]

Two types of magnetron sputtering systems are widely used for
thin-film deposition. Oneis a cylindrical type; the other is a planar type.
Typical cathode configurationsare shown in Fig. 4.23. Within the cathode
target, permanent magnets are embedded such that the resultant magnetic
field is several hundred gauss. The glow discharge is concentrated in the
high-magnetic-field region, thus a circular cathode glow is observed, as
shown in Fig. 4.24. The surface of the cathode is nonuniform due to the
circular cathode glow. This shortens the actual life of the cathode target.
Several types of improved magnetron targets have been proposed, includ-
ing amagnetron target with moving magnets or multi-magnets, in order to
have auniform erosion area and al so to extend the actual life of thetarget,
asshownin Fig. 4.25.

At one time magnetron sputtering sources were considered to be
of limited use when magnetic target material swere used for the deposition.
Chopra and Vankar have designhed and fabricated a sputtering cathode,
which offersboth of these advantages (uniform erosion area and extended
life) and, in addition, yields excellent uniformity of the deposited films
without employing a cumbersome substrate rotation. This geometry can
al so be used with magnetic materialswith equal ease. Figure4.26 shows
the construction of the planar magnetron sputtering source designed by
Chopraand co-workers.[?8! |t consists of awater-cooled cathode (A) made
of copper on which planar targets (B) of any material bounded to a copper
backing plate can easily be screw-mounted. The cathodeisinsulated from
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awater-cooled aluminum shield (C) with a Teflon® spacer (D) and is kept
in position using a stainless-steel nut (I). The magnets (J) are mounted
outside the shield. The whole assembly is affixed to a stainless-steel base
plate(G), whichisplacedinabell jar inwhich sputteringiscarried out. The
discharge voltageis 300 to 800 V where the maximum sputtering yield per
unit energy is obtained.
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Figure 4.23. Construction of commercialized magnetron cathodes.
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Figure 4.24. Photograph showing a top view of a planar disk target in a magnetron
discharge; target 100 mm diameter.
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Figure4.25. Construction of a magnetron target with an additional solenoid coil.
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Figure 4.26. Cross-sectional view (a) and top view (b) of planar magnetron sputtering
source. (A) cathode, (B) planar target, (C) aluminumshield, (D) Teflon® spacer, (1) stainless-
steel nut, (J) magnets, and (G) stainless-steel base plate.[8]

At present the sputtering processiswidely used for the deposition
of magnetic material s, enabled by theimproved design of themagnetic flux
distribution with a strong rare-earth permanent magnet.

In the magnetron sputtering system, the working pressure is 10°°
to 103 torr, and the sputtered particlestraversethe discharge space without
collisions. Thus the deposition rate Ris simply given by

KW,
Eq. (4.35) R= TO
where k = | for the planar system, k= r. /r, for the cylindrical system, r.
is the cathode radius and r, is the anode radius, and W, is the amount of
sputtered particlesgiven by Eq. (4.30).12° Thetypical experimental results
for the magnetron sputtering system are shown in Fig. 4.27.
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Inatraditional planar magnetron, the magnetic flux onthe cathode
surface is terminated to the magnetic core as shown in Fig. 4.28a. The
magnetron is called a balanced magnetron. When an additional magnetic
flux is superposed to the balanced magnetron shown in Fig. 4.28b, the
magnetron is called an unbalanced magnetron. Several types of modified
magnetron sputtering systems are proposed based on the unbalanced
magnetron system. In the balanced magnetron, energetic electrons escape
from the primary magnetic trap near the cathode surface. These electrons
go to the anode. In the unbalanced magnetron, the excess magnetic field
linestrap the escaping energetic electrons, and the el ectrons makeionizing
collisions. Secondary plasmaisgenerated near the substrates. Theincident
flux of ionized particles increases in the unbalanced magnetron. The
incident ionized flux modifies the film-growing process similar to ion-
assisted deposition.[?%] The unbalanced magnetron is useful for the reac-
tive deposition of oxides or nitrides on metal at metallic mode under
substrate bias conditions, since the ion currents to the substrates increase
dueto secondary plasmaionization. Highion current density will enhance
the chemical reaction at the substrate during the film growth.[3)

Several types of compact sputtering cathodes of the unbal anced
magnetron have been commercially developed. Typical magnetron cath-
odes are shown in Fig. 4.29. These compact cathodes ook like a sputter
gun. The sputtering deposition system is made just by fastening the sputter
cathode via a vacuum con-flat flange and/or fittings to the vacuum
chamber.

The other modified magnetron cathode is the sputtering system
with inductively coupled plasma shown in Fig. 4.30.3% The rf coil
generates plasma and enhances the ionization at the magnetron cathode as
seen in Fig. 4.30a. The working pressure of the modified magnetron
sputtering system is as low as 5 x 10 torr. The working pressure is one
order of a magnitude lower than that of balanced magnetron sputtering.
The construction and the sputtering discharge of the modified magnetron
cathode are shown in Fig. 4.30b. The in-situ monitoring of the crystal
growth of the thin films by RHEED is available under the low-pressure
operation. This kind of system shows uniform thickness distribution and
is useful for the deposition of ultrathin magnetic materials and/or layered
structure. The ionized particles will modify the physical and/or chemical
properties of sputtered films similar to the unbalanced magnetron.
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4.2.4 lon Beam Sputtering

In the glow-discharge system, the gas pressure is so high that gas
molecules irradiate the sputtered films during thin-film growth. This
causes the inclusion of gas molecules in the sputtered films. In the ion-
beam sputtering system, the incident ions are generated at the ion source.
Thetarget isbombarded by theion beam in asputtering chamber separated
from theion source as shown in Chopraand Randlett’ s sputtering system,
Fig. 4.31.Chopraand Randlett did pioneering work onthedeposition of thin
filmsby ion-beam sputtering.[32 They constructed theion-beam sputtering
system and showed how it could be used for deposition of thin films of
metals and insulators. Theion sourceis composed of the von Ardenetype
of duoplasmatron inwhich an arc dischargeismaintained to createtheions
for the sputtering. A well defined ion beam with a current of up to 500 pA
over anareaof | cm? can beextracted into thevacuum chamber at apressure
of 10 torr with an accelerating voltage of 50 V to 2 kV.

Kaufman-type, broad-beam ion sources have been developed for
use in thin-film applications. This type of source typically has a plasma
chamber within the ion source, with a hot filament cathode. lons created

K WATER COOLED FILAMENT LEADS

[——" GASQUTTO ROTARY PUMP
HIGH PRESSURE REGION

Figure 4.31. Construction of the duoplasmatron argon ion source for sputtering
deposition.[32
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in the source can be accelerated by means of multi-aperture grids to form
alarge-area, intense beam. The ion-beam current ranges from 10 mA to
several amperes, depending on the dimensions of the source. The ion
energy can vary from 0.5 to 2.5 kV. The gas pressure of the sputtering
chamber is typically in the high 10 to low 10 torr range. This kind of
system is widely used for sputter etching of semiconducting devices.
Increasing interest has been recently paid to ion-beam sputtering not only
for semiconducting processes but also for developing exotic materials.
Figure 4.32 shows a conventional ion-beam sputtering system with a
Kaufman ion source. The typical operating properties of the commercial
ion-beam source are shown in Table 4.4. The hollow-cathode, ion-beam
source and/or rf ion-beam source are used for the oxygen ion source.

Beam supply Magnet
(0-2000VDC) Anode
’ / Screen grid Substrate/Target
Accelerator grid
Shroud\ 1
Source hody\ { —_— 0
Cathode —\N‘Q‘— ""O;e:” <) ©
N - o &
Cathode supply fo) | 0 ®
Gas —= (o] 1] O
I (0] 4 ® ®
@ | ©
\1 o ) ®— O 0
— N ®
=T

Neutralizer

Accelerator
(0-1000VDC)

Figure 4.32. Construction of conventional ion beam sputtering system. (lon Tech, Inc.)

Table 4.4. lon Source (lon Tech, Inc.)

Beam Diameter

Beam Size 12 2" 43" 6" 8.3"
(at grids) (3cm) (5cm)  (11cm) (15cm) (21cm)

Maximum Beam
Current (mA)

Beam Energy (ev)  50-1200 50-2000 50-2000 50-2000 50-2000

100 200 350 500 900

Gas Flow, Argon

14 1-5 2-8 2-8 3-10
(sccm)
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425 ECRPlasma

Electron cyclotronresonance (ECR) microwave-based plasmahas
been developed primarily for applications with reactive etching or depo-
sition.[33 However, avariation of the source can be configured for sputter
deposition or reactive sputter deposition. The ECR discharge is sustained
in an rf electric field with static magnetic field. The ECR conditions are
given by

eB
Eq. (4.36) f=1/2m

where f denotes the frequency of the rf electric field, B, magnetic field
strength, and e and m, electron charge and mass, respectively. For the
conventional ECR system, f=2.45GHz and B =874 gauss. A typical ECR
sputtering systemisshownin Fig. 4.33. The system comprisesanegatively
biased ring target settled at the outlet of the discharge chamber. Thetarget
bias is 0.4 to 1.0 keV. Since the system uses a chemically stable cold
cathode, reactive gases could also be used for the sputtering. The operating
pressureisaslow as 107 torr so the sputtering deposits atoms onto samples
in aline-of-sight mode. Table 4.5 summarizes the operative properties of
these sputtering systems.

C
VACUUM - ""'- s e el MICROWAVE
R N f."—,A—'_~.PLASMA =07.-1] 2.45 GHz
SUBSTRATE ﬂ el [
| y A _
/
TARGET

MAGNET COILS GAS SOURCE

Figure4.33. Electron cyclotronresonance (ECR) plasmasputtering systemwithringtarget.
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Table 4.5. Operating Properties of Sputtering Systems

DC, RF-Diode  Planar lon Beam ECR

Operating Properties Sputter Magnetron  Sputter Sputter

Operating pressure (Pa) 0.1~100 0.01~10 0.001~0.1 0.001~0.1

lonization degree 10°~10" 10°~107 -- 10°3~10"
Electron temperature (K) ~ 10°~10° 10*~10° - 5x10*~10°
lon temperature (K) ~10° ~10° -- 10%~10*
Gas temperature (K) ~10° ~10° -- ~10°
Plasma density (cm®) 108~10% 10°~10" - 10°~10"
Adatoms (eV) 1~10 1~10 1~10 1~10
Particle
energy Zﬁgpgg ’ large small -- small
bombardment

lonization degree of

312 311 312 21l
adatoms 10°~10 10°~10 10°~10 10°~10

4.2.6 Medium-Frequency Sputtering

Sputtering of dielectricsis done using rf magnetron sputtering. In
general, the deposition rate from the dielectric target is slower than the
reactive sputtering from the metal target. For high-rate deposition of
dielectrics, dc reactive sputtering from the metal target under a metallic
mode, sputtering from metal cathode, and oxidation at the substrate are
promising. However, arcing hampers reactive sputtering, which appears
mainly as a breakthrough of dielectric layers grown on the target surface
and charged up by energetic positive ions. The insulating film also builds
up on the surface of the chamber and/or anode. When the insulating layer
on the anode becomes thick, the sputtering discharge becomes unstable.
This phenomena is called “disappearing anode.” The anode problem is
solved by theintroduction of aself-cleaning anode.[3¥ Oneway to achieve
a self-cleaning anode is to use dual/twin magnetron cathodes.
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Figure 4.34 showsthe twin magnetron cathode, which isavailable
for thefast and stable deposition of metal oxide and/or metal nitridelayers
in production. The magnetron cathode comprises a pair of metal targets.
The cathode is connected to an ac medium frequency (MF) power supply
or dc pulsed power supply in afrequency range of 10to 100 kHz, typically
40 kHz.13 Bipolar pulse units periodically reverse the voltage of asingle
magnetron in order to allow the neutralization of surface charges. The
reactive sputtering produces the oxide and/or nitride layers. At any time,
one of the magnetron cathodes hasanegative potential and actsasasputter
cathode, whilethe other actsasan anode. Thealternating polarity keepsthe
anode clean, even during lengthy coating runs, which preventsthe genera-
tion of the arc discharge.

The dual magnetron is a successful solution to the problem of the
“disappearing anode.” It requires two targets. Figure 4.35 shows asingle
magnetron cathode with salf-cleaning anodes.[*® Two anodes are provided, a
dual-anode system, each connected to one side of acenter-tapped ac power
source. Each of the anode elements acts aternatively as true anodes
(electron collectors) and sputtered cathodes (ion collectors), depending on
the polarity of the ac power supply. The continuousreversal of voltage and
current keep any insulating regions of an anode from charging. The dual-
anode system can provide sustainable anodes and periodically discharge
both anode and cathode target surfaces, avoiding arcing.

AA

magnetron

W&«\C&VWOQ

bipolar magnetron
pulse unit power supply

Figure 4.34. Schematic construction of dual magnetron sputtering system.
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AC Power supply
with tapped isolation
transformer

Anode 1

Cathode  Anode?2

Figure 4.35. Schematic construction of dual anode sputtering system.[3¢

In the pulsed magnetron, the medium-frequency range is suitable
for construction of alarge-area coating system and realizes the long-term
stable operation of high-rate sputter processesin the reactive deposition of
dielectric materiaslike SIO, or Al,O,.

The MF pulsed sputter technology took place after the 1990s. The
technology is also used for substrate pre- and post-treatment, pulsed
plasma activation, and pulsed bias sputtering.[3”]

4.3 PRACTICAL ASPECTS OF SPUTTERING
SYSTEMS

For the operation of the sputtering systems, several kinds of
equipment are prepared. These include sputtering targets, sputtering gas,
substrate holders, and monitoring systems.
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4.3.1 Targets for Sputtering

Thetarget is generally made of ametal or alloy disk. Hot-pressed
sintered disks are used for depositing compound thin films. The diameter
is2.5to0 10 cmwhen used for research, and 15 to 30 cm for production. The
large size of the rectangular sputter cathode, 300 mm x 550 mm, is also
provided for production of a high-rate glass and web coating. Typical
sputtering targets are listed in Table. 4.6. Figure 4.36 shows a photograph
of the targets.

Sputtering is an inefficient process, and most of the power input
to the system appears ultimately as target heating; thus these targets are
usually mounted on awater-cooled backing plate. Thetarget isfixed onthe
backing plate by mounting clipsor other mechanical support. A dark space
shield, known as a ground shield, surrounds the target so that only target
material issputtered. Theconstruction of thetarget withtheshield isshown
in Fig. 4.37. The spacing between the target and the ground shield must be
less than the thickness of the dark space, Ay/p. If we design the maximum
operating pressureto be 20 Pa(0.15 torr), takingA,= 0.05cm, and p=0.15
torr, A/p becomes 3 mm. The condition of the target strongly affects the
propertiesof theresultant thin films. Notethat theresistivity of the cooling
water should be high enough so asto keep an el ectrical insulation between
the target and the grounded chamber.

When compound materials such as oxides and/or nitrides are
deposited by sputtering, a sintered, ceramic sputter target is used. The
sintered target provides stable sputtering deposition, although the deposi-
tionratesaresmaller thanreactively sputtered metal targets. Manufacturers
supply sintered targets; however, when just starting to study thin-film
deposition, sputter targets for trial experiments can be made by methods
described below.

4.3.1.1 Compound Targets

Thinfilmsof alloysfor |ab scale can be provided from acomposite
target as shown in Fig. 4.38. The composition of the thin films is
controlled by thearearatio of each element. Takingthe sputteringyield and
area ratio of each element, (s;, &), (S,, &), (S3 a3), ..., (S, &), partia
composition of each element becomes s,a,(A1/N), S,a,(A,/N), S;A5(As/N),
oo SPAL(AYN), where A, Ay, A, ..., A, denote the atomic weights of each
element, and N is Avogadro’'s number. When the number of partitionsis
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Table 4.6. Sputtering Targets and Purities

Target Pz;o';y Target Pg);)l;y
Ag 99.99 Ni 99.9
Al 99.99 [99.999|] Pd 99.99 (99.999
Au 99.99 Pt 99.99
Bi 99.9 99.99 (99.999] Sb 99.999
C 99999 S 99.999
Co 99.9 Sn 99.999
Cr 99.9 99.99 Ta 99.99
Cu 99.99 Ti 99.9
Fe 99.9 \Y, 99.9
Ge 99.9991 W 99.99
Hf 99.9 Y 99.9
In 99.99 Zn 99.999
Mo 99.99 Zr 99.9
Nb 99.99
AIN 99 Mo-Si, | 99
Al,O3 99.9 99.99 NbN | 99
B,C 99 Nb,Os 99.9 | 99.99
BN 99 PbO 99.999
BaTiO; | 99 PbS 99.9
BiSrCaCuO PbTiO; 99.9
Bi,03 99.9 SIC |99
Bi,Te; 99.999| SizN, | 99 [99.9
Cds 99.999| SO, 99.99
CdTe 99.999| SnO, 99.9
CrSi, 99 TaS, 99.9
Cu,S 99.99 TiC |99
Fe,Os 99.9 99.99 |99.999| TiN |99
Fes0, 99.9 WO, 99.99
HfO, 99.9 Y,0; 99.99
1n,03 99.99 YBaCuO 99.9
ITO (INyO3)08| (SNO,)02 ZnO 99.999
LaSrCuO Zns 99.99 (99.999
LiNbO; 99.9 99.99 ZnSe 99.999
LiTaO3 99.9 99.99
MgO 99.9 99.99
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Figure4.36. Photographs of sputtering targets. (Courtesy of Mitsubishi Materials Corpo-
ration.)

TARGET  GROUNDED SHIELD

WATER-COOLED
GROUNDE|
INSULATOR D SHIELD

GROUNDED BASE PLATE

POWER SUPPLY

Figure 4.37. Construction of target with ground shield.

a
4
PINHOLE TYPE SEPARATE TYPE

Figure 4.38. Construction of composite target for the deposition of aloy, compound thin
films.
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small, the composition of the sputtered filmswill distribute nonuniformly
over the substrate. A rotating substrate holder is often used to obtain
uniform composition over the entire substrate. Hanak suggested that a
binary compound target achieved deposition of thin films with various
composition ratios.[38 Figure 4.39 shows the binary compound target. It
suggests thin films of different composition are obtained at different
substrate positions.

4.3.1.2 Powder Targets

Thin films of compounds, including metal oxides, nitrides, and
carbides, can be deposited by direct sputtering from the sintered powder
of these compounds. A stainless dish, which is mounted on the backing
plate, is filled with the sintered powder. The construction of the powder

SUBSTRATE

/
A NN KA

SPUTTER FILM A rARGeT
B

COMPOSITION G(X)

0.1} ]
-30 -20-10 0 10 20 30
POSITION (X)

Figure4.39. A composite target for depositing a binary alloy.[38
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target with the stainless dish is shown in Fig. 4.40. A wide variety of
compound thin films can be sputtered from a powder target. The powder
target is also useful for doping a foreign element. When using a powder
target, pre-sputtering for several hours sinters the surface of the target
dlightly; then the target shows a stable operation. The excess power input
to the powder target makes cracks. The drawback to powder targets is
lower sputtering rates than those of sintered targets. Their advantageis
that they make it easy to get avariety of compoasitions, since a mixture of
their compositional elements and/or compositional oxides or nitrides
achievesacomposition of complex compoundswithout sintering thetarget
materials.

4.3.1.3 Auxiliary Cathode

Small amounts of foreign metals can be added to thin films by co-
sputtering an auxiliary cathode made of foreign metals. Varying the
sputtering current to the auxiliary cathode changes the amount of foreign
metal in the resultant films.[3°

SINTERED POWDER
P SRR ARERKIIGNTY, I -
Y SUS 304
| T

$25~ 100mm

Figure 4.40. Powder target and a construction of the stainless dish for the powder target.
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4.3.2 Sputtering Gas

For the deposition of metals, pure Ar gas (purity 4N to 6N) is
introduced through avariableleak valve. An automatic gas-flow controller
isalso usually used for the sputtering system. A typical gas-flow systemis
shownin Fig. 4.41. The vacuum system should be water- and/or oil-vapor
free. A liquid-nitrogen trap should be used for the oil diffusion pump
system.

When using a reactive gas such as oxygen, thin films of metal
oxides can be deposited from a metal target, and is known as reactive
sputtering. In reactive sputtering, the reaction takes place both at the
cathode surface and the substrate during deposition. An impingement of
thereactive gas of the cathode surface formsthe compounds such as metal
oxides, and the resultant compounds will be sputtered. This leads to the
deposition of compounds. The optimum concentration of the reactive gas
is determined by the reactions at cathode and substrate:

kNg / N > 1 (cathode)
Eq. (4.37)
kNg / Ng > 1 (substrate)

where N, denotes the number of reactive gas moleculeswhich strike aunit
area of the cathode surface or the substrate per unit time, N, is the number
of sputtered atoms from the unit area of cathode per unit time, N is the
number of deposited atoms per unit area of substrate per unit time, and k
is the absorption coefficient of reactive gas at the surface of cathode and
sputtered films.

Gas leak valve Vacuum gauge

Vacuum
chamber

r Automatic
Output pressure
signal controller

l Vacuum pumps

Input
signal

Figure 4.41. Typical gas flow system for the sputtering system.
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In the case of sputtering a Ti cathode in the reactive gas O,, Ny is
3.5 x 10%° Po, molecul es/sec/cm? at the partial oxygen pressure of Po,
torr and k ~ 1. Putting these relationships into Eq. (4.37), a minimum
oxygen pressure for the reactive sputtering is given by the following
relationships:

P, ON, /(3.5 x 10%°)
Eq. (4.38)
P, ON, /(3.5 x 10%)

where P, istheminimum oxygen pressurefor the cathode-surfacereaction,
and P4 the minimum oxygen pressure for the substrate-surface reaction.
Taking N, = 3 x 10'® atoms/sec/cm?, and N, = 1 x 106 atoms/sec/cm? at a
deposition speed of 120 A/min, we have P, = 8.5 x 10 torr and P, =
3 x 10 torr.[40

Since a TiO, film is produced when the cathode surface layer is
fully oxidized to TiO, by oxygen absorption, stoichiometric TiO, filmscan
be produced when Po, > 3 x 10-° torr. On the other hand, since metallic Ti
films may be produced when neither cathode surface nor the sputtered
filmarefully oxidized, themetallic Ti films can be produced when Po, <<
3 x 10° torr.

In reactive sputtering, thereaction at the cathodeis called an oxide
mode and the reaction at the substrate is called a metallic mode. The
deposition rate is significantly affected by the surface condition of the
target and/or the mode of the reactive sputtering. Deposition rates will
show the hysteresiscurvewiththevariation of theflow ratesof thereactive
gas. Typical hysteresis curveswere clearly observed by Hatafor Y SZ thin
films in the magnetron sputtering from a crucible Zr/Ti metal target as
showninFig. 4.42.[41 A typical hysteresiscurveisshowninFig. 4.43. The
metallic thin films are deposited below the critical oxygen pressure (a).
When the partial oxygen pressure increases, the YSZ thin films are
deposited through the metallic mode (b). In the metallic mode, the
deposition rates of the Y SZ are higher than those of Y/Zr metal thin films.
Abovethe critical oxygen pressure, the deposition rates abruptly decrease
(c) and the sputtering mode moves to the oxide mode with low deposition
rate (d). When the partial oxygen pressure decreases, the sputtering still
keeps the oxide mode (€). The sputtering deposition will return to the
original metallic mode at the oxygen pressure below the critical oxygen
pressure, when the oxide layer of the target surface is fully removed (f).
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Figure4.42. Theschematicdrawing of thereactive sputtering systemwith anattached glow
discharge mass spectrometer.[4!]
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Figure 4.43. Deposition rate vs O, flow rate curve showing typical hysteresis.[4
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Generally, we use the mixed gas of Ar and reactive gas for the
reactive sputtering. The concentration of the reactive gasis generally 5%
to50%. Table4.7 showsthetypical dischargegasfor sputtering deposition.
These sputtering gases are uniformly fed to the system through a stainless
steel pipe with fitting components.

Table 4.7. Sputtering Gases and Typical Impurity Levels

cas | Class P(lf;(j;y (kg/zmz) Impurities, (ppm) pDo?r/:/t
N, | Ar [ O, |CH4|[CO|CO,| NO, | (°C)
N, | pureS | 99.9998 150 <5|<1l(<5[<1]|<01| <70
pure A | >99.9995 | 150 <5| <5 <-70
pure B | >99.9995 150 <1 <-70
stand. | 99.999 150 <5 <-65
Ar | pure A | <99.9995 150 <3 <2| <1 <1 <-70
pureB [ <99.999 150 <2| <1 <1 <-70
stand. | 99.998 150 | <10 <2 <-65
O, | pureA | >99.99 50 <20 | <50 <30 |<10( <10 | <10 | <-70
pure B >99.9 150 | <1k | <1k <30 <-60
stand. 99.6 150 |<400|<400 <-65
H, | pure [>99.99999 | 150 <.05 <-70
Istcls [ >99.99 150
NH; [ pure | 99.995 <10 <5| <5 z'iooppm
1stcls | >99.99 2~10
CH4 | pure <99.95 50
lstcls >99 100
H,S >99 7~30

Nippon Sanso Catalog G 1(80-6) 3000 T, G 2(81-4) 4000M
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The presence of nonuniformity in reactive gas density in the
system results in nonuniformity in the chemical composition of resultant
films. Stable gas flow with controlled partial pressure of the reactive gas
isrequired for reactive sputtering. A precise variable-leak valve controls
the gas flow. Typica commercia valves are shown in Fig. 4.44. An
electrically controlled mass-flow controller, as shown in Fig. 4.45, also
controlsthegasflow. Inthe sputtering system, themass-flow rateissmaller
than the CVD system. The flow rates are typically 1-100 sccm. In these
flow controllerstheflow rate showsthe nitrogen equivalent value. In order
to get the absolute flow rate of each sputtering gas, the measured values
should be revised. Figure 4.46 shows photographs of the gas flow
controller and the vacuum components for the sputtering system.

Outline Drawing inches (mm)

~— A -~— C

2 34' 0D CFF
NW35
A B c D E F G H
Inches 2% 2% 1% 1% 1% 4% 1'% 1%
mm 67 70 44 44 33 114 39 32

Technical Specifications

Controlled Leak Rate

10710 torr-l/sec (minimum)

Vacuum Range

Atmosphere to below 101! torr (mbar)

Leak Rate

No leak detectable on a helium mass spectrometer leak detector with
sensitivity of 1 x 1010 std cc/sec

Bakeable To

450°C

Figure4.44. Typical commercially availablevariabl el eak valveincludesamovabl episton.
(Varian catalog.)
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Figure 4.45. Electrically controlled mass flow controllers. (Varian catalog.)

Figur e 4.46. Photograph of vacuum components for sputtering system.
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4.3.3 Thickness Distribution

The thickness distribution of sputtered films is governed by
several factors including the angular distribution of sputtered particles,
collisions between sputtered parti clesand gasmolecul es, and the construc-
tion of thetarget shield. However, thethicknessdistributionisestimated by
the simple assumption that the angular distribution obeys the cosine law
similar to vacuum evaporation, and the collisions are neglected for the
sputtered particles.

In the case of the planar sputtering system shown in Fig. 4.47, the
thickness distribution isestimated for adisk cathode target (first equation)
and aring cathode target (second equation):

S/ 2% 2 (S/h)2

do_ ZS/h \/[1 |/h (s/h)2]2+4(|/h)2

H
0
&

Eq. (4.39)

9+ (gh)?]? 1+ (i) +(shy

) {[1_(1/ n)? + (s +4('/h)2} "

where d, is the center thickness, d isthe thickness at a center distancel, s
is the radius of the disk and ring cathode, and h is the evaporation
distance.[*? The thickness distribution for conventional diode sputtering
is estimated by the disk target system. For the planar magnetron, the ring
target systemisused for estimating the thickness distribution. Figures4.48
and4.49 show typical resultsfor adisk target and aring target, respectively.

ANODE
0
l — ANODE . 0 /
i '
= ~ N SUBSTRATE I e O\ SUBSTRATE
h h

e—os —-1

QIZZT7T7 7777777772777 7774+ TARGET TARGET
Disk Target Ring Target s

Figure4.47. Construction of diode sputtering systems using aplanar electrode with adisk
target and aring target.
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Figure 4.48. Thickness distribution for the disk target.

Figure 4.49. Thickness distribution for the ring target.

The thickness distribution is governed by the construction of the
magnetic core. Figure 4.50 shows a modified planar magnetron with
double erosion rings.[*3l The magnetron cathode comprises a rare-earth
magnetic core. The magnetic flux density of the magnetic coreis0.4 T on
thesurface. A permalloy sheet coversthemagnetron cathode. Thepermalloy
sheet confinestheleakage magneticfield. Thepermalloy sheet producesan
additional magnetic circuit that surrounds the magnetic core accompani ed
by the additional transverse magnetic field at the outer side of the disk
target. Figure 4.51 shows the magnetic flux distribution calculated by the
finiteelement method (FEM) using ANSY Scode. Thespatial distributions
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Figure 4.50. Schematic view of the magnetron sputtering cathode with a photograph.

Figure4.51. Typical distribution of magnetic flux cal culated by the FEM.
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of the radial magnetic field with and without an additional permalloy
magnetic circuitareshowninFig. 4.52. Theadditional permalloy magnetic
circuit enhances the radial magnetic field at the outer region of the target
and produces a second erosion ring. Thus, the modified planar magnetron
cathode shows the double erosion rings as shown in Fig. 4.53. The
following relation estimates the film thickness distribution, where r; and
r, are the radii of the inner ring and outer ring, respectively:

Eq. (4.40) d_ (mky+arky)
do (rlklo + C”2"20)
where k;, ks, Ko, and k,, indicate

o - 1+ (¢/h)? + r,,/)?
N {[1— ()2 (1 /)27 + 4(£/h)2}

Koo= L+
10,20 [1+(r1,2/h)2]2

3/2

and o denotestheratios of sputtering ratel"r, /['r4 at r, (outer ring) and r
(inner ring). The double rings will enhance the sputtering at the outer
region of the target and improve the uniformity of the film-thickness
distribution. The a will be a function of magnetic field B, and B, at the
double rings. The a is empirically expressed by a = (B,/B,)"?

Typical thickness distribution with and without the permalloy
sheetsis shown in Fig. 4.54.144

The thickness distribution described is calculated under the as-
sumption that the sputtered atoms will arrive at the substrates without
colliding with sputtering gas molecules. Actually, the sputtered atoms wil |
collidewiththe sputtering gas. Thethicknessdistribution will be governed
by the degree of the collisions with the gas molecules. The trajectories of
sputtered particles have been studied using a Monte-Carlo simulation. It
showed that in the case of a planar magnetron sputtering with a target-
substratedistance of 10to 20 mm, thetrajectory wasastraight lineat alow-
gas-pressureregion of 0.1to 1 Pa. The sputtered particles must experience
collisions with gas molecul es at the high-gas-pressure region of 10 Pa.[*]
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Figure4.52.Radial distribution of transverse magneticflux density for theplanar magnetron
cathode; (a) without permalloy sheet, (b) with permalloy sheet.
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Figure 4.53. Double erosion rings at the modified planar magnetron cathode under the
confined magneticflux.
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Figure4.54.Typical radial distributionsof thefilmthicknessfor Ar- Pt sputtering with the
permalloy sheet (dotted line, without the permall oy sheet).

4.3.4 Substrate Temperature

Thetemperature of the substrate surface isimportant, yet difficult
to control. In conventional sputtering systems, the substrateis mounted on
atemperature-controlled substrate holder. However, the heat of the target
heatsthe surface of the substrate. M oreover, bombardment by high-energy
secondary electrons also heats the substrate. In the rf diode system, the
temperature of the substrate rises up to 700°C without additional substrate
heating, as shown in Fig. 4.55. In order to reduce the effect of the heat, the
surface of the target must be cooled. Bombardment by the secondary
electrons is avoided by negatively biasing the substrate.

It isnoted that the temperature rise of the substrate depends on the
type of sputtering system. The temperature rise at magnetronislower than
that of the rf diode, since the secondary electrons from the target are
trapped by the transverse magnetic field near the surface of thetarget. The
temperature rise at the magnetron system for lab scale is less than 300°C.

4.3.5 Off-Axis Sputtering; Facing-Target Sputtering

Inthesputtering system, thehighly energetic electronsirradiatethe
substrates and/or the growing surface of the thin films during deposition.
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Figure 4.55. Temperature rise of substrates during deposition for rf sputtering system.

The irradiation of the high-energy particles during the deposition of
BaTiO; and ZnO has been studied by Tominaga.[*! A schematic diagram
of the measuring system for the high-energy neutral atomsisshowninFig.
4.56. He suggests that the bombardment of high-energy neutral oxygen
atoms on the growing surface of ZnO resputters and suppresses the
preferred c-axis orientation of the ZnO thin films. The effects of the
bombardment are obvious at the position facing the target. In the planar
magnetron cathode the effect of the bombardment is obvious at the
position facing the ring-erosion area, as shown in Fig. 4.57 [47]

The off-axis sputtering shown in Fig. 4.58 reduces the effects of
theirradiation of the high-energy particles. The substrates are settled at the
outside of the discharge plasma. The thickness distribution of thin films
deposited by off-axis sputtering will be larger than that of on-axis sputter-
ing. A rotating substrate holder with ametal shadow mask is used for the
reduction of the thickness distribution of the off-axis sputtering. Under a
suitable design, the thickness distribution isless than 2% for substrates of
100 x 100 mm in an rf sputtering system using a 5-inch target.!*!

A sputtering system with two facing targets, proposed by Hoshi
and Naoe, and shown in Fig. 4.59, is a modification of off-axis sputter-
ing.[*?! The two-facing-targets system provides a high deposition rate for
the ferromagnetic thin films of permalloy.[5%
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4.3.6 Monitoring

It isimportant to monitor sputtering conditions during deposition
in order to control the properties of the resultant films. The following
parameters should be monitored:

1. The gas composition in the sputtering chamber
—tresidual gas
—total/partial pressure of the sputter gas

2. The sputtering discharge
—discharge voltage, current, power

3. The substrate temperature

4. The thickness of the sputtered films

5. The film structure

4.3.6.1 Gas Composition

The total gas pressure of the sputtering chamber is measured by a
conventional vacuum gauge at the operation range of 102 to 10 Pa. The
guadrupolemassanalyzer andtheoptical spectrometer aretwowidely used
methods of monitoring the composition of the sputter gas. Figure 4.60
showsthe construction of the quadrupole massanalyzer. It iscomposed of
an ion source chamber, a focusing electrode, quadrupole electrodes, and
an ion collector. The electrodes are 15 to 30 cm long and the pairs of
opposing rods are connected to dc and rf voltage supplies. When the
sputtering gasisintroduced into theion source chamber, the sputtering gas
isionized andtheresultingionsareaccel erated al ong the axisbetween rods.

10N LENS MASS FILTER ION COLLECTOR
4) IOUTPUT

»&vv’—v&»} + (V+V,coswt)
| 2 D | ® -

\ O Oq= - (Vg+Vycosut)
FILAMENT ®

Figure 4.60. Construction of quadrupole mass analyzer.

10N SOURCE
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Since the probability of the number of ions that pass through the quadru-
poles and reach the ion collector is governed by the mass number of the
sputtering gas and the value of the rf voltage, the mass number is
determined by the sweeping of the rf voltage. The photograph of the
guadrupole mass analyzer is shown in Fig. 4.61. Since the working
pressure of the quadrupole tube is lower than the sputtering pressure, the
turbo molecular pump is connected to the mass analyzer.

The other popular technique for monitoring sputtering gasis the
optical spectrometric method. The emission intensity of a gas speciesis
characteristic of the ionized species in the sputtering gas. The spatial
distribution of the ionized species can be estimated by introduction of the
optical fiber. Information about the ionized species informs us of the
intensity of sputtered atoms. This enables one to monitor the sputtering
rate. The optimum conditionsfor reactive sputtering can be maintained by
the optical spectrometric method. For example, sputtering from an In-Sn
target in an oxidizing atmosphere by monitoring the optical spectrum of In
ions can easily produce the transparent conductive film, ITO. The optical
spectrometric method is also used for monitoring the end point of plasma
etching.

4.3.6.2 Sputtering Discharge

In an rf or dc sputtering discharge for |ab scale, the power density
of the target is on the order of 1 to 5 W/cm?; at the sputtering voltage

Figure 4.61. Analysistube of quadrupole mass analyzer.
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of 2,000 V, the sputtering current is 0.5 to 2.5 mA/cm?. At the disk target
of 20 cminradii, the sputtering power is 400 to 2,000 W, the sputtering
current 200 to 1,000 mA, and the impedance of the sputtering discharge 2
to 10kQ. For pilot and/or production scale, the sputtering discharge shows
much lower impedance: taking target size: 1000 mm x 200 mm, power
density: 5 W/cm?, and the sputtering voltage: 500 V, the sputtering power
and theimpedance become 10 kW and 250Q, respectively. A conventional
high-impedance voltage probe and a low-impedance current meter for dc
sputtering can easily measure these discharge parameters. An inductively
coupled current probeisused for medium-frequency sputtering. However,
the discharge parameters cannot be exactly measured for rf sputtering. In
the conventional rf sputtering system, the rf power meter is inserted
between the matching circuit and the rf power supply. The power loss at
the target will be included in the measured values of the rf power meter.

4.3.6.3 Plasma Parameters

Langmuir probes are used for monitoring discharge or plasma
parametersincluding spatial distribution of potential, electron density, and
electron temperature. The construction of the Langmuir probeisshownin
Fig. 4.62.154 The Langmuir probe consists of Mo or W el ectrodesinserted
into the plasma. The plasma parameters are estimated by the current-
voltage curve of these electrodes. Thetypical current-voltage characteris-
tics are shown in Fig. 4.63.

When the electrodeis negatively biased against the plasma poten-
tial (a negative probe), a positive space charge accumulates around the
probe and an ion sheath appears. The electric field in the ion sheath repels
the electrons from the plasma. For the negative probe, the probe current I,
consistsof theion current |, fromtheplasma. Thel ,will, if theMaxwellian
rule holds, be given by

KT,
21T

Eq. (4.41) I, =1, AeN,

where Aisthe probe area, eistheelectron charge, N, istheiondensity, T,
istheiontemperature, M isthemassof ion, and kisthe Boltzmann constant.
Thustheion density in the plasmawill be estimated fromthel , at negative
probe voltages (region I).
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Figure 4.62. Construction of Langmuir probe.
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Figure 4.63. Current-voltage characteristics of the Langmuir probe.
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When the probe potential is slightly negative to the plasma
potential V, high-energy electrons will flow into the probe against the
retarding bias in the ion sheath. The probe current will be given by

Eq. (4.42) I, =1, +1_

where |_ denotes the electron current (region I1). The electron current, |_,
is expressed by

0 e(\/
Eq. (4.43) - HAeN_ exIO

where N_ is the electron density, T_ is the electron temperature, mis the
electron mass, and V,, is the probe potential.

Equation (4.43) suggests that when V,, =V, the |, becomes the
electron current 1. We have

KT_

Eq. (4.44) p Ol =AeN_ | —

when V,, > V; and the probe current shows a constant value of I_ (region
[1).

Theelectrondensity will beestimated fromthel , atregionlll. The
space potential V,will be determined by the transition point fromregion 1
to region I11.

It isthought that the probe characteristics strongly depend on the
construction and surface properties of the metal el ectrode. The presence of
the magnetic field significantly affects the probe characteristics.[®d Also
note that the plasma should not be disturbed by the introduction of the
probes. The collisions in the probe sheath are negligible. In other words,
the following conditions should be kept for probe measurements:

» The size of probe should be smaller than the mean free
path of the ions and electrons.

» Thethickness of the probe sheath should be smaller than
their mean free path.

Under these conditions, the probe current |, is expressed by the
relationship
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Eq. (4.45) I, = AeN I: uf (u)du

where N is the density of the charged particles, u is the velocity of the
charged particles perpendicular to the probe surface, and f (u) is their
velocity distribution. The lower limit of u is to be taken at zero for the
accelerating field (V>0) and u = [2e(VS—Vp)/m]1’2 for theretarding field
(V< 0).In Egs. (4.40) to (4.43), the velocity distribution is considered to
be the Maxwellian rule.

Equation (4.42) suggests that

d(logl_) _ -e
Eq. (4.46) av T KT

p

Thelog I_ versus V, plots show the linear properties, and their slope will
give the electron temperature T..

When we use the Langmuir probe, several discrepancies to the
probe theory appear. For instance, the probe currentsin regions | and 111
will not show saturation. Thiswill result from the variation of the effective
probe area due to the change of the ion sheath by the probe voltage. The
presence of the magnetic field will alter the probe characteristics. In a
magnetic field in the order of 100 to 500 gauss, its effects on ion currents
will benegligible. Theprobecharacteristicswill affect theel ectron currents
since the electrons will be fixed to the magnetic line of force. In order to
avoid the effects of the magnetic field, the probe surface should be
perpendicular to the magnetic line of force. When the probe surface is
parallel to the magnetic line of force, the electron current to the probeis
strongly reduced.

Also note that when the magnetic field is superposed onto the
discharge, the charged particles show the ExB drift motion. The probe
current will increase due to the drift motion. The probe current under the
drift motion I’ is given by

= +0(2_0(“H
Eq. (4.47) 0=l T 16

where a denotes the ratio of the drift velocity to the thermal velocity.
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4.3.6.4 Substrate Temperature Monitoring

The substrates are mounted on the substrate holder. The electric
controller controls the temperature of the substrate holder. The measure-
ment system of the substrate temperatureis shownin Fig. 4.64. The direct
measurement of the substrate temperature is done by measuring the
infrared radiation energy using a pyrometer. The temperature of the
surface or back side of the substrates can be monitored by a pyrometer if
the emissivity of the substrates is known. The emissivity of the substrate
ismeasured at the dummy substrateswith the aid of temperature measure-
ment using a thermocouple. Since the emissivity of the growing film
surface will change during the deposition, the direct measurement at the
substrate surface will include the error due of the unknown emissivity.
Accurate measurement of the substrate temperature is achieved by thein
situ monitoring of emissivity from the back side of the substrates.>! The
emissivity € ismeasured by measuring the reflectancep, using therelation
€ = 1 - p. The in-situ measurement of reflectance is done by irradiating
infrared laser light onto the backside of the substrates through the optical
fiber. For Si substrates, in-situ monitoring of the wafer temperature is
achieved with an accuracy of + 1° for atemperature range of 300—1250°C.

%
2,
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A
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/

N
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OPTICAL FIBER

Figure 4.64. Measurements of substrate temperature.
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The other method of the measuring substrate temperature is with
the use of a thermocouple. A thermocouple mounted on the substrate
surface measures the substrate temperature. If a thermocouple cannot be
mounted on the substrate surface, dummy substrates can be used for
measuring substrate temperature: the temperature differences between the
substrate and the substrate holder are measured for the dummy substrates.
The temperature of the substrate holder estimates the substrate tempera-
ture. If the substrates are closely mounted onto the substrate holder, the
temperature of the substrate holder controls the substrate temperature.

4.3.6.5 Thickness Monitoring

Several methods are proposed for thickness monitoring during
vacuum deposition: crystal oscillation, resi stance monitoring, capacitance
monitoring, and optical monitoring. Among these methods, the optical
interferometric method is one of the most useful for monitoring the
thickness of sputtered films. Typical examples of this method are shown
in Fig. 4.65. Helium-neon laser light is introduced into the sputtering
chamber and the laser light irradiates the surface of the substrate during
sputtering. When optically transparent films are deposited, the reflected
light from the surface of the substrate and the sputtered film will show
interference with each other. The thickness is monitored by the periodic
properties of the reflected light intensity.

VIEW PORT

SPUTTER ROOM
He-Ne LASER SUBSTRATE /
- / ﬂ

=

PHOTO-CELL

REFRACTIVE INDEX

-
<
§ . — SUBSTRATE > THIN FILM
o %, === THIN FILM > SUBSTRATE
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=
a X !

: \.|/

0 A/4n A/2n 3/4n
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Figure 4.65. Optical interferometric method for monitoring the thickness during the
deposition.
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An infrared laser will monitor semitransparent films having a
narrow band gap. This kind of monitoring method will give the informa-
tion about the surface roughness during the deposition since the reflected
light intensity will decrease for the rough surface of the sputtered films.

4.3.6.6 Film Structure

In-situ monitoring of the crystal structure of sputtered thin films
isalso important for the deposition of thin filmswith acontrolled structure
on an atomic scale. In-situ monitoring of the growth process of epitaxial
thin films in the sputtering system is achieved by RHEED analysis. The
RHEED system can not be used in aconventional diode sputtering system,
since the working pressure is too high for the stable operation of the
electronguninthe RHEED. The stable operation of RHEED monitoringis
achieved in a low working pressure. The ion beam sputtering system
shown in Fig. 4.66 is useful .54

Theellipsometric method isalso used for in-situ monitoring of the
film growth process. Betrand studied the in-situ monitoring of the growth
of SiO, thin filmsin the plasma CVD.[% Non-invasive infrared measure-
ments can be performed using in-situ monitoring during film growth and
provide a response that is directly related to the film microstructure,
due to vibrations of chemical bonds. The spectroscopic ellipsometry
shows the possibilities of the in-situ monitoring of the thin film growth
process and/or the chemical reaction of the adatoms on the substrates for
complex compound materials like perovskite.[5 Figure 4.67 shows a
multi-target sputtering system designed for the in-situ measurement of
spectroscopic ellipsometry during film growth.
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Figure4.67. Multi-target sputtering systemdesigned for in-situ spectroscopicellipsometry.

REFERENCES

1.
2.

Wasa, K., and Hayakawa, S., Jpn. J. Electrical Engineering, 85:130 (1965)

Brown, S. C., Basic Data of Plasma Physics, MIT Press, p. 258, Cambridge,
MA (1959)

Von Engel, A., and Steenbeck, M., Elektrische Gasentladunger 11:68, J.
Springer, Berlin (1932)

Francis, G., lonization Phenomena in Gases, p. 124, Butterworth Publ.
(1960)

Wasa, K., and Hayakawa, S., Proc. |EEE, 55:2179 (1967)
Kay, E., J. Appl. Phys., 34:760 (1962)

Wasa, K., and Hayakawa, S., Jpn. Patent 558,099 (1966); U. S. Patent
3,528,902 (Sep. 1970)

Goeckner, M. J., Goree, J. A., and Sheridan, T. E., Jr., IEEE Trans. Plasma
Sci., 19:301 (1991)

McClanahan, E. D., and Laegreid, N., Souttering by Particle Bombardment
I11. (R. Behrisch and K. Wittmaack, eds.), p. 339, Springer-Verlag, Berlin
(1991)


http://cuuduongthancong.com?src=pdf
https://fb.com/tailieudientucntt

188

10.
11.
12.

13.
14.
15.
16.
17.
18.
19.

20.
21.
22.
23.
24.
25.
26.
27.
28.

29.

30.

3L

32.
33.
34.
35.

36.

Thin FilmMaterials Technology

Raobertson, J. K., and Clapp, C. W., Nature, 132:479 (1933)
Davidse, P. D., and Maissdl, L. 1., J. Appl. Phys., 37:754 (1966)

Maissd, L. ., and Glang, R., (eds.) Handbook of Thin Film Technology, p.
4-35, McGraw-Hill, New Y ork (1970)

Penning, F. M., U.S. Patent 2,146,025 (Feb. 1935)

Kay, E., J. Appl. Phys., 34:760 (1963)

Gill, W. D., and Kay, E., Rev. Sci. Instrum., 36:277 (1965)
Wasa, K., and Hayakawa, S., J. Phys. Soc. Jpn., 21:738 (1966)
Hayakawa, S., and Wasa, K., J. Phys. Soc. Jpn., 20:1692 (1965)
Wasa, K., and Hayakawa, S., J. Phys. Soc. Jpn., 20:1219 (1965)

Wasa, K., and Hayakawa, S., |EEE Trans. Parts Materials Packaging,
PMP-3:71 (1967)

Wasa, K., and Hayakawa, S., Rev. Sci. Instrum., 40:693 (1969)
Wasa, K., and Hayakawa, S., Thin Solid Films, 52:31 (1978)

Wasa, K., and Hayakawa, S., Jpn. Patent 642,012 (1967)

Bergstrém, J., Holmberg, S., and Lenert, B., Arkv Fysik, 25:49(1963)
Clarke, P. J., U. S. Patent 3,616,450 (Oct. 1971)

Chapin, J. S., Res./Dev., 25:37 (1974)

Thornton, J. A., J. Vac. Sci. Technol. 15:171(1978)

Hoffman, V., Solid Sate Technal., p. 57 (Dec. 1976)

Rastogi, R. S., Vankar, V. D., and Chopra, K. L., Rev. Si. Instrum.
58:1505 (1987)

Sundgren, J. E., Hultman, L., Hakansson, G., Brirch, J., and Petrov, I.,
Mater. Res. Soc. Symp. Proc. 268:71 (1992)

Sproul, W. D., Vacuum, 51:641(1998)

Y amashita, M., J. Vac. Sci. Technol. A, 7:151 (1989); Morita, T., Y amamoto,
T., Kurauchi, T., and Matsuura, M., Proc. 4 Int. Symp. on Sputtering and
Plasma Processes: 1SSP1997, Kanazawa, p. 405 (1997)

Chopra, K. L., and Randlett, M. R., Rev. ci. Instr., 38:1147 (1967)
Matsuoka, M., and Ono, K., Oyo Buturi, 57:1301 (1988)

Este, G., and Westwood, D., J. Vac. Sci. Technol., A6:1845 (1988)
Brauer, G., Bruch, J., Szczyrboeski, G., and Teschner, G., The 1% Int.

Workshop on Pulsed Plasma Surface Technologies, Abstracts: A2, San
Diego (1998)

Capps, N., Carter, G., McDonough, G., Roche., G., and Scholl, R., Proc. 61
Int. Symp. on Sputtering and Plasma Processes: |SSP 2001, Kanazawa
(2001)


http://cuuduongthancong.com?src=pdf
https://fb.com/tailieudientucntt

37.

38.
39.
40.
41.

42.

43.
44,

45.

46.

47.

48.
49.

50.
51.

52.
53.
54,

55.

56.

Sputtering Systems 189

Schiller, S., and Kirchoff, V., The 1% Int. Workshop on Pulsed Plasma
Surface Technologies, Abstracts:A1 (San Diego, 1998)

Hanak, J. J,, J. Vac. . Technal., 8:172 (1971)
Hada, T., Wasa, K., and Hayakawa, S., Thin Solid Films, 7:135 (1971)
Wasa, K., and Hayakawa, S., Microelectron. Reliab., 6:213 (1967)

Hata, T., Nakano, S., Masuda, Y ., Sasaki, K., Haneda, Y., and Wasa, K .,
Vacuum, 51:583(1998)

Maissel, L. |.,and Glang, R., (eds.) Handbook of Thin Film Technol ogy, p.
1-57, McGraw-Hill, New Y ork (1970)

Ai, R., Ichikawa, Y., and Wasa, K., Vacuum, 59:466 (2000)

Matsui, N., Ai, R., Unno, A., and Wasa, K., Proc. 6" Int. Symp. on
Sputtering and Plasma Processes: |SSP 2001, Kanazawa (2001)

Lugsheider, E., Knotek, O., Loffler, F., Schnaut, U., and Eckert, P., Mat.
Res. Soc. Symp. Proc., 389:359(1995)

Tominaga, K., Iwamura, S., and Shintani, Y., Jpn. J. Appl. Phys., 21:688
(1982)

Tominaga, K., Kume, M., and Yuasa, T., Jpn. J. Appl. Phys., suppl. 24-
3:28 (1985)

Wasa, K., U.S. Patent 4,288,307 ( Sep. 1981)

Hoshi, Y., Naoe, M., and Yamanaka, S., Jpn. J. Appl. Phys., 16:1715
(1977)

Kadokura, S., and Naoe, M., Vacuum, 51.:683 (1998)

Langmuir, 1., and Blodgett, K. B., Phys. Rev., 22:347 (1923) ibid., 24:49
(1924)

Hayakawa, S., and Wasa, K., Nat. Tech. Rept., 1.8:419 (1962)
ULVAC Tech. J,, p. 30 (Sep. 1999)

Ichikawa, Y ., Adachi, H., Setsune, K., and Wasa, K., Appl. Surface ci., 60/
61:749 (1992)

Betrand, N., Drevillon, B., and Bulkin, P., J. Vac. ci. Technol., A16(1):63
(1998)

McKinstry, Susan-Trolier, private communication (1995)


http://cuuduongthancong.com?src=pdf
https://fb.com/tailieudientucntt

S

Deposition of Compound
Thin Films

Many of the technological advancesin LS| (large-scale integra-
tion) through UL Sl (ultralarge-scaleintegration) integrated circuitscan be
traced to advances in thin-film processing techniques. These advances
have alowed the development of many kinds of thin-film electronic devices
including thin-film transistors, surface acoustic devices, high-precision
resistors, solar cells, magnetic and/or optical memory, LCD (liquid crystal
display) and plasma displays, and a variety of sensors and actuators.

Most of these thin films are widely used not only for information
devices but also for energy and environmental systems like ecological
buildings. Table 5.1 shows typical thin-film materials used for these
applications. Compound thin films are also important for these practical
applications, as seen in the table.

Compound thin films are deposited by several methods, as shown
inFig.5.1. Thebasic methodisthedirect deposition of acompound source.
Thermal evaporation, electron beam evaporation, and sputtering are used
for this. Pulsed laser ablation is a smple method of directly depositing
compound materials, while thermal evaporation and sputtering are widely
used for production. Multisource deposition is used to obtain a higher
accuracy of chemical composition. Molecular beam epitaxy (MBE) and
chemical vapor deposition (CVD) are reliable deposition processes for
finely controlling the chemical composition. The CVD process is widely
used in the production of Si and I111-V semiconducting devices.

191
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192  ThinFilmMaterialsTechnology

Table5.1. Thin Film Materials and Applications

Application Materials
electrodes, Au, Al, Cu, Cr, Ti, Pt, Mo, W,
interconnections Al/Si, Pt/Si, Mo/Si.
. Cr, Ta, Re, TaN, TiN, NiCr, SiCr,
resistors TiCr, SnO,, 1,0,
AIN, BN, SizN,4 Al,Os, BEO, SO,
. . SO, TiO,, Ta,0s, HfO,, PbO,
dilectrics MgO, Nb,Os, Y ,05, ZrOy, BaTiOs,
LiNbOs, PbTiOs, PLZT, ZNS.
. Si3N4, A|203, S|O, SiOZ, TiOZ,
Electronics insulators Ta,0s.
magnetics Fe, Co, Ni, Ni-Fe, Te-Fe, GdCo.
Nb, NbN, Nb3Sn, NbgGe, Nngi,
superconductors La-Sr-Cu-O, Y-Ba-Cu-0O, Bi-Sr-
Ca-Cu-O.
Ge, S, Se, Te, SIC, Zn0O, ZnSe,
semiconductors CdSe, CdTe, Cds, PbS, PbO,,
GaAs, GaP, GaN, Mg/Co/Ni/O.
passivations SisNy4, SIO, SIO;,
SOy, TiO,, SNO,, IN,O4 A|203,
solar cell, battery 3 >
Energy AIN, Fe-Si, ZnCuTe, TiS,.
environments . .
. LiTaOs, LiIMNn,Oy, V.05, YSZ,
sensors, catalysis LaSrMn.
hardering ,_?iléZgi,é:d, Cr, Ti, Ta, W, TiN,
Instruments ' )
coating Ag, Ay, Al, TiC.
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Deposition of Compound Thin Films 193

—— Deposition Methods
[Source Materials] [examples]
—O Direct deposition — LM-alloy/ compound VE, EB, SP
(alloy, oxides, nitrides)
—HM-alloy/compound EB, SP,PLD

Multisource

2 Co-deposition ~————LM-metal elements
(alloy, compounds) compositional elements—— VE, MBE, EB, SP, CVD

'— HM-metal elements Multisource
compositional elements — EB, SP

halides, organic metals — CVD

'—@® Reactive deposition LM-compositional metals — VE, MBE, EB, SP, PLD,CVD
(oxides, nitrides, compounds) l

high rate deposition HM-compositional metals — EB, SP, PLD, CVD

Figure 5.1. Deposition methods of alloys and compound materials. LM: Low melting
temperature; HM: highmelting temperature; V E: thermal evaporation; MBE: molecular beam
epitaxy; EB: electron beam evaporation; PLD: pul selaser deposition; SP: sputtering (rf for
insulators, dc for conductors); CVD: chemical vapor deposition.

Recent progressin sputtering enables the production of thin films
of new ceramics of complex compounds such as PbTiO;, PLZT [(Pb,
La)(Zr, Ti)Og4], and high-temperature oxide superconductors. Semicon-
ducting thin films of 11-VI and I11-V groups such as ZnSe and GaAs can
also be deposited by sputtering, although their semiconductive properties
should be further improved to meet the requirements of semiconducting
devices. Alloy thin films of silicides, such as Mo-Si deposited by magne-
tron sputtering, are used for making the Schottky barriersof MOS devices.
Reactive sputtering at pulsed dc and/or medium frequency ac is now
indispensablein industry for the high-rate deposition of metal oxides. The
sputtering processiswidely used in practicefor the optical coating of large
glassplates.

The sputtering process can be used to successfully deposit thin
films of high-temperature superconductors composed of layered perovs-
kites. It is noteworthy that the sputtering process provides a layered
structure with finely controlled structural properties that are very similar
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to those deposited by the MBE process. The sputtering process shows a
high potential for the deposition of compound thin films.

Thephysical and chemical propertiesof compound thinfilmsneed
to be closely controlled. During typical glow-discharge sputtering, films
grow under the influence of the irradiation of energetic particles in the
plasma; thus, in order to control the properties of deposited films, we must
first understand the influences of sputtering parameters on the structure of
thethin films. These structural propertiesand the conditionsthat primarily
govern them are described below.

Structural Properties:

Chemica composition

Crystal phase and crystallinity
Microstructure

The surface and interface structures

A wbd PP

5. Stressesin the films

Composition: Control of the chemical composition of thin films is
essential. The chemical composition is governed by the following:

Flux composition of the sputtering source

Flux composition of the sputtered adatoms

Flux composition of impurity and/or residual gas atoms
Sticking coefficient of the adatoms

Surface reaction of the adatoms

Interdiffusion between the adatoms and the substrates

No g b~ wdheE

Mixing of the adatomsin the growing films

Crystal Properties: After we know the chemical composition of the
compound thin film, we should consider its crystal properties. The crystal
properties are governed by the following:

1. Film composition; stoichiometry, off-stoichiometry
Impurity and/or foreign atoms

Energy of adatoms and/or irradiation of energetic particles
Surface mobility of adatoms

Surface chemical properties of substrates

Interface properties between thin films and substrates

N o g b~ w DN

Phase separation
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Once we understand the structural properties of the sputtered thin
films, it is essential to know the relationship between these properties and
the sputtering parameters. The sputtering parameters for the deposition of
controlled film properties are listed in Table 5.2. The way we find the
relationship between the sputtering parameters and the resultant film
properties is also important.

Table 5.3 lists the deposition processes for compound thin
films.[1-129 |t includes not only the sputtering processes but also thermal
evaporation, CVD, and laser ablation.

It is common for multiple authors to report different deposition
conditions even for the same deposition method. Thisistrue especially for
the deposition of thin compound films since the characterization methods
of the deposition processes and/or the resultant thin films are not well
established, except for the semiconducting processes for Si and/or [11-V
materials. For example, the values of growth temperature and/or working
gas pressure listed in Table 5.3 will, in part, include the values measured
near the substrate, not necessarily at the substrate position. If we under-
standthe quality of thedatalistedin Table. 5.3, thesedatawill be useful for
finding the sputtering deposition factors that influence film properties.

For sputtering deposition, we need a sputtering stand and sputter-
ing targets. Table 5.4 shows examples of commercia cathode targets for
sputtering deposition.

Table 5.2. Thin Film Structural Properties and Sputtering Parameters

Film Properties Key Sputtering Parameters
Composition Target composition
Crystal phase Deposition rate (sputtering power, spacing)
Microstructure Deposition temperature
film Post-anneal temperature
surface Sputtering atmosphere (total pressure, partial pressure)
interface Substrate materials (glass, crystal, misfit degree)
Defects Substrate-position/substrate-bias voltage
Cathode, anode geometry
Sputtering mode (metal, oxides)
Cooling rate, cooling atmosphere
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Table 5.3. Deposition Methods for Compound Thin Films

* a amorphous, PC: polycrystal, SC: single crystal.

Deposition Conditions

Materials | Structure* Deposition Substrate Film Propertiest** Ref

Method** Substrate Temp. | Dep. Rate Wi pert :
o isc.
(0 (Hmvhr)
hex. c-axis orientation;
Cds PC VE fused quartz =200 =2 CdS source SAW velocity: =1700 ms 1
! ZnS powder, alumina ry=6.73x 102 mv

. sc VE S (100) 275 unknown crucible (6328 A) cubic 2
SC RF-SP NaCl (100) 20 =18-54 ZnStarget, Ar cubic phase unpubl

SC RF-SP NaCl (100) 290 0.35 ZnSetarget, Ar cubic phase 3

_ Zn, Se sources, PL spectra (4.2 K):
Znse SC MBE GaAs(100) | =300-400 0.09 Zn/Se = 1-30 27982 eV, Gabond exciton | 4
_ . . PL spectra (77 K):
SC CVD GaAs (100) = 300-350 2 Dimethylzinc H.Se narrow peek at 447 nm 5
5 ! 3 _ AlLO; target, € =9.96, n,= 1.61-1.66, didlectric
Al,05 a RF-MSP S = 160-300 =0.9-21 Ar/O, = 1 strength: 4 x 10° V/em 6
optica wave guide loss:
a CvD fused quartz = 900-1100 =6-150 | reaction gas, SiCl,+0O, 4.5dB/cm (1.15 um), 7
S0, 6.4 dB/cm (6328 A)
s ) sputter gas pressure: 1 x 107 torr,
a RF-MSP glass <130 1.2 SiO, target, Ar RF power: 4 kW 8
(cont’d.)

** ARE: activated reactive evaporation; CVD: chemical vapor deposition; EB: electron beam; IBS: ion beam sputter; IP: ion plating; LA: laser
ablation, MBE: molecular beam epitaxy; M SP: magnetron sputter; P-CVD: plasma-CVD; SP: sputter; VE: vacuum evaporation.
*** SAW: surface acoustic wave; r ,,: electro-optic constant; PL: photo-luminescence; £*: relative dielectric constant; n,: optical index.
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Table 5.3. (cont’d.) Deposition Methods for Compound Thin Films

* a amorphous, PC: polycrystal, SC: single crystal.
** ARE: activated reactive evaporation; CVD: chemical vapor deposition; EB: electron beam; IBS: ion beam sputter; IP: ion plating; LA: laser
ablation, MBE: molecular beam epitaxy; M SP: magnetron sputter; P-CVD: plasma-CVD; SP: sputter; VE: vacuum evaporation.

*** n,: optical index; SAW: surface acoustic wave; P polarization; p: resistivity; p,: hall mobility; €*: relative dielectric constant.

Deposition Conditions
. Deposition ) .
Materials Structure* Meg?] o+ Subgtrate Substrate Temp. Dep. Rate > Film Propertiest** Ref.
o isc.
(0 (Hrvhr)
) _ Ti target, _
TiO, a DC-MSP glass RT =200 14 Ar/O, = 85/15 N, = 2.5 (0.5 pm) 8
PC RF-SP fused quartz = 250-320 =2-3 Z:o tar_get, c-axis orientation: g < 1° 9
I’/Oz =1
p=24x10°Qcm
- c, ZnO target, (c-sapphire),

SC RF-SP R-sapphire 60g 0.2 Ar/O;=1 p =70 Qcm (R-sapphire) 10

70 Uy = 2.6-28 cm?volt-sec

ZnO(L|2C03) P

s : . N SAW velocity: =5160 m/s,

SC RF-SP R-sapphire 400 = 0.11-0.25 targeE SAW coupling (I€) = 3.5% 11
Ar/O,=1

A Diethylzinc + O,, : - o
SC CVD R-sapphire 200 unknown RF power: 80 W [110] orientation: ¢ < 0.8 12
B'(léggc))m PC RF-SP glass = 100-350 =0.2-0.6 BGO target No=2.6 13

A : Pt Bi4Ti30lz target 8* =120, Ps=48 ]J.C/sz,

BiaTiOr SC RF-SP (001) 700 0.36 (Bi rich) ferroelectrics 14-15
(cont’d.)
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Table 5.3. (cont’d.) Deposition Methods for Compound Thin Films

* a amorphous, PC: polycrystal, SC: single crystal.
**  ARE: activatedreactiveevaporation; EB: electronbeam; | BS: ionbeam sputter; | P: ionplating; L A: laser ablation, MBE: molecular beam epitaxy;
M SP: magnetron sputter; P-CVD: plasma-CVD; SP: sputter; VE: vacuum evaporation; LPE liquid phase epitaxy.

*** p: resistivity; R/D: sheet resistivity (Q/0); €*: relative dielectric constant; p: mobility; n, n,: optical index.

. Deposition Conditions
Materials Structure* ?Aegt?;gf*n Substrate Substrate Temp. Dep. Rate by Film Properties*** Ref.
o isc.
(°C) (Hmvhr)
- . Bi,TiOy Optical waveguide loss:
Bi,TiOx SC RF-SP BGO 425 05 powder target 15 dB/cm (6328 A) 16
. 3 sputter: RT, ; _ ;
Bi,WOg PC RF-SP glass anneal- 200 0.4 Bi,WQs target n = 2.5, ferroelectrics 17
] - ITO target,  |p =10° Qcm, n= 10%/cm?,
PC RF-MSP glass 130 =1 Ar + 0, 1t = 10 cmivolt x sec 18
(IN0s)08
(SO2)o2 (ITO) RF-MSP lass 40 (Sz%gt\?\r/ pO\lAE)%r) ITO target, RI = 10-100 O/ bl
9 @ Ar: 4 x 10° torr U= unpubt.
target
K,BiNbsO;5 Ferroelectrics, € = 140, T,
sc RF-SP (KBN) ~ 600700 0.2 *(i'{ '\I'_Ita:gf]‘) = 460°C 19
KLi,NbsOys sapphire ' N, = 2.277 (6328 A)
(KLN) LNA 10°*
3 target, £ =
a RF-SP fused quartz RT 0.38 Ar/O, =1 (= 200-300°C, 1 kH2) 20
LN taret Ferroelectrics, n, = 2.32,
SC RF-SP c-sapphire 500 0.025 Ar + g ' optical waveguide loss: 21
) 2 9 dB/cm (6328 A)
LiNbOs (LN)
n, =2.288,
SC LPE c-LiTaO; 850 thickness: 3pum | LiO-V,Osflux | optica waveguideloss 22
11 dB/cm (6328 A) ,
(cont’d.)
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Table 5.3. (cont’d.) Deposition Methods for Compound Thin Films

* a amorphous, PC: polycrystal, SC: singlecrystal.
** ARE: activated reactive evaporation; CVD: chemical vapor deposition; EB: electron beam; IBS: ion beam sputter; |P: ion plating; LA: laser
ablation, MBE: molecular beam epitaxy; M SP: magnetron sputter; P-CVD: plasma-CVD; SP: sputter; VE: vacuum evaporation.

*** FWHM: full width, half maximum; €*: relativediel ectric constant; n,: optical index.

Deposition Conditions
. Deposition ) .
Materials Structure* Method** Substrate Substrate Temp. Dep. Rate Vise Film Propertiest** Ref.
Q%) (Hm/hr) '
(001) SITiOs - Pb(C;Hs)4 domain patterns

SC cvD KTaOs 550 304 Ti(OC3H)4 spontaneous strains 2

PC RF-SP Pt 610 ~034-03 | PPOTIO: target, £ = 200 (RT) 2
Ar + Oz

POTIO, sc RF-SP c-sapphi ~ il ‘=
- -sapphire 620 =0.3-0.6 power, € =60 (RT) unpubl.
Ar+ 0,
miscut substrate, terrace structure,
(001) sputter gas, width: = 10-200 nm,
e MSP STIOs 600 0.18 Ar/O, = 20/1, height: = 1-3 nm, =
0.5Pa FWHM = 0.5°
PLT 18/100 .
) (100) B B € =700

PLT SC RF-SP MgO = 600-700 =0.18-0.48 target, N~ 2.3-2.5 (6328 A) 26

Ar + 0O,
(cont’d.)
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Table 5.3. (cont’d.) Deposition Methods for Compound Thin Films

o Deposition Conditions
Materials Structure* Deposition Substrate Film Properties*** Ref
Method** Substrate Temp. Dep. Rate Misc. P :
(°C) (umv/hr)
unfatigued capacitor
: . Pb(C;Hs)4 ;
(001) thickness: using SrRuO;
s cvD SITiO; 700 =0.1-0.5 pm Zr(0CaH9) | g entrodes 102 switching 2
Ti(OCsHy)a
cycles
Ferroelectrics, £ = 751
fused quartz PZT 52/48 target (RT),
PZT PC RF-SP SUS >500 2 Ar+0O, | Ps=2L6pClom?, 28
? T, =325°C,
no = 2.36

target: PZT + 20 ferroelectricity:

(100) mol% PbO, Ps= 50 pClcm?,
SC MSP MgO 500 12 Pt coating (70 piezoelectricity: 2

nm) ds; = 100 x 102 m/V

. fused quartz sputter: 500, PLZT 7/65/35 ¢" = 1000-1300

PC RF-SP Pt anneal: 650-700 0.2-04 target, Ar + O, T.=170°C 30
PLZT
c-sapphire PLZT 9/65/35
sC RF-SP " 700 0.4 target, no =2.49 (6328 A) 31
SrTiO5(100)
Ar + Oz
WOs a VE glass 100 thickness: 1.4 pm WO;E?(\:/;der transmittance > 70% 32
(cont’d.)

* a amorphous, PC: polycrystal, SC: single crystal.
** ARE: activated reactive evaporation; CVD: chemical vapor deposition; EB: electron beam; IBS: ion beam sputter; IP: ion plating; LA: laser
ablation, MBE: molecular beam epitaxy; M SP: magnetron sputter; P-CVD: plasma-CV D; SP: sputter; VE: vacuum evaporation.
*** T.: Curietemperature; Pg: polarization; ds;: piezoel ectric coefficient; €*: relative diel ectric constant; n,: optical index.
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Table 5.3. (cont’d.) Deposition Methods for Compound Thin Films

* a amorphous, PC: polycrystal, SC: single crystal.
** ARE: activated reactive evaporation; CVD: chemical vapor deposition; EB: electron beam; IBS: ion beam sputter; IP: ion plating; LA: laser
ablation, MBE: molecular beam epitaxy; M SP: magnetron sputter; P-CVD: plasma-CVD; SP: sputter; VE: vacuum evaporation.

*** p:resistivity; FWHM: full width, half maximum; SAW: surface acoustic wave; T, substrate temperature; Hv: Vickershardness.

Deposition Conditions
. Deposition ) )
Materials Structure* Megh od** Substrate Substrate Temp. | Dep. Rate e Film Properties*** Ref.
(0 (Hmvhr) ‘
PC RF-SP glass = 200-300 06 AIN target, 0 = 2000 pQcm 33
Al target, c-axis orientation,

PC DC-MSP glass 320 13 Ar/N, FWHM = 2.0.5.4° 34

y . _ _ Al target, FWHM = 1° (sapphire),
AIN SCIPC RF-MSP c-sapphire, glass = 50-500 =0.2-08 ArN, FWHM = 3° (glass) 35

SAW velocity = 5500 m/s,

c, Al target, ' _ '
SC RF-SP R-sapphire 1200 0.5 NHa SAW coupling (k%) = 0.05— 36

0.02%

g . reaction gas: SAW velocity = 6100 m/s,

SC CVD R-sapphire 1200 3 (CH9)Al + NHs + H, | SAW coupling (K€) = 0.8% 37
~ : . Ts>200°C: Cr2N,
CrN PC ARE glass = 30-450 unknown reaction gas: NHs T.> 400°C: CIN 38
stainless } Hv = 2128 kg/mm?,
BN PC ARE steel, glass, 450 9 ri&'{gﬁ Haf CN)?—l cubic boron nitride, 39
Si, NaCl 9 8 optical gap: 3.64 eV
(cont’d.)
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Table 5.3. (cont’d.) Deposition Methods for Compound Thin Films

* a amorphous, PC: polycrystal, SC: single crystal.
** ARE: activated reactive evaporation; CVD: chemical vapor deposition; EB: electron beam; IBS: ion beam sputter; |P: ion plating; LA: laser
ablation, MBE: molecular beam epitaxy; M SP: magnetron sputter; P-CVD: plasma-CVD; SP: sputter; VE: vacuum evaporation.

*** n: optical index; p: resistivity; TCR: temperature coefficient of resistance; T, substrate temperature; Hv: Vickers hardness.

b i Deposition Conditions
. eposition ) N
Materials Structure* Method** Substrate Substrate Temp. Dep. Rate e Film Properties* Ref.
(°C) (pm/hr) '
g : reaction gas: _
o a P-CVD Si 250 3 N+ NHs + SH, | No=20-2.1(6328 A) 40
3IN4
a RF-MSP S 100 1 S'3N‘Xfrget no= 2.1 (6328 A) unpubl.
. _ Ti target: p =250 uQ cm,
i DC-MSP glass 150 =06-18 AN, = 7/3 TCR=150ppmec | 4
|
. TiN target: p =150 pQ cm, bl
RF-MSP fused quartz 500 15 Ar TCR = 300 ppm/°C unpubl.
Ts= 200°C: WC, W-C,
_ W target: W5C mixed phase,
{20500 0.36 Ar+ CoH, Ts= 400°~500°C:
wC PC RF-MSD stainless steel WC single phase 42
. HV' = 2365-3200 kg/mm?,
=300500 | =03649 | /%% I triction coefficient <0.09
2% | Hv" = 3200 kg/mm? (WC)
B.C a RF-SP sapphire 450 ~05 BC targex Hv = 4800 kg/mm? | 43
Si tarcet: IR absorption,
crc PC RF-MSP glass 600 ~0.2-0.7 P 800 cm* (SiC), 44
4 2000 cm™ (SiH ,
(SH) (cont’d.)
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Table 5.3. (cont’d.) Deposition Methods for Compound Thin Films

Deposition Conditions

* a amorphous, PC: polycrystal, SC: single crystal.
** ARE: activated reactive evaporation; CVD: chemical vapor deposition; EB: electron beam; IBS: ion beam sputter; IP: ion plating; LA: laser
ablation, MBE: molecular beam epitaxy; M SP: magnetron sputter; P-CVD: plasma-CVD; SP: sputter; VE: vacuum evaporation.

*** 0 resistivity; B: thermistor coefficient; FWHM: full width, half maximum.

: Deposition ) .
Materials Structure* Method** Substrate Substrate Temp. Dep. Rate w, Film Properties*** Ref.
(°C) (Hm/hr) '
) B-SiC, (220) orientation,
PC RF-SP glass, aumina 550 ~05-1 S'C/tf‘rrget' o= 200 Qcm, 43,45
B=2100 K
sc P Si (112) 1000 ~09-18 reacg?H” ges: p-SIC 46
2
sc cvD S (100) 1330 ~4-6 rection gas. | g g carhon buffer layer | 47
H2 +Si H4 + CgHg
SiC
C3Hg treatment, inclined substrates at
SC CVD Si (100) 1350 unknown source gas: = 2°-5° toward (011): 48
SiH4 + CgHs + Hz | single-domain cubic phase)
. | source graphite, | 5 hase (111 twins,
h thickness: S, —
sC MBE Si (001) >900 _ a=4357A 49
1000 A C;H: flux: FWHM = 1.64°
3x 10°® torr -
SiH. 1scem 3C phase, 3x2 surface,
SC CVD Si (001) 1260 thickness: 1.4 um CH “ 04 sccr'n no antiphase domain, 50
e FWHM = 0.26°
(cont’d.)
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Table 5.3. (cont’d.) Deposition Methods for Compound Thin Films

* a amorphous, PC: polycrystal, SC: single crystal.
** ARE: activated reactive evaporation; CVD: chemical vapor deposition; EB: electron beam; IBS: ion beam sputter; IP: ion plating; LA: laser
ablation, MBE: molecular beam epitaxy; M SP: magnetron sputter; P-CVD: plasma-CV D; SP: sputter; VE: vacuum evaporation.

*** n: optical index; p: resistivity; pago, Has: mobility at 300K, 45K.

Deposition Deposition Conditions
. I . .
Materials Structure* Method®* Substrate Substrate Temp. | Dep. Rate o Film Properties*** Ref.
(°C) (Hm/hr) '
chemical ! ; n=2.38,
PC transport reaction|  diamond 1000 =1-2 ;);:;i Ergfg Itei p=10"-10" Qcm, 51
(CTR) varog microhardness: 9500 kg/mm?
. target: graphite, TEM observation: cubic
PC ion beam SP 3 RT ~03-04 | Arionbeam: .o ndpaticle, n=28,0=| 52
fused quartz o 1200 eV, 60 mA, 102 S/ém e
hydrogen ion
Diamond ;
microwave _ W';glie:é:f' p-type, p = 3x10° Qcm,
PC P-CVD S 900 0.3 CO+H,+BH, | P ezoreslstl\lg_try, K=1000 | 53
4000 Pa (RT)
100 MHz plasma:
~ stable plasma,
PC P-CVD l\éo 1000 =0.2-0.3 N i(o)gr_é'eogaosw' (111[T1100orientation, 54
CHa + Hy, 50 torr hexagonal shape, (100) facet
graphite crucible, carrier density: 2.0x10"/cm?®,
SC MBE b 2k 600 Ca(1090°C), As (320°C) Hago = 7500 cm?/volt-sec 55
N N GaAs target, p = 10°-10° Qcm,
GaAs sc RF-SP GaAs (100) =500-625 | =0.7-1.2 Ar oy = 5000 arPvoltses | 8
N thickness: | triethylgallium+ | carrier density: = 10* /o,
s CVR GaAs = 580-620 6-9 um tertiarybutylasine | s = 209000 cm?/volt-sec 57 ,
(cont’d.)
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Table 5.3. (cont’d.) Deposition Methods for Compound Thin Films

Deposition Conditions

Materials Structure* ?ﬂeg;ig,? *n Substrate Substrate Temp. Dep. Rate Misc Film Properties*** Ref.
(°C) (um/hr) )
AN b, | PPeSeicondctor,
SC CVD c-sapphire 1040 thidg s TMG, TMA, carrier density: 58
2-3um NHs, CpMg, 2 x 10% /om®
source: LEEBI 5 ’
a0 = 8 cm?/volt-sec
GaN GaN buffer p-type semiconductor,
. thickness: TMG, NHa, p=2Qcm,
C cvb ¢-sapphire 1033 4pum Cp:Mg, source: |carrier density: 3x10™/cm?) 59
N, LEEBI U300 = 10 cm?/volt-sec
. hire NH; gas source, wurtzite phase,
sc MBE %‘S‘p‘é 800 2umhr  |=(2-5)x10%torr,| p>10* Qem (400K), | 60

AIN buffer carrier density: 10" cm®
Ar*ion p-type semiconductor,

carrier density:
SC MBE GaAs 450-600 0.36-1 bombarded (4-6) x 10%/ems, 61

GasSb

substrate WUs00 = 670 cmP/volt-sec
a RF-SP BaF, (111) 400 0.15 GaSb target, Ar unknown 62
Artion n-type semiconductor,
InAs sc MBE GaAs ~ 450-600 ~036-1 bombarded | CATier density =(4-6)x | &)
substrate 10 e,

Haoo = 1670 cm?/volt-sec

(cont’d.)
* a amorphous, PC: polycrystal, SC: single crystal.
** ARE: activated reactive evaporation; CVD: chemical vapor deposition; EB: electron beam; IBS: ion beam sputter; IP: ion plating; LA: laser

ablation, MBE: molecular beam epitaxy; M SP: magnetron sputter; P-CVD: plasma-CVD; SP: sputter; VE: vacuum evaporation.
*** prresistivity; FWHM: full width, hal f maximum; pyog: mobility at 300K.
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Table 5.3. (cont’d.) Deposition Methods for Compound Thin Films

* a amorphous, PC: polycrystal, SC: single crystal.
** ARE: activated reactive evaporation; CVD: chemical vapor deposition; EB: electron beam; IBS: ion beam sputter; IP: ion plating; LA: laser
ablation, MBE: molecular beam epitaxy; M SP: magnetron sputter; P-CVD: plasma-CVD; SP: sputter; VE: vacuum evaporation.

*** T superconducting transition temperature; AT, = [T, (onset temp.) - Tg_ol; He,: critical magnetic field; J.: critical current.

» Deposition Conditions
. Deposition ) .
Materials Structure* Method®* Substrate Substrate Temp. Dep. Rate ) Film Propertiest** Ref.
(C) (uvh) N
InSh,GaSh _
In.GaSh SC RF-SP BaF; (111) 400 0.15 target, Ar x=0.36 62
. ) _ NbzSn Superconducting,
NbsSn DC-MSP sapphire = 650-800 60 target, Ar transition, T, = 18.3 K 63
PC P sapphire 700 01 prﬁtreer e | Te=2L6K AT.=34 | 64
A15 .
NbsGe NbCls
PC CVD Nb tape 900 216 GeCl, T.=20.1 65
H2
T.=16K,H=28T
<350
) Nb target, (13K)

PC SP sapphire arér&a)al 0.06-0.5 Ar + Ny Jo= 8 x 10° Alcm? 66

(0T,42K)

B1 NbCls Tc=164K,H=11T,

NbBN PC CvD carbon fiber = 1400-1600 =7-11 N, J. = 10° Alem? 67

Ha (0T, 4.2K)

NbCls Te=15-17 K, He = 21T

PC P-CVD carbon fiber 1100 ~36-7 CH, (42K), 68

|

OT.4 (cont’d.)
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Table 5.3. (cont’d.) Deposition Methods for Compound Thin Films

* a amorphous, PC: polycrystal, SC: single crystal.
** ARE: activated reactive evaporation; CVD: chemical vapor deposition; EB: electron beam; IBS: ion beam sputter; |P: ion plating; LA: laser
ablation, MBE: molecular beam epitaxy; M SP: magnetron sputter; P-CVD: plasma-CVD; SP: sputter; VE: vacuum evaporation.
*** T superconducting transition temperature; J.: critical current; Tg_,: transition temperature at R = 0; AT, = [T, (onset temp.) - Tg-]; Hy:

mobility.

D " Deposition Conditions
Maerials | Structure® Megﬂs&;f*n Substrate [ Substrate Temp. | Dep. Rate ol Film Propertiest** Ref.
(°C) (Hmvhr)
. _ MoS; Te= 14K,
PC sp Mo _ 7?(?-616"100 thi Cknﬁs' 02 Mo J, = 8x10° Alem? 69
PbM0sSs _ " PbS (0T, 42K)
PC P hire o 1000 | tickness 1| L0 To=14K, 70
ap pum 1000°G Jo=10° Alem? (0 T, 4.2 K)
T.=105K, AT, << 1K,
. (100) _ x=03
BaPbyBiOs SC MspP SITiOs 700 unknown ArlO; =1 Uy = 55 cm?/volt-sec, n
x=0-0.2,x=0.35
660 Ar Tc =40 K, (001) orientation,
PC SP sapphire MgO 820 0.8 ArO. Tro=24K, 72
2 crystallization, Ts > 450°C
n = 6.28x10* cm'd
sc (100) Mi=13 Te=14K (@sp.), 22K
LSCOKNiF, | (001) M-SP STiO; 800 unknown cmPivolt-sec (anneal) 73
p =25 uQcm (T, post anneal: 800°C, 8 hr
Target cosputter: Te=45K, TZM =17K
PC P Ysz ~ 400-450 0125 |LSC,LBC,LsC, | J=150ACm (0T, 42K) | 4,
LcaC postanneal in O;:
= 760-850°C, 15 hr ,
(cont’d.)
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Table 5.3. (cont’d.) Deposition Methods for Compound Thin Films

Denosition Deposition Conditions
. ] . .
Materials Structure* Megtho e Substrate Substrate Temp. Dep. Rate £ Film Properties*** Ref.
o isC.
(°C) (um/hr)
Tc=34K,AT=3K, Tro
. = 25K, J. = 30 Alem?
SC (001) MSP (100) SITiOs 600 0.6 Ar 0T 42K) 75
anneal: 900°C, 72 hr
LSCO
KzNiF4 LaQOB Sf, Ca
O, reactive vapor _
PC VE (EB) sapphire RT unknown deposition To>30 K’. Treo = 15K, 76
(1 x 10* torr) energy gap: = 20-30 mvV
anneal
Te= 97K, Treo =87 K
. anneal: J. =7 % 10° Alem?,
PC VE (EB) '\("1%%)%'019:‘3 € 450 unknown | =900-950°C in OT,77K) 77
3 0, Je =5 x 107 Afcm?
(0T, 42K)
YBCO = 10%-90% R-transition,
Y BaZCU307.5 i 88 K'
O, reactivevapor|  p=0.5mQ cm (Ty),
(100) _ deposition, | a-axis orientation (a>> c)
PC EB STiO, = 200-870 0.5-1um el 34=2 % 10° Alo? 78
= 650-850°C (0T, 42K)
Jeg = 9 % 10* Alem?
0T, 78K ,
( ) (cont’d.)

* a amorphous, PC: polycrystal, SC: single crystal.
** ARE: activated reactive evaporation; CVD: chemical vapor deposition; EB: electron beam; IBS: ion beam sputter; |P: ion plating; LA: laser
ablation, MBE: molecular beam epitaxy; M SP: magnetron sputter; P-CVD: plasma-CV D; SP: sputter; VE: vacuum evaporation.
*** T superconducting transition temperature; Tg_,: transition temperature at R = 0; AT, = [T, (onset temp.) - Tr_ol; J.: critical current; p:
resistivity.
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Table 5.3. (cont’d.) Deposition Methods for Compound Thin Films

Deposition Conditions
. Deposition : T
Materials Structure* Method* * Substrate Substrate Temp. | Dep. Rate wid Film Properties’ Ref.
Q) (Hmvhr) X
sputter Ar/O = Tro=84K,AT,=6K,
) thickness: |1, 8 x 107 torr, | Jo = 1.8 x 10° A/em?, (O T, 77 K),
C MSP (110) STi0s 700 07um | amneal inO,, | Jy=3.2x 10° Alen?, (0T42K), | 2
920°C, 2 hr pe =0.5, pen =16 mQ cm (To)
PC MSP R-sapphire 200 0.9 sputter, Ar, Tro= 70K, T = 94K 80
anneal

thickness: 1 insitu Tro=86 K, AT =3K,
YBCO sC MSP (100) MgO &5 pHm deposition p=0.5mQ cm (T¢), Er-Ba-Cu-O 81

Y Ba,CuzOr5 ]

LA (110) 1 A/pulse anned in O Te=95K, Treo= 85K (STiO3),
PC (KrF excimer SITiOs 450 KrF 900°C 2 | AT=2K, Tro=75K (sapphire), 82
|aser) R-sapphire 1 Jpulse AT=12K
Y, Ba, Cu
: _ multilayer, Te=94K, Treo= 72K (YSZ),
PC EB sapphire, YSZ RT =1-18 annedl in Oy, Treo = 40 K (sapphire) 83
= 800-850°C
(cont’d.)

* a amorphous, PC: polycrystal, SC: single crystal.
** ARE: activated reactive evaporation; CVD: chemical vapor deposition; EB: electron beam; IBS: ion beam sputter; IP: ion plating; LA: laser
ablation, MBE: molecular beam epitaxy; M SP: magnetron sputter; P-CVD: plasma-CV D; SP: sputter; VE: vacuum evaporation.
*** T.: superconducting transition temperature; Tg_,: transition temperature at R = 0; AT, = [T, (onset temp.) - Tr_o]; J.: critical current; p:
resistivity.
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Table 5.3. (cont’d.) Deposition Methods for Compound Thin Films

* a amorphous, PC: polycrystal, SC: single crystal.
** ARE: activated reactive evaporation; CVD: chemical vapor deposition; EB: electron beam; IBS: ion beam sputter; IP: ion plating; LA: laser
ablation, MBE: molecular beam epitaxy; M SP: magnetron sputter; P-CVD: plasma-CVD; SP: sputter; VE: vacuum evaporation.

*** T_: superconducting transition temperature; Tg,: transition temperatureat R= 0; B,,™: critical magneticfield; J: critical current; p: resistivity.

- Deposition Conditions
Materials Structure* Deposition Substrate Film Propertiest** Ref
Method** Substrate Temp. | Dep. Rate e P :
(°0) (Hmvhr) '
Te=115K
PC . Treo = 104K
. eal in Oy, R0
c-axis MsP oo o 700 048 oS00 p=50pQem(T) | 8
orientation 3 Je > 20 x 10* Afcn?,
(0T, 77K)
PC ) . target: Bi, SrCa, Cu, Treo ~ 104 K,
cais | e | 00M©O =rr MK 04 e in0,, | B’ =85TIK, B =056 | 85
orientation » H 865°C TIK
BSCCO PC _ . ~ source: )
Bi.-S-CacuO|  comis EB (100) MgO (@ thickness: 0.2| Bi, SrFezélC_:aFé Cu, | c=30.605 lﬁ Te=110K, | oo
system orientation um anneal in Oz, Treo= 60K
= 850-890°C
PC 0.3 source: Bi, Sk, Treo = 8? K, ,
o~ (110) (100) _ U CaF>, Cu, Jo=1x 10° Alcm
o EB STiOs =RT tf'g‘;”e?] anneal in wet O,, (0T, 42K), 87
=UoH 860°C, 5 min p = 150 pQcm (Teo)
PC 01 target:BSCOO, ]
i LA o leximer laser, 10 Jem]  T.=80K (c=30.8A)
c-axis . (100) MgO RT thickness: o ; - B ! 88
orientation | (ATF excimer) ~0.2pm anneal T riirﬁ 890°C,| T.=120K (c=36.8A)
(cont’d.)
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Table 5.3. (cont’d.) Deposition Methods for Compound Thin Films

* a amorphous, PC: polycrystal, SC: single crystal.
** ARE: activated reactive evaporation; CVD: chemical vapor deposition; EB: electron beam; IBS: ion beam sputter; |P: ion plating; LA: laser
ablation, MBE: molecular beam epitaxy; M SP: magnetron sputter; P-CVD: plasma-CV D; SP: sputter; VE: vacuum evaporation.

*** T, superconducting transition temperature; Tg_: transition temperature at R= 0; T: transition temperature for onset; J.: critical current.

- Deposition Conditions
Maerids | Structurer | DPOSTON | g gt Film Properties<** Ref
ernas ructur Method** rate Substrate Temp Dq) Rate e 1im Properti .
(°C) (Hm/hr) '
(100) Bi2Sr209Ca0.75CU2.440x,
_ thickness: anned in Oy, T.=85K, Treo= 75K,
PC IBS MO =RT ~031um | 825-830°C BiuSs1:CaClsseOx. | o0
2 Te= 110K, Treo = 63-67 K
BSCCO PC MSP ~ 100 A/hr, Bimsl‘r'gﬁar g?at(é:u Bi,Sr,Ca:CU;0x: Teo = 80K,
Bi-S-Ca-Cu-O c-axis layer-by-layer (100) MgO 650 thickness: an nesl | no " [BizSrCaCusOx: Teo = 110K,[ 90
odtem | orientation|  deposition 200-400A | “oocoempy | BizSraCasCuOx: Teo= 90K
source:
PC 8 bismuth alkioxide,
c-axis CVD (100) MgO 910 thickness: f-diketonate, Treo= 78K 91
orientation 8 um chelates of
Sr, Ca, Cu
TBCCO PC . Tl goalj réi cu | TMeBaCaCwO: To= 100K
TI-BaCaCu-O| caxis EB vsz <50 hckness: dep. in O, (Meisse) Tro= 97K | 2
system orientation s anneal in air, o= Ol'li(76K cm
850°C, 5 min OT.76K)
(cont’d.)
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Table 5.3. (cont’d.) Deposition Methods for Compound Thin Films

* a amorphous, PC: polycrystal, SC: single crystal.
** ARE: activated reactive evaporation; CVD: chemical vapor deposition; EB: electron beam; IBS: ion beam sputter; IP: ion plating; LA: laser
ablation, MBE: molecular beam epitaxy; M SP: magnetron sputter; P-CVD: plasma-CVD; SP: sputter; VE: vacuum evaporation.

*** T, superconducting transition temperature; Tg_,: transition temperature at R = 0; J.: critical current; p: resistivity; FWHM: full width, half

maximum.

Deposition Deposition Conditions
Materials Structure* Method** Substrate Substrate Temp. Dep. Rate M Film Propertiest** Ref.
(°C) (Hm/hr)
PC thickness | trget: Tl, BaCa, Te=110K, Treo = 96 K,
c-axis MSP YSz =RT 0.4 um Cu, annedl in Oy, Jo = 2x10* Alem? 93
orientation s 850°C, 4 min. (0T, 42K)
i (100) MO 048 | amein0y/T1 | Ti e T 0K
c-axis sP STiON S ~RT thickness | 880-000°Cin |12 MR FZ 0 04
orientation 3 ~1-4 sealed quartz 2 1410x: Treo = ,
TBCCO wn a Jo= 1.5 x 10° Alem? (77 K)
TI-Ba-Ca-Cu-O Il?ocki ng curve width: 0.32°,
system PC 0.2 annedl in TI:Ba,CayCuz0g: Teo = 102 K,
c-axis P (120) Moo RT thickness: O,0r air, Jo = 10° Alen? (90 K), 9%
orientation s =0.2-1.0 ym 800-880°C [ TI,BaxCayCusO: Teo = 116 K,
J. = 10° Alem? (100 K)
PC TIQB&Cal(:Usz: TR:O =102 K
i anneal in O,/ TI, | J.=1.2x10° AJem? (77 K),
e (100) MgO 200 06 ~850-900°C  |T1,BaCaCusOx Tro= 117 K,| 220
T|zBaQC33CU40x: Treo= 113K
T M | 20K oty
Tl-BaCa-Cu-O| PC LaAlO3 535-565 450 A/hr geL c= : 99
system MSP NdGa03 Ba,CaCu,0;, IO Treo= 40K,
vapor FWHM =0.2-0.5° ,
(cont’d.)
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Table 5.3. (cont’d.) Deposition Methods for Compound Thin Films

Deposition

Deposition Conditions

* a amorphous, PC: polycrystal, SC: single crystal.
** ARE: activated reactive evaporation; CVD: chemical vapor deposition; EB: electron beam; IBS: ion beam sputter; |P: ion plating; LA laser
ablation, MBE: molecular beam epitaxy; M SP: magnetron sputter; P-CVD: plasma-CVD; SP: sputter; VE: vacuum evaporation.

*** T superconducting transition temperature; Tg—y: transition temperatureat R=0.

Materials Structure* Method** Substrate Substrate Temp. Dep. Rate 1S Film Properties’ Ref.
(0 (nm/hr) '
PC tia? Sg_“ggos"r"‘fh Pb,CUSHH(LN,Ca)Cus05, Pb-
c-axis MSP (100) MgO 550 0.72 gao' Clj OZ 3212 phase, 100
. . .4 3% ~ _~
orientation Ar gas sputter Tc=T75K, Treo =60 K
. . target: PblesrzYo_s PbSrY CaCuO
| oomey | (00D LaAIO: 610 ickness | CavsCusO, Pb-1212 phase 101
< H O,: 300 mtorr Te=90K, Tro= 75 K
PSCCO PC target: Pb,Sr,Cags
Pb-Sr-Ca-Cu-O|  c-axis (ArF ';fd mer) (100) MgO 550 unknown Y 05CU0s Poo(Sr *(ﬁ)i“‘lc%*”o‘”“ 102
system orientation 0,:0.1 Pa -
thickness: Pb, Sr, Eu, Ce, Cu | Pb,CuSry(Eu,Ce),Cu0y (n =
SC MBE (001) SITiOs 650 0.05-0 1' metals, 338), 103
: : ozone: 2x10* Pa Pb-32n2 (n = 3-8) phase
multiple electron- PbSr,CUOs
+Xy
sc MBE (001) LaAIO; =550 unknown | o Sr,g“”_' - Pb-1201 phase, 104
:Sr:Cu = 1:2:1, TS 40K
ozone oxidation ¢
(cont’d.)
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Table 5.3. (cont’d.) Deposition Methods for Compound Thin Films

* a amorphous, PC: polycrystal, SC: single crystal.
** ARE: activated reactive evaporation; CVD: chemical vapor deposition; EB: electron beam; IBS: ion beam sputter; IP: ion plating; LA: laser
ablation, MBE: molecular beam epitaxy; M SP: magnetron sputter; P-CVD: plasma-CVD; SP: sputter; VE: vacuum evaporation.

*** T.: superconducting transition temperature; Tg_: transition temperatureat R=0; J: critical current.

b it Deposition Conditions
. osition ) )
Materials Structure* Megh o+ Substrate Substrate Temp. Dep. Rate ¢ Film Properties*** Ref.
(°C) (Hm/hr)
PC ks f”ma';gﬁegfu = | HgBa:CuO,, Hg-1201 phase,
c-axis MSP (100) SrTiOs RT ICKNess. foz Lo, Treo= 93K 105
) ; 4000 A  |annealedin N, + O,
orientation (19%) 670°C J. = 2x10* A/em? (OT, 80 K)
HgO/BaCaCuO
PC thickness: multilayer, }ngB:TQZ(ig%rj]Zagg "
c-axis LA (100) SITiOs RT 052 um' annealed with Tor = 124K ' 106
orientation . pellet, B R0
750-810° J. = 5%x10* Alcm? (OT, 77 K)
HgO/ReBaCa CuO HgB&,Ca,Cuz0y
HBCCO PC LA thickness: multilayer, Hg-1223 phase,
Hg-Ba-Ca-Cu-O c-axis (KrF (100) SrTiOs RT 500-8000 A annealed with Treo=1275K, 107
system orientation |  excimer) pellet, J. = 1.5x10° A/lcm?
725-800° (0T, 77K)
two target: HgB&,CaCu,0g:«
PC thickness: HgO/BaCaCuO, Hg-1212 phase,
c-axis LA (100) SITiOs RT 0.25 m. annealed with T.=120K, 108
orientation e H pellet, J.> 107 Alem? (0T, 5K),
800°, 1 hr J. = 10° A/en?? (OT, 110 K)
PC In-situ growth, in situ HgB&,CuO,
: ) thickness: target: Hg-1201 phase
orice-natxaltison M (100) STi0s 550 4000 A Hg25B&CuOs 5 c-axis orientation 109
Po,< 0.1 Pa T.= 75K (onset) (cont’d.)
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Table 5.3. (cont’d.) Deposition Methods for Compound Thin Films

* a amorphous, PC: polycrystal, SC: single crystal.
** ARE: activated reactive evaporation; CVD: chemical vapor deposition; EB: electron beam; IBS: ion beam sputter; |P: ion plating; LA: laser
ablation, MBE: molecular beam epitaxy; M SP: magnetron sputter; P-CVD: plasma-CVD; SP: sputter; VE: vacuum evaporation.

*** T superconducting transition temperature; Tg—: transition temperatureat R=0.

» Deposition Conditions
. Deposition d fp—
Materials | Structure* Method®* Substrate Substrate Temp. Dep. Rate Y. Film Properties* Ref.
(°C) (Lm/hr) '
thickness: target: metastable structure, infinite-
(Sr,Nd)CuO, SC MSP (100) SrTiOs 550-600 3000 A ) (Sr,Nd)Cu. 50, layer phase, 110
Ar:0.5Pa c=34A, T.= 16 K (onset)
SrCu0;- new structure,
Ba;Sr,CUsOgix sC LA (100) SITiOs 600 unknown BaCuO,, c=2375A 111
O,: 200 mtorr T, =70 K (onset)
target: BaCaCuO
) metastable structure,
Ba,CasCus- LA thickness: pellet, o c
CO:0s SC (KIF excimer) (001) LaAIOs 625 1500 A 0, + CO; (6%) 20 a-axis orientation, 112
Pa TR:O =60 K
! ) . new structure, C-1201 phase
(Cga (Ciﬂ)o- sc MSP (100) SITiO, 530 th'%(??‘ targﬁ'féggul-gg 35 superconductor, 113
B0 29 c=8.3A, T.=50K (onset)
] . target: BaCuOy, new structure, infinite-layer
BaCuO, SC (KrF It_afci mer) (100) SrTiOs 500-630 th'ﬁé‘?‘ laser: 1 Jem?, phase, 114
02 1x10° torr c=4.08A
' two target:
’ thickness: metastable structure
Stn+1CUOzne1 SC LA (100) SITiO; 500-520 SrCuQ,, Sr, _ ~ ' 115
300400 A NO,: 105 mbar n=>5, T.= 45K (onset)
(cont’d.)
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Table 5.3. (cont’d.) Deposition Methods for Compound Thin Films

* a amorphous, PC: polycrystal, SC: singlecrystal.
** ARE: activated reactive evaporation; CVD: chemical vapor deposition; EB: electron beam; IBS: ion beam sputter; |P: ion plating; LA: laser
ablation, MBE: molecular beam epitaxy; M SP: magnetron sputter; P-CVD: plasma-CVD; SP: sputter; VE: vacuum evaporation.

*** T, superconducting transitiontemperature; p: resistivity; MR: magnetoresistance; M: magneti zation; FWHM : full width, half maximum.

D " Deposition Conditions
Materials Structure* epos 'f)*n Substrate Substrate Temp. Dep. Rate . Film Properties*** Ref.
Method - Misc.
(°C) (pm/hr)
flux ratio:
new structure, 214 phase
(oo1) Ba 0.6 BaCu ~3:2, S ’
Ba,CuO, sC EB SO, 575-625 Cu 0.07 Oy + 03 (5-10%) . f;olé'eoﬁsa 116
= 6x10° torr € ( )
) . . a=839A,
(ma':;g‘; © PC P s 500 sy r;f‘jttt';?:; p=35mQ cm (RT), 117
MR =1.7% (0.5T, RT)
thickness: source: TE\;a?MO—_:a%S;C
CrO, SC CVvD (100) TiO, 390-450 500 A - CrOs; powder, M = 650 emzl/cc (éK) 118
1.2um 280°C, O, flow B . !
2 pg/Crion
thickness: target: Ndo7 - 113 structure,
Ndo.7StoaMnO, sC LA (100) LaAIO; 700 2000-3000 A Sr0sMNOsy, o/a, = 1700 (70K, 6T), 119
N,O: 300 mtorr memory effect
5 (Laos7Ca.:)MNnOs.,
f thickness: | laser pulse: 3 Jem 113 structure,
(LaCaMnOs,y | SC LA (100) STiGs 700 1000 A o 300 morr | MR = 1400056 @©T140K), | 0
Te = 140204 K
. Lap.2xCay M N0
PC (001) ) . Ar sputtering, Sooh
La,CayMn,0; aaxis MSP MgO 700750 152&;&% A cooling in 10 torr ﬁ&fgﬁ;{: ?l? lc;o3mKa|)n 121
orientation SITiO; O, T 140K
(cont’d.)
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Table 5.3. (cont’d.) Deposition Methods for Compound Thin Films

Deposition Conditions
. Deposition Substrate i jesk**
Materials Structure* Method* * Substrate Temp. Dep. Rate Mish Film Properties’ Ref.
. (nmvhr)
Q)
PC - . . 327 structure, Te = 120K,
Las)MnO; | cais | ';?d meny | (100) STTiO; >900 tggég‘? targgz Lj‘iég %ﬂzo? MR = 99.25 % (80K, 12T), | 122
orientation M =2 pg/Mnion (5K)
crucible: Bi: Ta Bi>Sr2C00e:y: insulator (Ea =
o (001) MgO Sr: PBN 0.2eV),
Bi-Sr-Co-0 s MBE Nd:YAIOs 640-800 | unkpaviy Co: MgO/PEN, Bi,Sr:C0.00c metdllic | 123
ozone (98%) behavior
. . laser pulse: FWHM =0.5-0.8°,
LeosS0:C00a | SC | e ';fci meny | (00D STiO; 650 thlcl‘”? 2.0 Yo, MR=16%(0.2T, 81K), | 124
=iH Oy 1-10°® mbar p = 250 Qcm (81 K)
(001) . . . ferromagnetic (T, > 400 K),
SFeMoOs S o e (111) 900 thl'g'(‘)g? terge S{g‘?}"o‘r’?' M =2-25ugffu. (5K), | 125
SITiOs 2 MR =20% (7 T, 5K)
LA thickness: target: LaFeO; and ordered strucutre (1/1 unit),
LaFeCrOs SC : (111) SITiOs unknown LaCrOs, ferromagnetic (T, = 375 K), [ 126
(ArF excimer) 600-1100A unit-by-unit M=2pg/TM ion
PC multitarget M =450 emu/cc (RT),
PtMnSh aaxis MSP (100) MgO 500 50 A/min | Pt (9W), Mn (24W), Sb dot patterning 127
orientation (21w) perpendicular magnetization
NiMnSb PC SP (0(%]31?%0 150-300 1.4 A/min | target: Ni:Mn:Sb=1:1:1 in-situ x-ray scattering 128

* a amorphous, PC: polycrystal, SC: single crystal.
** ARE: activated reactive evaporation; CVD: chemical vapor deposition; EB: electron beam; IBS: ion beam sputter; IP: ion plating; LA: laser
ablation, MBE: molecular beam epitaxy; M SP: magnetron sputter; P-CVD: plasma-CVD; SP: sputter; VE: vacuum evaporation.
*** T, superconducting transition temperature; p: resistivity; MR: magnetoresistance; M: magnetization; FWHM: full width, half maximum.
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Thin Film Materials Technology

Table5.4. Sputtering Targets for Electronics (Mitsubishi Materials)

Function Composition Purity
Cu 6N
Ni AN
Al, Al-Si 5N
Al-Cu-Ti 5N
Al-Si-Cu 5N
W-Si 5N
Mo-S 5N
Targets for Conductors TS EN
Ni-Si 4N
Ti AN5 ~ 6N
Ti-W 5N
W, Mo 5N
Ru 5N
Co 5N
. . Au, Au Alloy AN
Targets for Reflective Films Ag, Ag Alloy IN
Targets for Transparent Conductive Films ITO -
Targets for Wear-Resistance SIAION -
ZnS system
EL (Electroluminescence) Targets CaS system -
SIS system
PDP (Plasma Display) Targets MgO 3N
. B doped S
Semiconductor Targets P doped S
BaSITiO
BaTiO SN
Dielectric Targets SITiO 5N
PbZrTiO
PbLazITiO AN
Co-Cr-Ta 3N
. Co-Cr-Pt 3N
Targets for Magnetic Records CoPLt o aN
Fe-Co, Ni-Fe 3N
Te-Ge-Sb IN
Targets for Optical Records Te, Se, Sb AN
(Chal cogen-type targets) Sb-Se, Bi-Te AN
In-Ag-Sbh-Te 4N
Th-Fe-Co 3N
Targets for Magneto-optical Records TbhFeCoCr 3N
(Rare-earth-metal/transition-metal type targets) Gd-Fe-Co 3N
Dy-Fe-Co 3N
Superconductive Targets BaY-Cu-O 3N
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Deposition of Compound Thin Films 219

Several attempts have been made to provide a more controlled
deposition environment for the thin-film growth process. Irradiation with
charged particlesduring film growth isone of the most promising methods
to achieveclosecontrol of film growth. Diamond crystallitescan beformed
by ion-beam sputtering from agraphite target under irradiation of aproton
beam onto the film-growth surface.[’3% The irradiation may cause (1)
heating of the surface of the thin filmsand/or substrate, (2) rearrangement
of adatoms, (3) recrystallization, (4) a change in the level of defects or
vacancies, and (5) a chemical reaction between irradiated particles and
adatoms. The effects of irradiation are estimated by calculating collisions
between the irradiated particles and adatoms using the three-dimensional
Monte Carlo cascade code for sputtering (TRIM SP).[131-132]

For specific applications, the electric, physical, chemical, me-
chanical, and/or optical properties of thin films are evaluated. Further,
evaluation of the short-term and long-term stability of the deposition
process and the resultant sputtered film properties hel ps our understanding
of their use in practice. Examples of the sputtering deposition of thin
compound films are described in this chapter. The examples are mostly
laboratory scale for making new materials.

The sputtering process uses different growth conditions for the
metallization of Si ICsand the high-rate coating of largewindow glassthan
for new materials. The growth rate for new materialsis not as high, since
alower rate is necessary for the growth of high-quality crystals.

5.1 OXIDES

5.1.1 ZnO Thin Films

Zinc oxide (ZnO) single crystals show a wurtzite hexagonal
structure (Fig. 5.2). These ZnO crystals are known as piezoel ectric mate-
rials with a large electromechanical coupling factor and a low dielectric
constant.[23% Typical physical properties of ZnO are listed in Table 5.5.

Owing to these excellent piezoelectric properties, thin films of
ZnO are used for making ultrasonic transducersin high-frequency regions.
In the past fifteen years, many workers have investigated fabrication
processes for ZnO, including sputter deposition, chemical vapor deposi-
tion,[134 and ion plating.[*3% Among these processes, sputter deposition is
the most popular for ZnO thin-film deposition.
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Figure5.2. Crystal structure of ZnO single crystal.

Table 5.5. Physical Properties of ZnO Single Crystal

Crystal System Wourtzite (6 mm)
Space group P6; mc
L attice constant a=3.24265A, c=5.1948 A
Sublimation point 1975+ 25°C
Hardness 4 moh
Dielectric constants €% = 8.55, £%3 = 10.20 x 10 ™ F/m
Density 5.665 x 10° kg/m®

Thermal expansion coefficient | oy = 4.0, 53 = 2.1 (x10%/°C)

Optical transparency 0.4-2.5 um

Refractive index no = 1.9985, n. = 2.0147 (A = 6328 A)

Electrooptic constant ras= 2.6, ri3= 1.4 (x102 m/V, A = 6328A )
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5.1.1.1 Deposition of ZnO

Polycrystallinethinfilms. PolycrystallineZnOthinfilmswithac-
axis orientation are among the most popular piezoelectric thin films. A
typical sputtering system for the deposition of c-axis-oriented ZnO films
isshowninFig. 5.3. Thebasic system consists of aplanar diode sputtering
device. Zinc metal or ZnO ceramic is used as the cathode (target).
Sputtering is done with a mixed gas of Ar and O,. A dc high voltage is
suppliedfor theZnmetal or ZnO ceramictarget. Theelectrical conductivity
of the ZnO ceramic target should be higher than 10° mho in order to keep
the dc glow discharge between the el ectrodes. When rf high voltageisused
for sputtering (i.e., rf-diode sputtering), a high-resistance ZnO target can
be used.

The ZnO ceramic target for rf sputtering is prepared as follows:
First, ZnO powder (purity > 99.3%) is sintered in air at 800 to 850°C for
one hour. The sintered powder isthen pressed at about 100 kg/cm? into the
form of thetarget (typically adisk) andisfinally sintered at 930°C for two
hours. The resultant ZnO ceramic is not completely sintered until the
ceramic is mechanically shaped into the final form of the target. The
high-conductivity ZnO ceramic for dc sputtering is made by sintering the
ZnO at a higher temperature of around 1300°C.

Polycrystalline ZnO filmswith a c-axis orientation are commonly
deposited on aglass substrate by dc or rf sputtering when the temperature
of the substrate is kept at 100 to 200°C. Figure 5.4 shows their reflection
electron diffraction (RED) patternsand atypical cross section observed by
SEM. Thec-axis-oriented filmsconsist of aso-calledfiber structureandthe
c-axisis oriented normally to the substrate plane.
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Figure5.3. Typical sputtering systems for the deposition of ZnO thin films.
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In general, the c-axis orientation is frequently observed in these
deposited films. Thisisreasonably well understood sincethe ¢ plane of the
ZnO crystallites corresponds to the densest packed plane, and the growth
mechanism of the sputtered ZnO thin Bravais empirical law for crysta
growth will govern films.

@ (b)

43

Znd film

X

Substrate

(©)

Figureb5.4. (a) Surface structure, (b) RED pattern, and (c) SEM image of ZnO film of
c-axis orientation, 2 um thick, prepared on a glass substrate.
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Thereflection electron diffraction patterns of ZnO films of differ-
ent film thickness on glass substrates are shown in Fig. 5.5.[13€¢ The (002)
orientationisclearly observedfor filmthicknessesof morethan 500A. The
angular spread of (002) arcs decreases with thickness. The typical half-
angular spread waswithin 7.5-9 degreesfor films 0.5-10.0 um thick. The
mean inclination of the c-axis from the substrate normal was within 3
degrees. Thelatticeconstant ¢, of thefilmis5.23t05.24 A. Thec, isdlightly
longer than the bulk single-crystal value (c, = 5.2066 A, a, = 3.2497 A).

Figure 5.5. Typical electron diffraction patterns of sputtered ZnO thin films on glass
substrates for various film thickness: (a) 500 A, (b) 930 A, (c) 10,600 A.


http://cuuduongthancong.com?src=pdf
https://fb.com/tailieudientucntt

224  ThinFilmMaterialsTechnology

Sputtering parameter s. Detailed studiesof ZnOthin-filmgrowth
suggest that the structure of sputtered ZnO films depends on various
sputtering parametersincluding deposition rate, substratetemperature, gas
pressure and composition, residual gas, and target composition. In some
cases, the growth of ZnO films does not obey Bravais' empirical law and
does not show a c-axis orientation.

Deposition rate and substrate temperature. The deposition
rate and the substrate temperature will drastically influence the crystal
structure of deposited films. Figure 5.6 shows the optimum conditionsfor
the deposition of c-axis-oriented films by various sputtering systems.[237]
It shows that the optimum condition of the substrate temperatureis 100 to
200°C for a deposition rate below 1 pm/hr with the rf-diode sputtering
system. In the magnetron sputtering system, the optimum condition shifts
toahigher substratetemperaturewith ahigher depositionrate; typically
the substrate temperature is 300 to 400°C and the deposition rateis1to 5
pm/h.[237

A high deposition rate with alow substrate temperature and/or a
low deposition rate with a high substrate temperature frequently cause
mixed orientation of the c-axis and the a-axisin sputtered films. A typical
RED pattern of aZnO film with mixed orientation is shown in Fig. 5.7.
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Figure5.6. Optimum sputtering conditions for the deposition of c-axis-oriented filmon a
glass substrate for various sputtering systems.
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Figure5.7. Electron diffraction pattern of ZnO thin film showing mixed orientation.

Sputtering gas composition and gas pressure. Westwood
reported that an optimum partial oxygen pressure existed in the mixed gas
of (Ar + O,) for making c-axis-oriented ZnO films.[*38 The optimum
content of O, was reported to be 67% at atotal sputtering gas pressure of
3.5 x 102 torr. The optimum oxygen pressure suggests that favorable
oxidization at the surface of the cathode target and/or deposited filmis
necessary for obtaining c-axis-oriented ZnOfilms. When the sputtering gas
pressureis reduced below 1 x 1073 torr, adifferent feature is observed.[13
The c-axis orientation is suppressed.

Table 5.6 showsthe crystallographic orientation for different gas
pressures. Two types of orientation are observed. One is the c-axis
orientation (normal orientation, ¢-). The other isthe c-axis parallel to the
substrate (parallel orientation, ¢;); inthiscase, either the1100br [100L&xis
is normal to the film surface. Figure 5.8 gives a composite plot of the
crystallographic orientation, substrate temperature, and deposition ratefor
ZnO sputtered films at low gas pressure (1 x 107 torr), showing that the
parallel orientation is predominant. In contrast, the normal orientation is
predominant at high gas pressures (greater than 3 x 10 torr).
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The crystalline properties of the resultant films are influenced by
the degree of oxidation of both the surface of thetarget and thefilm during
deposition. The degree of oxidation at the film surface increases with
increasing substrate temperature. Under low oxygen partial pressure, a
high substrate temperature is necessary for obtaining a favorable oxida-
tion. Figure 5.9 showsthe optimum sputtering conditionsfor deposition of
c-axis-oriented films at various gas pressures and substrate temperatures.
It stands to reason that lowering the gas pressure shifts the optimum
substrate temperature to higher values.

Table 5.6. Crystallographic Orientation of ZnO Thin Films for Different
Sputtering Gas Pressure

Sape | Sptig | S| RN | | SO
No. Pressure o (um) . .
(10° torr) (°C) (um/h) Orientation
1-0 1 40 0.03 0.1 Co
1-1 1 40 0.1 0.25 Co
1-2 1 40 0.12 0.36 Co Gy
1-3 1 150 0.1 0.3 G
1-4 1 150 0.7 0.3 G
15 1 200 0.7 0.3 q
1-6 1 270 0.07 0.2 q
1-7 1 270 0.6 0.3 G
1-8 5 200 0.2 0.1 C
1-9 30 100 0.15 0.15 Co
1-10 30 200 0.15 0.15 Co
1-11 60 200 0.2 0.2 Co
1-12 100 200 0.15 0.15 Co

*Al +0,, 50% O,
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Figure5.8. Variationof crystallographicorientationfor ZnOthinfilmswith depositionrate
and substrate temperature sputtered in low gas pressure (1 x 103 torr).
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Target composition and Purity. A sintered ZnO target is more
suitablefor c-axis-oriented filmsthan aZn metal target. Foster pointed out
that the presence of organic vapor, such as methane, in the sputtering
atmospherereduced the growth of c-axisorientation and induced thea-axis
orientation.[140

Itisalsointeresting to notethat the addition of foreign atoms, such
as aluminum copper, during film growth changes the crystallographic
orientation of the sputtered films. Table 5.7 indicatesthetypical change of
orientation with aluminum and copper. The proportions of aluminum and
copper were determined by chemical analyses. Typical photographs
(electron micrographs) and reflection electron diffraction patterns are
shownin Fig. 5.10. Theresults are summarized as follows: the addition of
aluminum enhancesthe growth of parallel orientation (c-axisparallel tothe
film surface, c”), and the increase of aluminum results in an increase of
parallel orientation intensity. For a favorable amount of aluminum, the
normal orientation (c-axis normal to the film surface, c) disappears and
the parallel orientation remains.

Tableb5.7. Crystallographic Orientation of ZnO Thin Filmswith Admixed
Foreign Atoms

Total  [Contents of .
Sample| Sputtering | Foreign SubelfaRy | Condensation Thickness Crystal'-
» Temperature Rate lographic
No. | Pressure Metals °0) (umv/h) (nm) Orientation
(103torr) | (at. %) K

2-0 3 Co
2-1 1 6 (Al) 40 0.1 0.3 C
2-2 - C”
2-3 0.1 (Al) Cj
2-4 1.3 (Al Cj

1 200 12 0.6
2-5 6 (Al) C”
2-6 - Co
2-7 0.04 (Al) Cgt+ G
2-8 30 5 (Al 200 0.075 0.15 o
2-9 - C”
2-10 0.013 (Cu) o

1 200 0.9 0.45
2-11 0.5 (Cu) Cotg

*Al +0,, 50% O,
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(a )¢

Figure5.10. Electron micrographs of ZnO thin filmsof 0.3 um thick with admixed foreign
atoms: (a) with Al of 6 atm.%, (b) with Cu of 0.5 atm%.

Copper has the opposite effect on crystallographic orientation. It
enhances the normal orientation. The enhancement of the normal c-axis
orientation is observed for Mn (not shown).

Electrode configuration and substrate position. The electrode
configuration of the sputtering system also affects the crystallographic
orientation. Twotypesof rf sputtering systemsareshowninFig. 5.11. One
is a conventional planar electrode system, Fig. 5.11a, and the other is a
hemispherical electrode system, Fig. 5.11b. Theglasssubstratesareplaced
on a substrate holder behind the anode. Thin films of ZnO with a c-axis
orientation are deposited under the conditionsshowninFig. 5.6. However,
the configuration affects the degree of the crystalline orientation.

Figure5.12 showstypical x-ray diffraction patternsfrom ZnO thin
films on glass substrates prepared by the two sputtering systems. It shows
that ZnO thin films prepared by the planar system at substrate position “ 1”
exhibit very poor c-axis orientation.
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Figure5.11. Electrodeconfiguration of two sputtering experiments: (&) conventional planar
system and (b) hemispherical system.
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Figure5.12. X-ray diffraction patterns from ZnO thin films on glass substrates prepared
by (a) planar system and (b) by hemispherical system.
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Thedegree of c-axisorientation of thefilm prepared at position*“ 2"
increasessomewhat but (100) and (101) peaksstill remaininthediffraction
pattern. Such variation of c-axis orientation with the substrate position is
also observed in dc-sputtered ZnO thin films.**Y In addition, it has been
foundthat thedegreeof thec-axisorientationisstrongly affected by aslight
change of sputtering conditions. On the other hand, thin films prepared by
the hemispherical system normally exhibit excellent c-axis orientation
regardless of the substrate position as shown in Fig. 5.11b. From the x-ray
rocking-curve analysis, the standard deviation of c-axis orientation is
found to be less than 3 degrees for ZnO thin films prepared by the
hemispherical system. In thissystem, the distribution of incident angles of
the sputtered particles at the substrate surface is considered to be much
narrower than in the planar system. This probably causes formation of a
beam-like flow of sputtered particles, including Zn atoms, onto the
substrate, resulting in the growth of highly oriented ZnO thin films. The
reduction of highly energetic sputtered particles (i.e., O ions and/or O
atoms from the ZnO cathode) is considered a geometrical effect.[14d The
irradiation effects of the highly energetic O ions and/or O atoms are
reduced during the reactive sputtering using the metal Zn cathode.

Sincethehemispherical system showsuniformity infilmthickness
and crystal orientation, it is useful for the production of ZnO thin films.
Figure 5.13 showsthe construction of an rf sputtering system designed for
production. Inthissystem, diametersof theZnO target and substrate hol der
(anode) are 70 mm and 220 mm, respectively. Sixty substrate wafers of 25
mm sguare can be loaded on the substrate holder. The holder isrotated for
further improvement in uniformity of film thickness. The sputtering is
controlled to flow uniformly at the whole target surface, so the variation
inasingle wafer (hy - h,)/hy is simply given by the relationship
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Figureb5.13. Schematic diagram of the hemispherical sputtering system for ZnO thin film
deposition.
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- 3
Eq. (5.1) % = EEEEZ

where hy is the thickness at the center of the wafer, h, is the thickness at
distance r from the center of the wafer, and L is the space between the
wafer and the target center. Taking, L = 11 mm, and r = 12.5 mm, the
maximum thicknessvariation in thewafer is+1%. Thethicknessvariation
between different substrate wafersis less than 1%, which is governed by
the geometrical accuracy of the electrode system. A laser interference
device monitors the thickness of the ZnO thin films during deposition. A
photograph of the sputtering chamber with the ZnO target is shown in
Fig.5.14.

lon plating, cluster ion-beam deposition, and chemical vapor
deposition are also used for the deposition of ZnO thin films. The
differencein the growth mechanism of ZnO thin filmsin these deposition
processesisnot yet well understood. However, itisvery interesting that the
ion plating process shows nearly the same optimum condition as the
sputtering process in growth rate and substrate temperature indicated in
Fig. 5.9.1%%! This suggeststhat the growth mechanism of ZnO thinfilmsin
ion plating resembles that of the sputtering process. Recent experiments

Figure5.14. Photograph of the sputtering chamber of the hemispherical systemwith ZnO
target.
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suggest that the ECR (el ectron cyclotron resonance) plasma CV D process
can also be applied to the deposition of c-axis-oriented ZnO thin films.[143]

Singlecrystal films. Twotypesof piezoelectricZnO single-crystal
films are epitaxialy grown on sapphire single-crystal substrates by rf
sputtering.[144 Epitaxial relations between these ZnO thin films and the
sapphire (Al,O3) substrates are determined as follows:

(0001)ZnO//(0001)Al 05, (1120)Zn0O//(1010)Al 04
Eqg. (5.2)
(1120)Zn0//(0112)Al,05, (0001)ZnO//(0111)AlL0,

A ZnOtarget isused for the sputter deposition of epitaxial filmsas
well as the deposition of polycrystalline films. The key sputtering param-
eters for making epitaxial films are the deposition rate and the substrate
temperature. Figure5.15 showstypical variationsof their crystal properties
with the sputtering conditions. Epitaxial single-crystal films are grown at
substratetemperaturesof 400to 600°C. Typical el ectron micrographswith
electron diffraction patterns for these ZnO films are shown in Fig. 5.16.
The epitaxial filmsare very smooth and no textureisobserved. Thelattice
constant ¢, of the film on (0001) sapphireis’5.210 A and a, of thefilmon
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Figure 5.15. Crystalline structures of ZnO films sputtered at various conditions.
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Figure 5.16. Electron micrographs and electron diffraction patterns of ZnO films on
sapphire sputtered at a substrate temperature of 600°C with various deposition rates. The
orientation of the sapphire substrates and deposition rates are (a) (0001) and 0.2 pm/h, (b)
(0112) and 0.2 um/h, (c) (0001) and 0.4 pm/h, and (d) (0112) and 0.44 um/h.

(0112) sapphireis3.264 A. Thec, of thefilmisalmost equal to the standard
(+0.065%), but a, isgreater than the standard (+0.44%). This phenomenon
can be explained by stress resulting from the difference in thermal
expansion characteristics of films and substrates. The thermal expansion
coefficients across the c-axis for ZnO and sapphire show almost the same
values: 5.5 ppm/°C for ZnO and 5.42 ppm/°C for sapphire; thereforelittle
stress is induced through cooling down after deposition for the (0001)/
Zn0O/(0001)Al,O4 structure, wherethe c-axis of both ZnO and sapphireare
perpendicular to the surface. On the other hand, the thermal expansion
coefficient along the c-axis for ZnO is considerably smaller than that of
sapphire; ZnO shows 3.8 ppm/°C and sapphire shows 6.58 ppm/°C. In the
(1120)Zn0O/(0112)Al;04 structure, the c-axis of ZnO is parallel to the
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surface, and that of sapphireisnearly parallel to the surface. Thissuggests
that the compressive stress parallel to the surfaceislikely to be presentin
the film after deposition.

Theelectrical resistivity of these epitaxial ZnO thinfilmsisaslow
as 107 to 10° Qcm. Strong piezoelectric properties with high electrical
resistivity are observed when the sputter deposition is conducted from Li-
doped ZnO targets. TheLi-doped ZnO targets are prepared by the addition
of Li,CO4before sintering ZnO to alevel of 0.5 to 2%. As-sputtered ZnO
thin films doped with Li show resistivities of 10° to 10* Qcm. Resistivity
increasesby two ordersin magnitude after postannealinginair at 600°C for
thirty minutes. Figure 5.17 shows the variation of resistivity with the
concentration of Li,O5 in the target.

The surface flatness of these epitaxial films strongly depends on
the growth temperature. Lowering the growth temperature results in a
smooth surface. Detailed studies of epitaxial growth of ZnO single-crystal
films by sputtering suggest that rf-magnetron sputtering allows a decrease
in the growth temperature and improves the surface smoothness of the
epitaxial ZnOthinfilms. Typical sputtering conditionsfor ZnO singlefilms
arelisted in Table 5.8. The growth temperature of ZnO singlecrystal films
in magnetron sputtering is as low as 200°C.[*31 The most popular tech-
nique for preparing single-crystal ZnO thin films is sputtering, although
chemical vapor is also used.!*8! |n chemical-vapor deposition, oxidation
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Figure5.17. Variation of theresistivity of the sputtered ZnO thin filmswith concentration
of Li,CO;inthesputtering target.
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Table 5.8. Typical Sputtering Conditions for the Preparation of ZnO
Single Crystal Films

RF-diode system RF-magnetron system
Target dimension 30 mm ¢ 85 mm ¢
Target-substrate spacing 25 mm 50 mm
Sputtering gas Ar+ 0, (1:1) Ar+ 0, (1:1)
Gas pressure 6.7 Pa 0.67-1.3 Pa
RF power 1-10W 25-200 W
Substrate temperature 400-600°C 180-480°C
Growth rate 0.04-0.5 um/h 0.1-2.2 um/h

of Zn vapor or of zinc oxides or zinc halides is used for the reaction. The
epitaxial temperatureisaround 650° to 850°C. Thetemperatureislowered
in plasma-enhanced chemical depositions. The resistivity of the epitaxial
films is then as low as 1 Qcm. The crystal properties and their surface
smoothness are improved by the deposition of athin ZnO sputtered layer
on the substrate as a buffer layer.[*47]

5.1.1.2 Electrical Propertiesand Applications

L ongitudinal/shear mode couplings. The piezoelectric proper-
ties of ZnO thin films are evaluated by measuring the frequency depen-
dence of electrical admittancein aZnO film transducer. The construction
of the ZnO thin-film transducer and typical characteristics are shown in
Fig. 5.18. The transducer is composed of the c-axis-ariented ZnO film of
about 5-pum thickness sputtered onto the end of afused-quartz rod (15 mm
long and 5 mm in diameter), which is precoated with a thin Cr/Al base
electrode. A counterelectrode of gold thin film (1 mm in diameter, 0.2 um
thick) is deposited in a vacuum onto the ZnO thin film.

The phase velocity of the bulk acoustic wave of the longitudinal-
mode is calculated from the relationship v, = 2f,d, wheref, isafrequency
at the resonance, and d is the ZnO film thickness. The longitudinal-mode
electromechanical coupling factor k; iscal culated from admittance charac-
teristics using the equation
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Figure 5.18. Frequency dependence of the admittance characteristics of a sputtered ZnO
thin film transducer. ZnO film thickness, about 5 mm.

_ TG, X 4y
Eq. (5.3) K = 4z

where G, is the conductance above the background at antiresonance, and
Xc is the transducer capacitive reactance, also at the antiresonant fre-
quency.!*® The acoustic impedance of the fused quartz propagation
medium and ZnO transducer material are, respectively, Z,, = 1.58 x 10" kg/
m?sec, and Z; = 3.64 x 107 kg/m?sec. The admittanceis measured by using
anetwork analyzer. The results show that the coupling factors, k;, for thin
filmswith c-axis orientation isk; = 0.23 to 0.24. These coupling factorsare
85% to 88% of the bulk single-crystal value. The relation in Eq. (5.3)
neglects the effect of the metallic electrodes.

The effect of the electrodes should be included for precise evalu-
ation of k,.[*4% The shear-mode coupling of ZnO thin filmsis eval uated by
measuring the frequency dependence of electrical admittance in a ZnO
thin-film transducer, which is composed of a ZnO thin film with parallel
orientation.

Thin films of ZnO with parallel orientation are prepared by the
addition of aluminum during sputtering.[*>% Figure 5.19 shows a typical
frequency response of thiskind of transducer measured at unmatched and
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Figure5.19. Frequency response of atwo port, ZnO thin-film, acoustic element with
parallel orientation.

untuned conditions. Two peaks, (A) and (B) in Fig. 5.19, are observed.
Peak (A) isaresonance point, which correspondsto the excitation of shear-
mode el astic waves. Peak (B) may bethethird higher overtone of peak (A).

Piezoel ectric ZnOthinfilmsareused asbulk acousticwave (BAW)
resonators similar to quartz crystals. A typical structure is shown in Fig.
5.20.051 The basic structure of the ZnO BAW resonator comprises a
sandwich structure: top-electrode/ZnO/base-electrode. An air gap is in-
serted between the piezoel ectric thin films and the substrates to reduce the
acoustic load of the substrates as shown in Fig. 5.20a. The fundamental
resonant frequency, f,, is expressed by f, = v/2d (half-wavelength mode),
wherev denotesthe longitudinal sound velocity inZnOthinfilmsand dis
the ZnO film thickness. Taking d = 1 pm, and v = 6000 m/s, f, becomes 3
GHz. Inthe quarter-wavel ength mode, the resonant frequency becomes
6 GHz for d = 1 pm. These thin-film resonators are promising for usein a
very high frequency range of 0.5 to about 10 GHz. Several designs of the
resonator are proposed to make solidly mounted resonatorswithout the air
gap, as shown in Fig. 5.20b. Figure 5.21 shows the solidly mounted ZnO
thin-film resonators.[15 The resonator has an acoustic reflector of multi-
layersof ZnO and SiO, between piezoel ectric ZnOfilmsand the substrates.
The multilayers reduce the acoustic load of substrates to the piezoelectric
ZnO films. Electrical-mechanical coupling of ZnO depends on the crystal
axis. Thea-axis-oriented, ZnO thinfilms, epitaxially grown on R-sapphire
are used for the fabrication of shear-mode BAW resonators for higher
coupling devices.
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Another interesting application of ZnO thin-film transducersisan
ultrasonic microscope in which the seminal work has been done by
Quate.[*53 Figure5.22 showsthe construction of the ultrasonic microscope
developed by Chubachi.[1> The thin-film transducer easily generates an
ultrasonic beam onto the small test sample in aliquid medium.
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Figure 5.20. Typical constructions of thin film BAW resonators: (a) thin film resonators
with air gap, (b) solidly mounted resonatorswith reflectors.[152
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Figure 5.21. Two configurations of solidly mounted thin film BAW resonators: (a) A/2
mode, (b) A/4 mode.[15]
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Figure 5.22. Construction of thin film ultrasonic microscope.[154

Surface acoustic wave (SAW) properties. Many workers have
investigated the surface acousticwave (SAW) propertiesof ZnOthinfilms,
sincethey are promising materials for making SAW devicesfor consumer
€l ectronics, communi cation systems, dataprocessing systems, and acousto-
optic devices.['%® Thin-film SAW devices are essentially composed of a
layered structure: substrates over-coated by thin piezoelectric ZnO films.
Surface acoustic wave properties, which include phase velocity, electro-
mechanical coupling, and propagation |oss, are governed by the thickness
of theZnO films, the wavelength of the SAW, and the materials’ constants
of the ZnO and the substrates.

Asshown in Fig. 5.23, there are four types of electrode configu-
rations for the excitation of SAWSsin alayered structure in which c-axis-
oriented ZnO films are deposited on aglass substrate, and epitaxial single-
crystal ZnO thin films are grown on a single-crystal substrate.

COUNTER ELECTRODE
ZnO FILM
o7

I

/suasmns

Figure5.23. Four different configurations of interdigital transducers for the excitation of
surface acoustical waves.
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Figure 5.24 shows the cal culated values of the phase velocity and
electromechanical coupling, k? = 2Av/v for alayered structure, wherev is
thevavevelocity with an el ectroded surfaceandAvisthechangeinvel ocity
produced by removing the electrode. The effective coupling, k?, varies
withtheZnO film thicknessto wavelengthratio (h/A). Thevariations show
adouble-peaked character for the ZnO/glass structure where thefirst peak
isat h/A 00.02-0.03 and the second peak at h/A [10.5.115¢

The phase velocity of the SAWSs propagating on the layered
structure mainly depends on the acoustic properties of the substrate. For
aZnOl/glass structure, the phase vel ocity is approximately 3000 m/s at the
first peak, h/A J0.02-0.03. Under ahigh h/A value (h/A J0.4), the phase
velocity isaround 2700 m/s, which is close to that of bulk ZnO. Note that
high values of k? with high phase velocity are achieved for ZnO single-
crystal films on R-plane sapphire as shown in Fig. 5.25. The maximum
valueof k?isaround 5%, whichismuch higher than bulk ZnO and LiNbO5.
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Figureb5.24.SAW propertiesfor (a) a(ZX) ZnOfilmona(ZY) Al,Oz substrate; (b) a(Y X)
LiNbO;filmona(ZY) Al,O5 substrate; and () a(ZX) ZnOfilmona(ZX) silicon substrate.
(d) The phase velaocities are shown for four combinations of film and substrate.
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Figure 5.25. Calculated values of V, and k? vs h/A for (1120)-Zn0O/(0112) Al,O;
structure.

The thin-film SAW devices are integrated in Si devices. Figure
5.26 showstypical theoretical datafor ZnO/SiO,/Si structure. Thecoupling
factor depends on the conductivity of the Si, Fig. 5.26a. The temperature
variations of the phase velocity are controlled by the thickness of the SiO,
layer as expected, Fig. 5.26b.157]

For ZnO SAW devices on glass substrates, the temperature coef-
ficient of phase velocity, and/or the delay time, depends on the property of
the glass substrate. Figure 5.27 shows the temperature coefficient of delay
time for various substrates. It showsthat afused quartz substrate gives
a small temperature coefficient at high h/A, while borosilicate glass
gives asmall temperature coefficient at small h/A.

The propagation loss for a SAW on a ZnO/glass structure was
measured to be4 dB/cmat 98 MHz for h/A =0.03. Thisvalueisrather large
in comparison with single-crystal materials, but considerably smaller than
that of ceramic materials. Considering the lossvalue, polycrystalline ZnO
filmsare usablefor SAW devices operating at frequencies of up to several
hundred MHz. Low loss value has been achieved for epitaxial ZnO single-
crystal films.
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Figure5.26. SAW properties of ZnO/SiO,/Si (011)1000ayered system at kd, = 0.2. (&)
Thecouplingfactor dependsontheconductivity of the Si. (b) Temperaturevariationsof the
phase velocity are controlled by the thickness of the SiO, layer
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Figure 5.27. Temperature coefficient of delay time in the c-axis-oriented ZnO films for
various glass substrates.
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Table 5.9 summarizes the physical properties of sputtered ZnO
thin films. In ZnO thin-film SAW devices, the SAW coupling factors,
phase velocity, and temperature variations of the phase velocity are
controlled by the selection of substrate materials. Figure 5.28 summarizes
ZnO SAW propertiesfor different substrates. The layered structure shows
athin-film effect. Enhanced couplingisexpectedin ZnO/LiNbO,/sapphire
structures. Zero temperature coefficients with high coupling are obtained
in ZnO/SiO,/LiNbO; structures.[5]

Table 5.9. Properties of ZnO Thin Films

Deposition Deposition See
Method” | Substrate | Temperature| Structure”™ Film Properties ™ Ref.
(Source) (°C) 299

DC-SP (ZnO) | sapphire 75 PC k ~0.25(04-18GHz) | a
RF-MSP (ZnO)| sapphire | 150-300 SC V saw ~ 5300 m/s, Sezawa | b
RF-SP (ZnO) FQ PC s ~0.0025 (hk=1.1) | ¢
RF-SP (ZnO) | sapphire 200 PC k. =~0.2-0.25 d
DC-TSP (znO)| FQ 175 PC s ~ 0.024 e
. V; ~ 12500,
DC-TSP (ZznO)| FQ/SIC 350 PC V gy ~ 7250 /s f
k =~02-0.24
RF-MSP (ZnO)| glass | ~100-200 PC V;=~5900-6900m/s | g
£ =~89
DC-SP _ ks =~ 0.05-0.08
@n, Al) glass | ~100-200 |  PC V=~ 2600-3000m/s | "
DC-SP(ZznO) | FQ | ~180-260 PC k =~ 0.18-0.25 i
CcVvD sapphire | ~ 700-750 PC Kgaw ~ 0.0139 j
RF-MSP (ZznO)| SO, ~ 250-320 PC k
~2.4x10° Qcm
RF-SP (ZnO) | sapphire 600 SC (0001) sapphire I
Uy ~ 2.6-28 cmP/volt-sec
RF-MSP . Vaaw ~ 5160 m/s

(zno, Li) | S¥phire | 400 SC Kq ~ 0.035 m

ECR (zn) FQ | ~200-500 PC Keaw ~ 0.05 b

* SP, diode sputtering; TSP, triode sputtering; HSP, hemispherical sputtering; MSP,
magnetron sputtering; IPion plating, ECR, electron cyclotron resonance sputtering.
** PC, polycrystalline; SC, singlecrystal.
*** k. longitudinal modecoupling; k,, shear modecoupling; k%, SAW effectivecoupling
(=2AVIV); V,, longitudinal mode phase vel ocity; V, shear mode phase velocity; Ve
SAW phasevelocity.
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Figure 5.28. SAW properties for various layered structures.

Surface acoustic wave (SAW) devices. Thin-film SAW devices
are one of the most interesting thin-film electronic components.!*> The
devices include band-pass filters, resonators, voltage-controlled oscilla-
tors, and convolversin frequencies of 10 MHz to the gigahertz range. The
ZnO thin-film SAW video intermediate frequency (VIF) filters for color
TV sets and video tape recorders (VTR) are now widely in produc-
tion.[1581[160]

Figure5.29 showsatypical construction and band-pass character-
istics of ZnO thin-film SAW VIF filters designed for the NTSC (National
Television System Committee) American band. The ZnO thin films are
composed of apolycrystalline structure with ac-axisorientation. They are
deposited on a borosilicate glass substrate using hemispherical rf sputter-
ing. Theinterdigital electrodes are made of evaporated Al thin films. The
thickness of the ZnO is 1.5 ym corresponding to 3% of the SAW
wavelength, which induces strong electromechanical coupling in the
layered structure. These ZnO thin-film SAW filters reduce the number of
electronic components in color TV sets. The layered structure, ZnO on
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borosilicateglass, strongly improvesthetemperaturestability of band-pass
properties due to the suitable selection of borosilicate glass composition.

Single-crystal ZnO thin films, epitaxially grown on sapphire, are
used for making the ZnO thin-film SAW devicesfor the UHF region since
they exhibit asmall propagationloss. Such UHF SAW devicesare used for
various communication systems. The layered structure of ZnO/sapphire
yields high electromechanical coupling with high SAW phase-velocity.
The high phase-vel ocity allows the high-frequency operation of the SAW
devices. Suitable design of a SAW filter makesit possible to operate at a
frequency of 4.4 GHz with aninterdigital transducer (IDT) finger width of
0.5 pm. The frequency response is shown in Fig. 5.30.

Figure 5.29. Typical configuration and frequency response of ZnO thin-film SAW VIF
filtersfor TV sets. F, = 45.75 MHz.
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Figure 5.30. Frequency response of a SAW filter using single-crystal ZnO thin film on
sapphire.
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Single-crystal ZnO thin films are also excellent waveguide mate-
rials for planar guided light, and are useful for making an acousto-optic
Bragg diffractor as shown in Fig. 5.31a.l'%1 High-frequency operation of
SAWSs causes a high diffractive angle. Since the Bragg angle corresponds
to the acoustic frequency, this diffractor works as a spectrum analyzer.
Figure 5.31b shows the typical operation of the diffractor. Each spot is

diffracted light by the acoustic wave of the respective frequency.
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Figureb5.31. (a) Schematicillustration and atypical experiment of an A-O deflector using
ZnOthinfilmonsapphirestructure. (b) Deflected light beam positionsasafunction of input

frequency.
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The semiconductive properties of ZnO thin films are used for
making ZnO/Si heterojunction photo detectors,[162 ZnO/BiO thin-film
varistors,[1%3 and ZnOJ/Pt gas sensors with Schottky structures. Recent
work suggests that magnetron sputtering can produce transparent ZnO
thin films of high-conducting properties. The p-type ZnO, produced by
nitrogen doping, shows the possibility of producing a ZnO blue |aser.!164
Heavy doping of Li into ZnO makes ferroelectric ZnO.[*6% The ZnO thin
films are promising materials for future applications.

5.1.2 Sillenite Thin Films

Crystals of the y-Bi,O5 family, called sillenites, are attractive
materials with strong electro-optical effects, acousto-optical effects, and
piezoelectricity.l'%® The sillenites are generally composed of Bi,O5 and
foreign oxides such as GeO,, SIO,, and PbO; for example, Bi;,GeO,,
(BGO), and Bi;, TiO,, (BTO) are known as sillenites. The crystal proper-
tiesfor BGO are shown in Table 5.10.

Thin films of sillenites are deposited by rf sputtering from a
compound target of sillenites. Bismuth shows the highest vapor pressure
inthecomposition and will exceed 10°° torr when the substrate temperature
ishigher than 450°C. This suggests that stoichiometry will be achieved by
sputtering from a target of stoichiometric composition at a substrate
temperature below 450°C.

Table5.10. Physical Properties of Single-Crystal Bi,,GeO,, are Typical
of Sillenites

Crystal system 23(bcc)

Space group 123

L attice constant a=10.1455 A

Melting point 935°C

Dielectric constant €5, =342 x 10" F/m

Density 9.2 glem®

Refractive index 2.5476

Optical transparency 0.45-7.5 um

Piezoel ectric constant €14= 0.99 C/m?

Acoustic velocity 3.33 x 10° m/s (11 0ongitudinal wave)
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5.1.2.1 Amorphous/PolycrystallineFilms

RF sputtering from a sillenite target makes thin films of sillenites
with an amorphous and/or polycrystalline structure. Figure 5.32 showsthe
construction of the sputtering system. Typical sputtering conditions are
shown in Table 5.11.1%8 The target is made of a ceramic disk with
stoichiometric composition sintered at 800°C for four hoursin air.

HEATER SUBSTRATE
\kNWV\) - HOLDER
SUBSTRATE—E{ZZZZA _ANODE

(o0 a v o am s

“SSHUTTER

TARGET

I

SOLENOID RF-POWER

SUPPLY
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7R V777774 —

AN

=

Figure 5.32. Electrode configuration of the sputtering system for the deposition of
Bi;,GeO g thinfilms.

Table 5.11. Sputtering Conditions for Amorphous Polycrystalline
Sillenite Thin Films

Target dimension 30 mm diameter
Target-substrate spacing 25 mm
Sputtering gas Ar+ 0, (1:1)
Gas pressure 5x107 torr

RF power density =1 W/cm?
Magnetic field 100 G
Substrate temperature 350-550°C
Growth rate = 0.5 um/h
Film thickness 154 um
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Thecrystall ographic structure of sputtered filmsstrongly depends
on the substrate temperature during deposition. In the case of BGO films,
sputtered films show an amorphous phase at substrate temperatures below
150°C. At substrate temperatures of 150° to 350°C, the sputtered films
show a polycrystalline form of a metastable & phase. The & phase shows
aface-centered cubic structure, which does not exhibit piezoel ectricity. At
substrate temperatures above 400°C, they phase appears. Between 350° to
400°C, mixed phasesof dand y appear. Typical reflection electron patterns
and electron micrographs of sputtered BGO films are shown in Fig. 5.33.

The crystallographic properties of other sputtered sillenite films
aregenerally similar tothoseof BGOfilms. Sputtered BLOfilms, however,
show preferential orientation as seen in Fig. 5.34. The direction of the
preferred orientation is the (310) axis, perpendicular to the substrate.
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Figure 5.33. Typical reflection electron diffraction patterns and electron micrographs of
Bi,,GeO, films sputtered onto glass substrates. (a) Film sputtered at about 100°C with
growth rate of 0.25 um/h, amorphous state; (b) film sputtered at 200°C, 0.20 pm/h, fcc
form; (c) film sputtered at 400°C, 0.15 pum/h, bec form.
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Figure 5.34. Typica electron diffraction pattern of Bi,,PbO,q Sputtered onto a glass
substrate.

These sputtered films are semitransparent with a yellow to light
brown color. Figure 5.35a shows typical optical absorption spectra for
sputtered BGO films.[*3 The optical absorption edge for the amorphous
filmsis about 510 um, the d phase is 620 um, and the y phase is 620 pm.
Theabsorption edgefor the sputtered phasefilmsisnearly equal tothebulk
single-crystal value of 450 um.[%8! |n the infrared region, a broad absorp-
tionisobserved at 20 um asshownin Fig. 5.35b. For sputtered phasefilms,
several weak absorptions are superposed on the broad absorption spec-
trum, which rel atesto the characterized | attice vibration of y-phase silleni-
tes.
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Figure5.35. (a) Optical absorption spectrainthevisibleregionfor threetypesof sputtered
Bi;,GeO, films. (b) Infrared transmission spectrafor three types of sputtered Bi;,GeO,,
films.
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5.1.2.2 Single-Crystal Films

Single-crystal films of y-Bi,O5; compounds are epitaxially grown
on single-crystal substrates by rf-diode sputtering.[**! One exampleisthe
BTO thin filmson BGO single-crystal substrates. Table 5.12 shows some
crystal properties of BTO and BGO. The structure BTO/BGO provides a
waveguidefor optical integrated circuitssincetherefractiveindex of BTO
is greater than that of BGO. The small |attice mismatch (=0.3%) between
BTO and BGO leadsto thegrowth of excellent quality, single-crystal BTO
on BGO substrates. These substrates are sliced from a single crystal,
parallel to the (110) plane, and then polished by 0.3-um alumina powder.
Theepitaxial growthiscarried out by therf-diode sputtering system. Since
the epitaxial temperature of y-Bi,O; compound thin filmsisin the range of
400° to 500°C, the reevaporation of Bi from the sputtered films must be
considered stoichiometric. Table 5.13 shows the Bi/Ti atomic ratios,
determined by electron probe microanalysis (EPMA), for films sputtered
at substrate temperatures of 400° and 500°C from three different targets. It
shows that the compositions of the films sputtered at 400°C are almost
equal to that of the respective targets. Films sputtered at 500°C show a
remarkable decrease of the Bi/Ti atomic ratio due to the reevaporation of
Bi. Their crystalline structures for various substrate temperatures are
summarized in Fig. 5.36. Single-crystalline y-phase films are epitaxially
grown from the stoi chiometric target at 400° to 450°C. From the Bi-rich target
(9Bi,05°TiO,), y-phase films are obtained at temperatures above 450°C.
From the Ti-rich target (4Bi,O5TiO,), mixed phases of the y phase and
Bi,Ti;0, appear. Similar mixed phases are also observed in the sputtered
films from stoichiometric targets at substrate temperatures above 500°C.

Single-crystal filmsobtained from stoichiometric targetsaretrans-
parent with a smooth surface, as shown in Fig. 5.37. The films act as
waveguides. Figure 5.38 shows a guided beam of He-Ne laser light (6328
A), whichisfedintothefilm by arutileprism. Thefilmthicknessis2.4 um
and the waveguide mode is TE,,.

Table 5.12. Properties of Bi,TiO,, and Bi;,GeO,,

Lattice Melting | Refractive
Crystal Structure Constant (A) | Point (°C) Index
Bi,TiOy | bcc, space group 123 10.176 ~930 2.5619

Bi1,GeO, | bcc, space group 123 10.1455 ~935 2.5476



http://cuuduongthancong.com?src=pdf
https://fb.com/tailieudientucntt

Deposition of Compound Thin Films

Table 5.13. Atomic Ratios of Bi/Ti Sputtered Films Determined by

EPMA

O

Substrate Temperature

Target Composition

9Bi,05TiO,
(Bi/Ti = 18)

6Bi,05TiO,
(Bi/Ti = 12)

4Bi,05TiO,
(Bi/Ti = 8)

400

17.3

124

7.1

500

13.3

6.2

53
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Figure 5.36. Crystalline structures of sputtered films.

Figure5.37. Typical electrondiffraction pattern and photomicrograph of epitaxially grown
Bi;, TiO,,0nto Bi;,GeO,, substrate.
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Figure5.38. Guided beam of He-Nelaser light on the Bi;, TiO,y/Bi;,GeO,, structure.

5.1.3 Perovskite Dielectric Thin Films

The perovskite structure observed in ABO;-type compounds such
asBaTiO; hasferroelectricity similar tothey-Bi,O5 family.[*67 Figure5.39
shows atypical perovskite crystal structure. Thin films of the perovskites,
including BaTiOg, PbTiO5, PZT (PoTiO4-PoZrOg), and PLZT [(Pb, La)(Zr,
Ti)Og], have been studied in relation to making thin films of dielectrics,
pyroelectrics, piezoelectrics, and electro-optic materials.

Thin films of perovskites with a polycrystalline or single-crystal
structure are deposited by rf sputtering from a sintered ceramic target.
Substrates for deposition of polycrystalline films are Pt or fused quartz.
Singlecrystalsof MgO, SITiOs, sapphire, and spinel are used for epitaxial
growth of single-crystal perovskite films. The growth temperature of the
perovskite structureis 600° to 700°C; thus, the substrate temperature must
be higher than 600°C during the deposition. However, sputtering is
sometimes done at alow substrate temperature of 300°C and the resultant
film is postannealed in air at 600° to 750°C to form the polycrystalline
structure of perovskite.
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Figure 5.39. Crystal structure of perovskite (BaTiOs).

5.1.3.1 PbTiO5 Thin Films

Deposition. Thin films of perovskite materialsincluding PoTiOg,
PZT, and PLZT have been prepared by sputtering and/or by chemical
vapor deposition.

Bickley and Campbell have previously deposited mixed films of
PbO and TiO, by reactive sputtering from a composite lead titanium
cathode in an oxidizing atmosphere. They used a conventional dc-diode
sputtering system, and the mean permittivity of the resultant filmswas 33
when chemical composition was PbTiO;. This value, however, is much
smaller than that of a true PbTiO; compound. The as-grown films gave
little information about the formation of PbTiO;. In order to synthesize
PbTiO,, the substrate temperature must normally be more than 600°C.

Thestructureand diel ectric properties of these sputtered filmsmay
vary with the sputtering system. The growth of PbTiOz will be achieved
even at low substrate temperatures of 200°C or less by magnetron sputter-
ing deposition under low working pressure.[168 Typical sputtering condi-
tionsarelisted in Table 5.14.

As shown in Table 5.14, a composite |ead-titanium cathode was
used for deposition. During sputtering, PbO and TiO, are codeposited onto
the substrate, and mixed films of PbO and TiO, are fabricated. The
chemical composition of the sputtered filmsis controlled by theratio of
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Table 5.14. Typical Sputtering Conditions for the Deposition of PbTiO,
Thin Films by a dc Magnetron System

Sputtering system dc magnetron

Target Pb-Ti composite
Sputter gas Ar/O, = 1 (6 x 10™*torr)
Substrate glass

Substrate temperature 150-300°C

Deposition rate 30-600 A/min

Pb/Ti in the composite lead-titanium cathode. Figure 5.40 shows the
dielectric propertiesof themixed filmsfor variouschemical compositions.
It showsthat the permittivity maximum observed in the chemical compo-
sition of PbTiO; is higher than the permittivity of PbO or TiO,. The
temperature variation of the permittivity al so showsthe maximum at about
490°C, asindicated in Fig. 5.41, which is the value expected for PbTiOs.
These electrical properties suggest that PbTiO; is synthesized in mixed
films prepared by magnetron sputtering.!16°

The PbO and TiO, phases were detected by electron diffraction
analysis of the mixed films. The remainder is amorphous PbTiO;. The
population of PbTiOj is estimated from

ev  H
Xrio, Xevo [

epr H
Xrio, Xevo [

Eq. (5.4) Xor =

if we assume that Lichteneker’'s empirical logarithmic mixing rule is
established between €p0, €0, and €pr, Where these values are the
permittivities of PbO, TiO,, PbTiO; and the sputtered mixed films,
respectively, and Xppo, Xti0, @nd Xpr are the proportions by volume of
PbO, TiO,, and PbTiO;, respectively, so that Xppo + Xyio, + Xpr = 1.
Putting €y, =120, €ppp =25, and &+, =60, wehaveXpr =0.7. Thisestimate
suggests that 70% of the sputtered film is PbTiOs.
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Figure5.40. Thedielectric propertiesof PbTiOfilms3000 A thick on 7059 glassdeposited
by a magnetron sputtering system (measured at 1 MHz and room temperature).
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Figureb5.41. Thetemperature variation of the permittivity of PbTiOfilms3000 A thick on
7059 glass deposited by a magnetron sputtering system (measured at 1 MHz).
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In magnetron sputtering, the oxides of the cathode metals (e.g.,
PbOandTiO,) areinitially formed at the cathode surface. Theseoxideswill
be cosputtered, and some fraction may be sputtered as molecules of PbO
and TiO,, which are deposited on the substrates. These sputtered mol-
eculeshave an energy of 1-10 eV whenthey strikethe substratessincethey
suffer few collisionswith gas moleculesin transit and have approximately
the same energy aswhen they were removed from the cathode surface. The
activation energy in the chemical reaction PbO + TiO, — PbTiOzisonthe
order of 1 eV; thus when these sputtered PbO and TiO, molecules collide
with each other on the substrates, PbTiO5 can conceivably be synthesized
even at low substrate temperatures. In conventional sputtering (i.e., higher
pressure rf diode), the reaction between PbO and TiO, might not be
possible at |ow substrate temperatures because the energy of the sputtered
PbO and TiO, molecules is greatly reduced on the substrate due to
collisions between the sputtered molecules and gas molecules in transit.

The rf-magnetron sputtering system is also employed for the
preparation of the PbTiO, thin films.[*7% Typical sputtering conditionsare
shownin Table5.15. A powder of PbTiOg, whichisput in astainless steel
dish, is used as the target. X-ray diffraction analyses suggest that the
PbTiO; thin films deposited on a cooled glass substrate (liquid N, at
approximately room temperature) are amorphous structures (a-PbTiO,)
with Pb crystallites. Lead crystallitesmakethefilm electrically conductive
[0 > 10 (Qcm)™1]. They disappear upon annealing the film above 220°C.
The formation of Pb crystallites may be attributed to extremely rapid
guenching of adsorbed atoms on the substrate in the sputter deposition
process. The surface migration of the adsorbed atoms is not activated on
the cooled substrate. The adsorbed atoms are condensed so rapidly that Pb
crystallites (whose free energy is closer to that of the vapor) are formed.

Table 5.15. Typical Sputtering Conditions for the Deposition of PbTiO,
Thin Films by RF-Magnetron Sputtering

Sputtering system RF-Magnetron

Target PbTiO; compounds

Sputter gas Ar/O, =1 (5 x 10°torr)
Substrate Glass, sapphire, MgO, SITiO;
Substrate temperature Liquid N, — 700°C
Deposition rate 50-70 A/min



http://cuuduongthancong.com?src=pdf
https://fb.com/tailieudientucntt

Deposition of Compound Thin Films 259

Heating the substrate activates the surface migration of the ad-
sorbed atoms on the substrate. The PbTiO; deposited on the heated
substrates (> 200°C) did not contain Pb crystallites. The x-ray diffraction
pattern of amorphousPbTiO;deposited at 200°CisshowninFig.5.42. The
diffraction pattern is a halo and suggests that the film exhibits a uniform
amorphous configuration (which contained no crystallites). Activating the
surface migration can cause the disappearance of Pb crystallites and the
formation of uniform amorphous configurations.

Further activation of the surface migration may cause the forma-
tion of crystalline configurations. When the substrate is heated above
200°C during the deposition, thefilm is partially crystallized. Figure 5.43
shows the x-ray diffraction pattern of the film deposited at 500°C. The
observed peaks can be indexed by pyrochlore Pb,Ti, Oz (ASTM card 26-
142). The films deposited above 500°C are a polycrystalline mixture of
pyrochlore and perovskite. Figure 5.44 shows the schematic phase dia-
gram of the sputter-deposited PoTiO; film.

0o 10 20 30 40 50 60
20 (deg.)

Figure 5.42. X-ray diffraction pattern of a-PbTiO; deposited at 200°C.

N
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Figure5.43. X-ray diffraction pattern of an a-PbTiO, film deposited at 500°C.
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Figure 5.44. Schematic phase diagram of sputter-deposited PbTiOs.

Figure 5.45 shows the x-ray diffraction pattern of an amorphous
PbTiO; film annealed at 600°C. All of the x-ray diffraction peaks can be
indexed by perovskite PbTiO; (ASTM card 6-0452). No diffraction peak
attributed to pyrochloreis observed. The amorphous PbTiO; film changes
to polycrystalline perovskitewhenit isanneal ed above 520°C, whereasthe
film deposited at 600°C is a polycrystalline mixture of pyrochlore and
perovskite. The pure perovskite PbTiO; film is more easily prepared by
annealing the amorphous PbTiO; film.

Figure 5.46 shows the x-ray diffraction pattern of an amorphous
PbTiO; film annealed at 480°C (below the crystallization temperature).
Thisfilmispartially crystallized. A mixture of perovskite and pyrochlore
can index the diffraction peaks. Two kinds of crystallites grow below the
crystallization temperature, whereas only the perovskite crystallites grow
above the crystallization temperature. We may consider that the sputter-
deposited amorphous PbTiO5 contains crystallites of perovskite-like and/
or pyrochlore-like microstructures.

0 10 20 30 40 50 60

26 (deg.)
Figure 5.45. X-ray diffraction pattern of an a-PbTiO; film annealed at 600°C (above
crystallizationtemperature).
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0 10 20 30 40 50 60

20 (deg.)
Figure5.46. X-ray diffraction pattern of an a-PbTiO; film annealed at 480°C (below the
crystallizationtemperature).

Polycrystallineor single-crystal thinfilmsof PbTiO; aredeposited
at substrate temperatures higher than the crystalline temperature. Figure
5.47 shows a typical x-ray reflection spectra obtained from the target
powder and the epitaxial PbTiO5 thin films on a c-axis sapphire sputtered
at 620°C. The epitaxial relationshipis

Eqg. (5.5) (111)PbTiO4 // (0001)sapphire

A typica RED pattern and optical transmission spectrum of
PbTiO; thin films epitaxially grown on sapphire are shown in Figs. 5.48
and 5.49, respectively. The (100)PbTiO4 thin films are epitaxially grown
on the (100) surface of MgO and/or SrTiO; single-crystal substrates.

Polycrystalline films with a perovskite structure are grown at a
substrate temperature of 450° to 600°C. The polycrystalline films show a
preferred orientation of (110) which corresponds to the most densely
packed plane.

Since the vapor pressure of Pb becomes high at the epitaxial
temperature of about 600°C, the resultant PbTiOg thin films often show a
deficiency of Pb. In order to keep the stoichiometric composition in the
sputtered PbTiOgz thin films, amultitarget sputtering systemis used for the
deposition.[*”t The schematic illustration of the multitarget sputtering
system is shown in Fig. 5.50.

Separate magnetron cathodes are equipped and metal targets of
each component are placed on them. The targets are then focused on the
substrate. The normal line of the substrate makes an angle of 30 degreesto
that of each target. The sputtering rate of each target is individualy
controlled by a dc power supply. Introducing a mixed gas of oxygen and
argon creates reactive sputtering. The details of the multitarget sputtering
apparatus and sputtering conditions are summarized in Table 5.16.
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PbTi03 Thin Film

(111)
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PbTi03 Target Powder
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Figure 5.47. Typical x-ray reflection spectra from PbTiO; powder and PbTiOg single-
crystal filmson (0001) sapphire.

Figure5.48. A typical electron pattern of PbTiO; thin film, epitaxially grown on (0001)
sapphire.
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Figure 5.49. Optical transmission spectrum of epitaxial PbTiOj, thin films about 0.4 um
thick.

Figure5.50. Schematic illustration of multitarget system.

Table 5.16. Sputtering Conditions For a Multitarget System

Target Pb, Ti metal

Target diameter 60 mm

Target-substrate spacing 100 mm

Sputtering gas Ar/O, = 1/0-1/1

Gas pressure 0.5-10 Pa

Input power Pb: 0-15W, Ti: 0-200 W
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In general, the sputtering rate of the metal target decreases when
the oxygen partial pressure increases. When the oxygen partial pressureis
high, the surface of thetarget is oxidized and the sputtering rate decreases
markedly. The effect of the oxygen partial pressure on the sputtering rate
for Pb and Ti targets is shown in Fig. 5.51. The dependence of the
sputtering rate upon oxygen gaspressurediffersgreatly betweenthePband
Ti targets. The sputtering rate decreases morerapidly for the Ti target than
the Pb target. The deposition rate of lead oxide is much larger than that of
titanium oxide. In order to provide the same deposition rate for Ti and Pb
in afully oxidizing atmosphere, the sputtering conditions are fixed at an
oxygen partial gas pressure of 1 Pa, with input power of = 5-15 W for the
Pb target and = 100-200 W for the Ti target, respectively.
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Figure5.51. Therelation between the oxygen partial pressure and the deposition rate for
a Pb-Ti target.
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Figure 5.52 shows the composition and crystallinity of films
obtained at various substrate temperatures and incident Pb/Ti ratios. The
composition and crystallinity of thefilmswere examined by EPMA and x-
ray diffraction methods, respectively. The compositional Pb/Ti ratios of
thin films grown at 50°C can be regarded as Pb/Ti ratios incident to the
substrate, since reevaporation is negligible. The epitaxial growth of the
perovskite structure is found at high substrate temperatures. When the
substrate temperature is 700°C, excess Pb (greater than Pb/Ti of 1.1)
seemed to reevaporate from the substrate. In the event that only the Pb
target is sputtered, film growth was not observed at 700°C. This
indicates that the affinity between Pb and Ti prevents the evaporation of
Pb as seen in the sintering of PbTiO; ceramics. The crystallinity of the
epitaxial thinfilmsisevaluated by x-ray diffraction peak intensity of (111).
Figure 5.53 showsthe x-ray peak intensity of thefilmsasafunction of the
incident Pb/Ti ratio. The crystallinity of the films seems to improve as
the incident Pb/Ti ratio approaches about 1.1. Though the compositional
Pb/Ti ratio of the films at the incident Pb/Ti ratios of 2.3, 1.6, and 1.2 are
nearly equal at asubstrate temperature of 700°C, the x-ray peak intensities
of these three films are obviously different. An optimum incident ratio of
Pbto other componentsdoesexist for preparing epitaxial thinfilmsof good
quality.
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Figure 5.52. Composition and crystallinity of the films obtained at various substrate
temperaturesand incident Pb/Ti ratios. Theincident Pb/Ti ratiosare (a) 2.3, (b) 1.6, (c) 1.2
and (d) 0.8.
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Film Composition: Pb/Ti=1
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Figure 5.53. The relation between the incident Pb/Ti ratio and x-ray diffraction peak
intensity of epitaxial films prepared at substrate temperatures of 650°C.

Electrical properties. Figure 5.54 shows the temperature depen-
dence of the dielectric constant of as-deposited amorphous PbTiO; film
deposited at 300°C. Two anomalies are observed at 520° and 480°C. The
crystallization temperatureis 520°C and one of the anomaliesis attributed
to it. Figure 5.55 shows the temperature dependence of the dielectric
constant of the annealed (above 520°C) and crystallized film. Ananomaly,
whichiscaused by the phasetransition of ferroelectric perovskite PbTiO,
isobserved at 480°C. Thedielectricanomaly (at 480°C) of theas-deposited
amorphous PbTiO; is attributed to the phase transition of ferroelectric
perovskite PbTiO5. Thisdielectric anomaly of the as-deposited PbTiO; is
larger and sharper than that of the crystallized one. The as-deposited
amorphous film partially crystallizes and contains perovskite PbTiOg
crystallites.

It is reported that the roller-quenched amorphous PbTiO; and its
annealed platelets are in a “heavily pressed state,” and the dielectric
anomaly, which is caused by the phase transition of ferroelectric perovs-
kite PbTiO,, shifted to alower temperature. The sputter-deposited amor-
phous PbTiO5 and its annealed film exhibit this anomaly at the same
temperature, and no temperature shift is observed. Therefore, the perovs-
kite PbTiO, crystallites, which grow in the sputter-deposited amorphous
PbTiO,, are considered to be in a“ stress-free state.” This property is the
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most significant difference between sputter-deposited and roller-quenched
amorphous PbTiO;. Scanning electron microscopy suggests that sputter-
deposited amorphous PbTiO; contains many voids. These voids may
compensatefor thestress. Thisstress-free growth of the perovskite PbTiO4
crystallitesenablesusto study thepure“grain-sizeeffect” of ferroelectrics.

1000 — T T T 7T
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Dielectric Constant

L I
0 200 400 600
Temperature (°C)

Figure 5.54. Temperature dependence of the dielectric constant of an a-PbTiO; film
deposited at 300°C. The film thickness was about 1.5 pm. The measuring ac (10 kHz)
voltageis0.1V rms.
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Figure 5.55. Temperature dependence of the dielectric of a PbTiO; crystallized film
(measured at 10 kHz).
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Thedielectric anomaly in PbTiO; thinfilmsisclearly observedin
epitaxially grown films. A typical result is shown in Fig. 5.56.[172 This
anomaly isobserved at 490°C, which correspondsto theanomaly tempera-
ture for bulk PbTiOs,.

The piezoelectric properties of PbTiO; thin films have been
studied in detail by Kushida and Takeuchi for c-axis-oriented films.[173]
Measurements of the electromechanical coupling factor, k;, show c-axis-
oriented PbTiO; films were formed on patterned Pt electrode films
embedded in the SITiO; single-crystal seeded lateral overgrowth. The
structure of the sample is shown in Fig. 5.57. The substrate is a (100)
SITiO; single-crystal plate. The impedance characteristics of the Au/
PbTiO4/Pt/SrTiO4 structure are eval uated by the Mason equivalent circuit
shown in Fig. 5.58.
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Figure5.56. Temperature dependence of the diel ectric constant of PbTiO; thinfilm, about
0.4 umthick, epitaxially grown on (0001) sapphire (measured at 100 kHz).

Au/Cr (upper electrode)

| pbTiog
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Figure 5.57. Structure of the sample for the measurements of the piezoelectric coupling
factor for thicknessvibration, k,.[173
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Figure5.58. Equivalent circuit model used in analysis of the composite resonator.[173]

In the Mason circuit, the electromechanical coupling factor, k;, is
deduced from the following impedance formula:

1 B kO 2(-c0s0,)+(z +2)sn0, @

Eq. (5.6 S=
@69 j0C, 5 O, {1+ 2,2,)sn@, - (2, + 2 )cosO,

whereC,jistheconstant strain capacitanceof thepiezolayer, k2 = hy,*e.;/Cyy
is the electromechanical coupling constant of the PbTiO; film (h is the
piezoelectric constant, € is the dielectric constant, and c is the elastic
stiffness), z = Z,tan ©,/ z,, z; =Z, tan Oy / z,, and Z,, Z,, and Z, are
the acoustic impedances, ©, = 2rift,/u, is the acoustic phase in the piezo
film, ®, = 21ft, /uy, istheacoustic phaseinthesubstrate, and ©, = 2rit, /u;
is the acoustic phase in the electrode.

The value k; is evaluated from impedance measurements, shown
inFig. 5.59. Theimpedance characteristics show the resonant properties of
a composite bulk wave resonator. The impedance measurements suggest
that the c-axis-oriented PoTiOj; thin films, 1-2 um thick, exhibit ak, = 0.8
at afrequency below 350 MHz. Thisvalueisextremely largefor piezoel ec-
tric thin films and is comparabl e to the value obtained for aPbTiO single
crystal [173
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Thinfilmsof PbTiO5arealsoknown asthe pyroel ectricsmaterials.
Figure 5.60 shows the construction of athin-film pyroelectrics sensor.[174
A small heat capacity with high pyroel ectricity increasesthe pyroelectrics
current and decreases Johnson noise, and makes for an excellent
pyroelectrics sensor. Table 5.17 summarizes the electrical properties of
PbTiO4 thin films.
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Figure 5.59. The frequency variation of the calculated electromechanical coupling
constant k.[173]
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Figure 5.60. Construction of a typical PbTiO; thin film pyroelectric sensor for IR
detection.
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Table 5.17. Properties of PbTiO; Thin Films

De'\ﬁgts;]t(;gn Substrate E;?lgszig Structure” | Film Properties  |Ref.
. e* =120 (RT)
DC-MSP glass 200 a T, = 490°C 79
- e* =800
RF-MSP glass liquid N, a (200°C) 80
: ; e* = 370 (RT)
RF-MSP sapphire 580 pc T, = 490/°C 34
: e* = 110 (RT)
RF-MSP Pt 630 pc k=08 83
e* =97 (RT)
: Pyroelectric
RF-MSP Pt 575 pc Codfficient 84
y = 3x10°® C/lem*K

* M SP: magnetron sputtering
** a amorphous; pc: polycrystalline

5.1.3.2 PLZT ThinFilms

Deposition. Figure5.61 showsthe phase diagram of PLZT (x/y/x),
[(PDyy, LB)(Zr,Ti1y)1,4404] ceramics.*® Thin films of PLZT are pre-
pared by sputter deposition similar to the deposition of PbTiOg thin films.

Since the vapor pressure of Pb becomes high at the epitaxial
temperature, the resultant films often show a deficiency of lead compo-
nents. Achieving stoichiometry in epitaxial filmsis much more important
for the deposition of complex compounds like PLZT. Figure 5.62 shows
thetypical XM A spectraobtained fromaPLZT (9/65/35) thinfilmand from
the ceramictarget. The composition of the sputtered PLZT filmsisroughly
estimated from the spectra. The content of Pb decreases with the increase
of substrate temperature as described before. In order to compensate for
the lead deficiency, excess PbO, 5 to 10 mole %, should be added to the
target. Also note that the degree of Pb deficiency will strongly depend on
the target conditions and type of sputtering system. Typical results are
shown in Fig. 5.63. Magnetron sputtering with a powder target showsthe


http://cuuduongthancong.com?src=pdf
https://fb.com/tailieudientucntt

272 ThinFilmMaterialsTechnology

smallest Pbdeficiency. Theratio of Zr/Ti isclosetothetarget in magnetron
sputtering asindicated in Table 5.18. The magnetron discharge permits a
lowering of the sputtering gas pressure, which helpsto lower the epitaxial
temperature. This enables one to keep the stoichiometric composition in
epitaxial films. Typical sputtering conditions for PLZT thin films are
shown in Table 5.19. Sapphire is used for the substrate. With respect to
crystal orientation, the (0001) plane, the c-plane of sapphire, issuitablefor
epitaxial growth when one considers the atomic configuration. The plane
has a normal threefold axis to the plane and is the same symmetry as the
(1112) plane of PLZT. Their atomic configurations are shown in Fig. 5.64.
The average distances between oxygen atoms are 2.75 A for the sapphire
and 2.8 A for the PLZT. The lattice mismatch is about 2%. Their epitaxial
relationship is as follows:

(112)PLZT // (0001) sapphire

Eq. (5.7) [110] PL ZT // [1010] sapphire

The crystal orientation of the epitaxial PLZT thin film on the
sapphire substrate is schematically shown in Fig. 5.65.

* Phase diagram of PLZT ceramics
PbZr‘O3 MOLE % PbZrO3 PbTiO3
100 “90 80 70 60 50 “40 30 20 10 O
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Figure 5.61. Phase diagram of PLZT ceramics.[*
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Figure5.62. (a) XMA patternsof aPLZT (9/65/35) ceramic target, (b) and sputtered thin
film.
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Table 5.18. The Atomic Ratio Zr/Ti in Sputtered PLZT (9/65/35) Thin

Films for Various Sputtering Conditions*

Sputtering Method Target Zr/Ti Ratio
. Powder 73127
Ri-diode Plate 73/27
Powder 64/36
Rf-magnetron Plate 64/36

*Target Zr/Ti = 65/35, substrate temperature = 700°C.

Table 5.19. Typical Sputtering Conditions for the Deposition of PLZT

Thin Films by RF-Magnetron Sputtering

Target PLZT Powder
Target diameter 100 mm
Substrate Sapphire (0001)
Target-substrate spacing 35 mm
Sputtering gas Ar (60%) + O, (40%)
Gas pressure 0.5Pa
Substrate temperature 500-700°C
RF power 150-250 W
Deposition rate 60-100 A/min

[1070]

O

Al
c-plane of sapphire

Figur e5.64. Planar atomic arrangementsof c-planeof sapphireandthe(111) planeof cubic

perovskite(ABOy).

A B 0
(111) plane of perovskite (AB03)
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<010>

(111)pLzZT

Figure5.65. Crystal orientation of the epitaxial (111) PLZT film on (0001) sapphire.

Figure 5.66 indicates the crystalline structures of films deposited
at various conditions. It showsthat the film structure depends primarily on
the substrate temperature and is only slightly affected by the growth rate.
At substrate temperatures lower than 550°C, a metastable pyrochlore
structure appears. The general formula of the pyrochlore is A,B,0,, and
itsfilms have an intense yellow color. Thefigure also showsthat epitaxial
films with a perovskite structure are obtained at substrate temperatures
higher than about 550°C. Epitaxial perovskite films are colorless. Figure
5.67 shows atypical RHEED pattern of the epitaxial PLZT film.

The composition of deposited films also depends on the substrate
temperature and is independent of growth rate. The solid line (a) in Fig.
5.68 shows the compositional Pb/Ti ratio as a function of the substrate
temperature at the growth rate of 80 A/min. The epitaxial perovskitefilms
obtained at above 550°C are almost stoichiometric, while the pyrochlore
filmsobtained at bel ow 550°C are markedly Pbrich. The excess Pb content
in the film is considered to prevent the epitaxial growth of the perovskite
structure. These considerations are experimentally confirmed as shown by
the dashed line (b) in Fig. 5.68. The minimum substrate temperature for
epitaxial growth isdecreased to 450°C. It isobserved that the composition
of the PLZT filmsis close to stoichiometric when atarget with lessPbis
used. Thus, epitaxial film growth can be observed even at lower substrate
temperatures. This result seems to disagree with Ishida’s work using
conventional diode sputtering where a Pb-rich target was required.® In
the magnetron sputtering system, however, the discharge plasmaislocated
primarily near the target, so that Pb in the target is considered to have
evaporated as compared to conventional diode sputtering.
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Figure 5.66. Crystalline structures of films deposited on sapphire at various substrate
temperatures and growth rates.

Figure5.67. RHEED pattern of an epitaxial PLZT (28/0/100) thin film. Thethickness
is0.4 um.
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Figure 5.68. Compositional Pb/Ti ratio and structure of films at various substrate
temperaturesusing PLZT (28/0/100) target (a) and, Pb-reduced PLZT (28/0/100)-target (b).
The growth rateis about 80 A/min.

In order to keep the correct stoichiometric composition in sput-
tered PLZT thin films, the multitarget sputtering system described in Fig.
5.50 is much more useful than the conventional rf-magnetron sputtering
system.['7®] |t is also interesting that an artificial superlattice structure
composed of multilayers of different ferroelectric materials can be made
by the multitarget sputtering system. Figure 5.69 showsthe construction of
the multitarget sputtering system for the deposition of the ferroelectric
superlattice PLT-PT structure. Targets of each element are separately
positioned facing the substrate. Reactive cosputtering is carried out by
introducing a mixed gas of argon and oxygen. The dc power supply for
each target is controlled by a desktop computer (HP-9835A) and the input
power of each target is varied periodically. Typical sputtering conditions
are shown in Table 5.20.

Note that the input power for the Pb target for depositing the PLT
layer is larger than for the PT layer despite the fact that the relative
composition of Pbin PLT issmaller than in PT. This phenomenon is due
to the reevaporation of Pb occurring during the growth of PLT because of
the weak affinity between Pb and La atoms. Thus, excessive incident Pb
content is required. The deposition times for PLT and PT layers are kept
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equal and the ratio of thickness (PLT:PT) isabout 3:2 at these conditions.
The superlattice films with atotal thickness of about 3000 A are prepared
by varying the period of PLT-PT deposition from 120 to 300 A/sec.

Sputtering
gas |

\

@La

/7 Substrate

Ti Vacuum
—_—

Power
Supply

Figure5.69. Schematicillustration of amultitarget sputtering systemfor thepreparation of

aPLT-PT superlattice structure.

Table 5.20. Typical Sputtering Conditions for the Deposition of PLZT
Thin Films by a Multitarget Deposition System

Target Pb, Ti and La metal
Target diameter 60 mm
Substrate Sapphire c-plane
Substrate temperature 700°C
Target-substrate spacing 100 mm
Sputtering gas Ar/O,=2/1
Gas pressure 3Pa
Input power:
PLT layer Pb: 15W
La22W
Ti: 180 W
PT layer Pb: 9W

Ti: 180 W
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RHEED analysis suggests that the sputtered films are epitaxially
grownwiththerelationship (111)perovskite|| (0001)sapphireand [101] per-
ovskite || [1010]sapphire. Figure 5.70 shows the x-ray diffraction pattern
of afilm grown with adeposition period of 300 seconds. Diffraction from
the (111) plane of a perovskite structure with a pair of satellite peaksis
observed. This suggests the presence of a superlattice structure in the
sputtered film.

Figure 5.71 showsthe x-ray diffraction patterns of the (111) peak
as afunction of deposition period. When the deposition period is as long
as 3000 seconds, the (111) peak is divided into (111) peaks of PLT layer
and PT layer as shown in Fig. 5.71a. However, for a film grown for the
deposition period of 600 seconds, a new strong peak appears between
PLT (111) and PT (111) peak, and some satellite peaks around the center
peak areobserved asseeninFig. 5.71b. These satellite peaksarethefirst
(0,7,0;) andsecond (©,", ©,") diffracted peaks caused by the superlattice

m

Sapphire 0006

r222
!

30 20 50 60 70 80 90
26 (deg.)

Figure5.70. X-ray diffraction pattern for the PLT-PT superlattice film on sapphire grown
during a deposition period of 300 sec.

(a) (b) (c) (d) (e) (f)
DP: 3000 sec 600 sec 400 sec 300 sec 200 sec 120 sec

ek e e |

38 4138 4138 4138 4138 4138 41
26 (deg.)

Figure 5.71. X-ray diffraction patterns of (111) peak for the films grown during various
deposition periods.
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structure with a modulation wavelength of 330 A. The modulation
wavelength A is calculated by the equation

A
Eq. (5.8) N —
SnO; —snO;

where A isthe wavelength of thex-ray and ©,", ©,” are the Bragg angles of
the i satellite peaks. As the deposition period becomes shorter, the
wavelength becomes shorter and the intensity of the satellite peaks
decreases. For films grown for a deposition period of 120 seconds, no
satellitepeaksare observed. Thisresultindicatesthat interdiffusion of each
layer occursand themodul ation structuredisappears. Therelation between
the deposition period and the modulation wavelength is plotted in Fig.
5.72. Clear linearity isobserved in the figure. The modulation wavelength
can be strictly determined by the deposition period. These results suggest
that the multitarget sputtering system is useful for the deposition of
ferroelectric compound thin films with controlled chemical composition
and crystal structures. Figure5.73 showsatypical SEM imageand RHEED
pattern of an epitaxial (Pby,7Lay23)Tigg,O5 thin film prepared by the
multitarget sputtering system.

The transmission spectrum of aPLZT (28/0/100) filmisshownin
Fig. 5.74. Thesefilms are transparent from the visible to the near-infrared
region. Therefractiveindexes of PLZT filmsvarieswith the Pb content in
the film and are in the range of 2.4-2.7 at 0.633 pm.

400

300

200

100

Modulation Wavelength (A)

0 200 400 600
Deposition Period (sec)

Figure5.72. Therelation between the deposition period and the modul ation wavelength.
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Figure5.73. Typical SEM and RHEED images of (Pb, La)TiO5 thinfilm.

100

Sapphire

©
o
|

o
(=)
T

Transmission (%)

PLZT (28/0/100)

0 1 1 1 1 1 1 1 1 1

0.6 0.8 1.0 1.2
Wavelength (um)

Figure5.74. Optical transmission spectrum of an epitaxial PLZT (28/0/100) film about
0.4 um thick.
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Electrical properties. Electrodes made of the sandwich structure
shown in Fig. 5.75 are used for measuring the dielectric properties of
sputtered PLZT films. The PLZT thin films are deposited on a sapphire
substrate over-coated by a TiN thin-film electrode. The sputtered films
exhibit the polycrystalline form and show the diel ectric anomaly similar to
ceramics. However, a broad transition is observed in the temperature-
permittivity characteristics as shown in Fig. 5.76.

Dielectric properties of epitaxial PLZT thinfilmsare evaluated by
the deposition of comb Al electrodes on the surface of the PLZT thin films
asshownin Fig. 5.77. In the structure, the thin-film dielectric constant of
PLZT is calculated from the measured capacitance, C, of the Al comb
electrodes on top of the film using the following approximation:I*77]

6h
C=Knl Dgs +1)+ (gf —ss)gr—expg—ﬂ?% (farad)
Eq. (5.9)

0 0
K = (6.50" g +1.0802 B 2.370x 1072
F OLO ol O B

where ;istherelative dielectric constant of the substrate (¢,= 10), histhe
thin-filmthickness(h=0.33 um), L isthe center-to-center spacing between
adjacent electrodes (L = 6 pm), nisthe number of electrodestrips(n=160),
listhelength of thefingersof electrodes (1 =720 x 10°® m), D isthewidth
of each finger (D = 3 um), and K is the constant given by the structure of
electrodes (K = 4.53 x 10'1?),

N N S Au (top electrode)
PLZT

AL -TiN (base electrode)

Sapphire

Figure5.75. Structure of el ectrodesfor the measurementsof dielectric propertiesof PLZT
thinfilms.
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Figure5.76. Temperature dependence of dielectric properties for PLZT (9/65/35) film.

PLZT thin film

/A,
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............................

Figure 5.77. Comb electrodes for the measurement of dielectric properties of epitaxial
PLZT thinfilms.

Figure 5.78 shows the temperature dependence of the relative
dielectric constant measured for films with various compositions. The
peaks of the dielectric constants correspond to the Curie temperatures (T,)
since the P-E (polarization-electric field) hysteresis measured using
Sawyer-Tower circuit disappeared at temperatures above the peaks.178]
Typical P-E hysteresis curves of PLZT thin films measured at various
temperatures are shown in Fig. 5.79. Note that the dielectric constant
maximum for PLZT (9/65/35) film showsabroad temperature dependence
similar to PLZT (9/65/35) ceramic, but the T, of the film is approximately
100°C higher than that of the ceramic. Table 5.21 indicates the dielectric
propertiesof PLZT thin films compared with those of ceramics of various
chemical composition.


http://cuuduongthancong.com?src=pdf
https://fb.com/tailieudientucntt

284  ThinFilmMaterials Technology

10000
(21/0/100)

., 8000F
f=
s
(%)
8 6000
2
5 28/0/10
§4000 (28/0/100)
@
a

2000

\——(42/0/]00)
09 100 200 300 200

Temperature (°C)

Figure5.78. Temperature dependence of therelativediel ectric constant of PLZT about
0.4 um thick. The measuring frequency is 100 kHz.

100°C 160°C

Figure5.79. Temperature dependence of P-E hysteresisloop of PLZT (28/0/100) thin
filmat 60 Hz. Horizontal scale: 5 V/division. Vertical scale: 3 x 10°° C/division.
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Table 5.21. Dielectric Properties of (111) PLZT Thin Films on (0001)
Sapphire Prepared by Sputter Deposition

Thin Films Ceramics
Target Composition
e T. (°C) £* T (°C)

PbTiO; 370 490 230 490
PLZT (0/65/35) 450 275 365
PLZT (7/65/35) 480 260 1570 150
PLZT (9/65/35) 710 240 4650 85
PLZT (11/65/35) 630 220 4100 70
PLZT (14/65/35) 380 220 1450 50
PLZT (14/0/100) 600 290 1200 220
PLZT (21/0/100) 1300 225 2000 100
PLZT (28/0/100) 1800 120 2000 -100
PLZT (42/0/100) 1100

* Measured at 10 kHz, RT.

It is understood that the T, of PLZT (x/0/100) ceramics will
increasewith the decrease of Lacontent.[178 Similar phenomenahavebeen
observed in sputtered PLZT thinfilms. TheT,. of PLZT (x/0/100) filmsand
ceramics are compared in Fig. 5.80. The T,.'s of thin filmsis higher than
those of ceramics. Under the assumption that the relationship between T,
and the La content of the thin films agrees well with that of ceramics, the
disagreement of T, between films and ceramics may be due to the
compositional difference of the thin films. These assumptions are con-
firmed by chemical analyses of the sputtered PLZT thin films. Typical
composition differences between the PLZT target and the sputtered thin
films are shown in Fig. 5.81.

The piezoelectric properties of PLZT thin films are evaluated by
excitation of asurfaceacousticwave (SAW). Anas-grown state of epitaxial
PLZT thin film has three equival ent anisotropic axes along the edges of a
pseudocubic lattice, which makes an angle of about 35 degreesto thefilm
plane. Poling treatment is done as follows: First, Al electrodes are
fabricated with 1-mm gaps on the film surface. Then the temperature is
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elevated to 200°C, which is higher than the Curie temperature. Next, the
sampleis gradually cooled from 200°C by applying a voltage of 2 kV as
shown in Fig. 5.82a. The direction of the applied electric fieldsis parallel
tothe(112) planeof PLZT. The polarization of thisregioninthethinfilm
will beuniformly arranged to (001). In order to excite and detect the SAW,
interdigital transducers (IDTs) of Al are made by alift-off method on the
polarized regions as shown in Fig. 5.82b. The period of the IDT finger is
12 pm and the pair number of the fingersis 80. The SAW will propagate
along the [1 12direction of PLZT.

500¢
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Figure5.80. Curietemperature vslanthanum content of ceramicsand thin filmsdeposited
by PLZT (x/0/100) targets.

Figure5.81. Composition of target and sputtered PLZT thin films: single target sapphire
substrate at a substrate temperature of 650°C; o: target; o: films; Zr = 0.
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Figure 5.82. Fabrication procedure of PLZT SAW devices.

Figure 5.83 shows the Smith chart plot of the impedance charac-
teristicof thelDT. Thenormalized thicknessof thefilmisKd=0.42, where
K isthe wave number of the SAW and d isthe film thickness. Two modes
existwhosecenter frequenciesare405 MHz and 455MHz. Thesemodesare
the fundamental (0 and the higher-order modes of the SAW, respec-
tively. Theel ectromechanical coupling constant, k?, iseval uated by Smith’s
relationship

T f,CR,
Eq. (5.10 k?=—2"11
0. (5.10) N
where N isthe pair number of the fingers of the IDT, C; isthe capacitance
of the IDT, f, is the center frequency, and R, is the measured radiation
resistance.['" The coupling constant, k?, is cal culated to be about 0.85%
for the 0" mode of the SAW, which is arelatively large value.
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Figure5.83. Smith chart impedance pattern for the IDT fabricated onthe PLZT thin film.
Freguency rangeis 350450 MHz.

The phase velocity, V,, and the coupling constant, k2, of the SAW
for various PLZT thicknesses are shown in Fig. 5.84. The open circle
indicatesthe 0" mode SAW and thesolid circleindicatesthe 1% mode. Since
the physical parameters of the present PLZT are unknown, we have
calcul ated the SAW propertiesusing the parametersof BaTiO;and PbTiO4
for comparison.[*8181 These are similar perovskite-type ferroelectric
materials. The epitaxial relationships and the propagating direction of the
SAW were similar to those in the experiment. The coupling constant, k?,
is expressed as follows:

.\
Eq. (5.11) k _ZFVT

where V, isthe SAW velocity, AV isthe perturbation of velocity, and F is
the filling factor. The calculation is carried out by substituting 1 for F as
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Figure 5.84. The phase velocity and coupling constant of SAWSs for various K. Dots
represent the experimental results for PLZT/sapphire. Lines represent the calculation for
BaTiOg/sapphireand PbTiO4/sapphire.

usual. The results are shown in the figure by solid lines for BaTiO; and
broken lines for PbTiO5. Although the composition of the present PLZT
is similar to PbTiOg, the SAW properties show characteristics close to
BaTiO;. The piezoelectric effect of the PLZT thin film seems as strong as
that of BaTiOs,.

The PLZT films also show high electro-optic properties. The
electro-optic properties are evaluated by measuring the variations of the
birefringence shift with the electric fields. The measurement system is
showninFig. 5.85. A polarized He-Nelaser (6328 A) will passthroughthe
PLZT thin films perpendicularly between a pair of 1-mm-gap electrodes
deposited on the film surface. The polarized laser light is oriented 45
degreeswith respect to thedirection of the applied electric field. Thephase
retardation shift, Al', of the laser light in passing through the thin filmsis
small sincethefilmthicknessof thePLZT islessthan 1 um. A A/4 plateand
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Figure5.85. Experimental setup for electrooptic effect measurement.

aWollaston prism are used for the measurement of the small shift in phase
retardation. The birefringence shift, dAn, is estimated by the relation

Eq. (5.12) dAn = 2:1 "

wherenistherefractiveindex of thethin films, disthefilm thickness, and
A, is the wavelength of the laser light.

Figure 5.86 shows a typical birefringence shift of the PLZT thin
films as a function of the electric field, E. In Fig. 5.86 a, b, and c, the
characteristic shows anearly quadratic effect with small hysteresis. Large
electro-opticeffectsareobservedfor PLZT (28/0/100) and PLZT (9/65/35)
thin films, similar to the bulk PLZT ceramics. The quadratic electro-optic
coefficient, R, is shown by

Eq. (5.13) SAN = —;ngREz

Thevalueof Ris0.6 x 1026 (m/V)2for PLZT (28/0/100) thinfilmsand 1.0
x 1018 (m/V)?for PLZT (9/65/35) thin films. The electro-optic coefficient
of as-sputtered PLZT (14/0/100) and PLZT (21/0/100) thin filmsis very
small. After in-plane poling treatment, the PLZT thin films show alinear
electro-optic effect as seen in Fig. 5.86(d). The linear el ectro-optic coeffi-
cient, r, isdefined by the relation
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Figure5.86. The effective birefringence shift as afunction of transverse electric field for
variousPLZT films, eachabout 0.4 umthick. (a) PLZT (35/0/100), (21/0/100), (42/0/100);
(b) PLZT (28/0/100); (c) PLZT (9/65/35); (d) PLZT (21/0/100), (14/0/100).

Eq. (5.14) dAn=- ; n’rE

Thelinear electro-optic coefficient, r, is0.28 x 10-1°m/V for PLZT
(14/0/100) and 0.81 x 109 m/V for PLZT (21/0/100) thin films. The
chemical composition of the thin filmsis slightly different from the bulk
ceramics as indicated in Fig. 5.81. The composition shift will lower the
electro-optic coefficient of the thin films.[*” However, the valuer of the
PLZT (21/0/100) thin films is still several times higher than that of bulk
LiNbO, singlecrystals. Table 5.22 summarizesthe el ectrical properties of
the PLZT thin films.
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Table 5.22. Properties of PZT, PLZT Thin Films

Thin Film Materials Technology

Deposition Deposition See
Materials| method” | Substrate| temp. |[Structure™|  Filmproperties | Ref.
(source) 0 300
350 g* = 100 (RT),
EB S0, |(postanneal PC Ps= 4.2 pClem?, a
at 700°C) T.= 340°C
PZT &% = 751 (RT),
RF-SP ! Ps= 21.6 uClen,
(PzTs28) | SOz | >500 PC | 1< ao5eC b
no = 236
RF-SP g* = 700 (RT)
MgO |= sC ;
(PLT 18/100)| 9 600-700 n=2.3-2.5(6328A) | ©
RF-MSP . g* = 1300 (RT),
(PLT 21/100)| SPPhire | 580 C 1.2 25C d
PLT e* = 2000 (RT) ,
T.= 150°C,
no = 2.4-2.7 (6328A),
electrooptic
RF-MSP . coefficient:
(PLT 28/100) | SPPNIre | 580 SC | R< oex10 e | ¢
(6328 A), SAW
coupling:
ICsaw = 0.85% (Kd =
0.4)
500,
post- g* = 1000-1300
RF-SP . .
(7/65/35) SiO, | annedling PC (RT), e
= 650— T.= 170°C
700°C
RF-SP sapphire _
PLZT | (9/6535) | SITiO; 700 sC ny = 2.49 (6328 A) f
g* = 710,
RF-MSP . T.= 240°C,
(9/65/35) | SPphire | 580 ¢ R=1xa0® v | ¢
(6328 A)

* EB: electron beam deposition; SP: diode sputtering; M SP: magnetron sputtering.
** PC: polycrystalline; SC: singlecrystal.
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Optical switches. Light-beam switching in a four-port channel
waveguide has been achieved using an el ectro-optic modul ation of epitaxi-
ally grown PLZT thin film on sapphire.[182

Figure 5.87 showsthetypical configuration of channel waveguide
switches. The switches are composed of a total internal reflection (TIR)
structure.l'® Thethicknessof thePLZT thinfilmis3500A. ThePLZT thin
filmisprepared by rf-planar magnetron sputtering from atarget of sintered
PLZT (28/0/100) powder. The four-port channel waveguides are formed
by ion-beam etching. The intersecting angle is 2.0 degrees. The width of
each channel waveguide is 20 pm. A pair of parallel metal electrodes,
separated from each other by 4 um, is deposited at the center of the
intersection region. In the absence of a switching voltage, the incident
guided-light beam from port 1 encounters no refractive index fluctuation
between the parallel electrodes and propagates straight to port 3. When the
switching voltage performs due to a refractive index fluctuation, the
guided-light beam is reflected to port 4.

Photographs of the transmitted and refl ected light beam are shown
in Fig. 5.88. The switching voltageislessthan 5 V.[184 The time response
of the TIR switchisshownin Fig. 5.89. Thetime response goesup to 26.5
GHz, and is mainly governed by the configuration of the electrodes. The
traveling-wave el ectrodes will realize ahigh frequency operation of more
than 100 GHz.['® These types of switches can be used for high-speed
multiplexers and demultiplexers for an optical LAN system.[188]

Since avariety of thin-film optical devicesincluding lasers, light
detectors, acoustic deflectors, and other micro-optical elements can be
deposited on the same sapphire substrates, the PLZT/sapphire layered
structure has the potential for making novel integrated optic circuits.[287]

PLZT thin film

Metal electrodes
Buffer layer /

Port 4
Port 1

Port 2
Port 3

Sapphire substrate

Figure5.87. Configuration of optical TIR switchescomprisingaPLZT thin-film/sapphire
layered structure.
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Figureb5.88. Transmitted (port 3) reflected light beamintensity (port 4) at thePLZT thinfilm
TIR switch.
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=¥
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Figure5.89. Thetimeresponseof thePLZT, TIR switch: (a) applied voltage; (b) reflected
light.
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5.1.4 Perovskite Superconducting Thin Films

Extensive work has been done on high-temperature supercon-
ducting ceramics since Bednorz and Miller discovered the La-Ba-Cu-O
compound system with the transition temperature of T, = 30 K.[*8 The
K,NiF, structureis found to be the major phase. Numerous compositions
have been studied in an effort to raise the T.. The replacement of Baions
by smaller Srionsin the La-Ba-Cu-O compound system has elevated the
T.118 Theoxygen-deficient perovskite Y -Ba-Cu-Osystemwith T,= 90K has
been devel oped by Chu.[*%! These compounds are composed of rare-earth
elements. Extensive research on superconductors has led to several new
high-T,oxidematerials, including rare-earth-free, high-T oxidesof Bi-Sr-
Ca-Cu-Oand TI-Ba-Ca-Cu-O systemswith T exceeding 100K, devel oped
by Maeda and Hermann, respectively.!'91-1192 These high-temperature
oxide superconductors, which are composed of a copper oxide layer, are
shown in Table 5.23.

Historically, oxide superconductors have been known since 1964.
Table 5.24 shows these oxide superconductors. These oxides are com-
posed of perovskite SITiO5 5 with alow transition temperature of 0.55 K.
The history of high-T, superconductors of perovskite goes back to
BaPb, ,Bi,O; with a T, of 13 K, proposed by A. W. Sleight in 1974.[1%

Table 5.23. High T, Superconducting Oxides

A,BO, (Lay.xM,),CuO, M: Ca, Sr, Ba Te 2040 K
Ln: Y, Nd, Sm, Eu, La,
A3B:075 BaLnCusO;. 5 Lu, Gd, Dy, Ho, Te 90K
Er,Tm, Yb

T:Bi, A: Sr,Ca, B: Cu
T,ABO,, T,A3B,0,, T,A4B30, T 80-120 K
T:Tl, A: Ba, Ca, B: Cu

(NdqgSro2Cey2),CuO, T 27K

Miscellaneous (Nd;Ce).CuO, (x = 0.07)| Tc: 25K

(Bal_XM X)B|03 (X = 04)

M =K. Rb T 30K
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Table 5.24. Traditional Oxide Superconductors

Materias Te (K) Structure Date
SITiOs5 0.55 perovskite 1964
TiO 23 NaCl 1964
NbO 125 NaCl 1964
M, WO, 6.7 tungsten 1964

bronze
Ag/O57 X~ 1.04 clathrate 1966
(X" =NOs", F, BF,)
LigaxTip4O4 13.7 spinel 1973
BaPb,.,Bi,O3 13 perovskite 1975

The crystal structures of high-T_ perovskite-related copper oxide
superconductors are shown in Fig. 5.90. In the perovskite compound
ABO;, the A-site and the B-site elements could be substituted by other
kinds of cations. High oxidizations are achieved by substituting the B-side
with 3d-transition metals accompanied by the generation of a mixed-
valence state. These features are observed in perovskite-related, high-T,
superconductors.

The basic properties of copper oxide superconductors have
been reviewed by several workerd®4 and are shown in Table 5.25, with
accompanying phase diagrams. Note that this type of oxide often shows a
large oxygen nonstoichiometry. Figure 5.91 shows the 8-log P(O,) curves
for variousambient temperaturesinthe A ;B,0, s system.[*%! |tisseenthat
the superconducting orthorhombic phase is stable at temperatures below
600°—650°C. L attice parameters of the high-T,superconductorsare shown
in Table 5.26.


http://cuuduongthancong.com?src=pdf
https://fb.com/tailieudientucntt

Deposition of Compound Thin Films 297

(1) ABO; (I) A:CuQy (K2NiFy ) (M) ABa2Cu30,
1) Ba(Bi,Pbi-.) O3 1) (La1~«Sr;)2Cu0y Y:BazCus0,
2) (Bai-xK,) BiO3 2) (Lai-<Na,)2Cu0y

A

A=Ba,K B=Bi,Pb A=La, (Ba, Sr, Ca)
T.=13—30K T.=20—40K A=Y, Lanthanide
T.=90K
(IV) (MO),A2Cu0O, (V) (MO).A:CaCu20, (VI) (MO),A2Ca2Cu30,
l) BisSr2Cu10s 1) Bi,Sr2Ca;Cu20s 1) Bi2SrzCaz2Cu3010
2) Tl3Ba2Cui0s 2) Tl;BazCa;Cuz0s 2) TI;Ba;Ca2Cu3O1o

e T P &+ Z 7 MO
=0 g Q

i
Sr, Ba e Ca
® Ca
v 7 7
g e 2 7

C

e e 7
L T T e 7
L 2 T

s = . 7
M=Bi,TI n=1,2 A=Sr, Ba LT
T.=7—20K (M=Bi) M=Bi, Tl n=12 A=Sr,Ba S
=20-80K (M=T1) T.=85K (M=Bi) M=Bi,TI a=1,2 A=Sr,Ba
=105K (M=TI) T.=110K (M=Bi)
=125K (M=TI)

Figure 5.90. Crystal structures of oxide superconductors.
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Table 5.25. Lattice Parameters and Phase Diagrams of High-T,
Superconductors

YBa,Cu3Os, Ortho. Bi,Sr,CuQ,, Tetra Bi,Sr,CaCu,0s, Tetra
a=3.8218(7) A, a=3.8097A, a=3.8124,
b=23.8913(7) A, c=24.607A c=30.664
c=11.677(2) A

hkl 26 (deg) hil 26 (deg) hkl 26 (deg)

213 58.856 215 57.209 217 57.970
116, 123 58.245 208 56.853 215 55.898
115 51.483 213 55.039 1015 50.678

200 47.582 200 47.736 200 47.627
006, 020 46.675 118 44.715 1013 45.205
113 40.411 0012 44.172- 1110 44.757

104 38.798 107 34.714 114 35.235

110, 103 32.854 110 33.254 110 33.196
013 32.559 105 29.647 107 31.091

102 27.898 008 29.021 0010 29.154

012 27.57 103 25.770 105 27.535

100 23.273 006 21.656 103 24.910

003 22.843 002 7.155 008 23.231

002 5.784

1/2 Bi,03

Bi-system

BizCUO4

Biz(Sr, Ca),0s

Bi,(Sr, Ca),CuO;

© Bi,(Sr, Ca);Cu,0y
® Bi,(Sr, Ca),Cu;0,

YBC system

v Vi
Sr,Ca)O  (Sr, Ca),Cu0O;

1/2 Y20, Y.Ba:0o Y:BasO7 BaO
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Figure 5.91. Oxygen deficiency and average valence of Cu ion as a function of log
P(O,).1%
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Table 5.26. Material Parameters for High T, Superconductorg1%4

Material Te £ A K
(K) | (m) | (hm) | (A)
37 250 Aeppli (1987)
36 3 330 110 Finnemore (1987)
18 K obayashi (1987)
Lase 34 200 Kosser (1987)
38 13 210 160 Orlando (1987)
~75 Renker (1987)
~40 Takagi (1987)
37 230 Wappling (1987)
LaSr (0.096) 38 2.0 Nakao (1987)
2.6 Kobayashi (1987)
LaSr (0.1) 35 13 210 160 Orlando (1987)
39 2.0 100 50 Uchida (1987)
LaSr (0.3) 35 3.2 Murata (1987)
180 Bezinge (1987)
225 Felici (1987)
15 120 80 Gottwick (1987)
70 Grant (1987)
95 27(1) Hikita (1987)
YBa,Cuz07.5 95 0.6(0) Hikita (1987)
84 130 Kosder (1987)
89 17 Orlando (1987)
89 34(|1) 26 7.6(]]) Worthington (1987)
89 0.7(0) 125(||) 37( Worthington (1987)
400 Zuo (1987)
YBaCus0s9  92.5 22 140 65 Cava (1987)
Yo04BaeCuOss 89 14 Murata (1987)
, 4.2(1DH Hikita (1988)
BiSrCaCuO .
0.1(0) Hidaka (1988)

Coherence lengths (&), penetration depths (A), and their ratios (Ginzburg-L andau Param-
eter) K = (A/€). Thenotation usedis (L&, ,M,),CuO, 5= LaM(x). Several valuesaregiven
of thecoherencelengthg; =&, inthe Cu-O planesandg, =& perpendicular to theseplanes
aregiven.
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5.1.4.1 Studies of Thin Film Processes

Thin films of perovskite-related, high-T,. superconductors have
been successfully synthesized. Thisisdueto previousstudieson dielectric
thin films of perovskite-type oxides®¥ and/or superconducting thin films
of the perovskite-type, BaPb,_,Bi,O,,["1 and the alloy superconductors of
the A ;sNb,Ge and B,;NDbN type.[64[66]

Inthe early periods of research on these superconducting films,
sputtering and/or electron beam deposition was used for the deposition.
The polycrystalline and/or single-crystal thin films of La-Sr-Cu-O were
prepared by several workers.["4-176 Adachi found that sputtered single-
crystal thin films of La-Sr-Cu-O exhibited atransition temperature of T, =
34 K, which corresponded to the best results for the ceramics.”™ Suzuki
found that this kind of superconductor shows a small carrier density of
around n, = 6.8 x 10%* cm3, simiilar to the BaPb,_,Bi, O oxides.[® Naito
evaluated the energy gap of La-Sr-Cu-O thin films by infrared reflectance
measurements; the values were found to be 20-30 mV .[78l

After the discovery of Y-Ba-Cu-O high-T, superconductors by
Chu, most thin-film studies were shifted to the deposition of Y-Ba-Cu-O
thin films. The sputtered films exhibited high transition temperatures of
around 90 K, which was close to the value of ceramics. Their critical
currents were found to exceed 10° A/cm? at aliquid nitrogen temperature
of 77 K under azero magnetic field, although critical currents measuredin
bulk ceramics were less than 10% A/cm?.[79]

Several basic propertiesin the new high-T, Y-Ba-Cu-O thin films
were evaluated, including the tunneling gap and anisotropy in critical
currentsand thecritical field.[”® Inthese experiments, thecritical field was
found to exceed 4 T/K .[2%] These extensive studies have suggested that the
new high-T, superconductors have possible applications for electronic
devices and/or power systems.

The possibility of lowering the synthesis temperature has been
discussed. Sputter deposition has allowed the reduction of the synthesis
temperature from 900°C to 600°C by irradiation with an oxygen plasma
during deposition.[8Y L owering the synthesis temperature has been found
to reduce the mutual diffusion between thin films and the substrates, and
stabilizestheinterface.[*®”] Several workers have studied mutual diffusion
between thin filmsand substrates.[*%111%] A|uminum atomsin the sapphire
substrates are found to easily diffuse into superconducting thin films
during postannealing. Buffer layers are used for the reduction of mutual
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diffusions. Layers of Zr0,,12%9 CaF,,[*%"] and Pti?°Yl are considered buffer
layers on Si and sapphire substrates.

A multilayer deposition to keep the stoichiometry was al so exam-
ined.?%2 A new deposition process, pulsed laser deposition (PLD), has
also been evaluated for controlled deposition of high-T, superconduc-
tors.!2931 Chemical vapor depositionisalso considered an available method
for deposition of new high-T, superconductors.!?%4

Thin-film deposition of the high-T, superconductors of Bi-Sr-Ca-
Cu-O and/or TI-Ba-Ca-Cu-0 systems hasbeen tried using methods similar
to those of La-Sr-Cu-O and/or Y-Ba-Cu-O thin films. These deposition
methods are listed in Table. 5.3.

In these deposition methods, the most important problem is
keeping the correct composition. The layer-by-layer deposition in an
atomic scale proposed by Adachi isone of the most promising methodsfor
the controlled deposition of high-T, superconductors.[20°]

Aside from deposition, extensive studies on passivation and/or
microfabrication have been done by several workers.[20€1[207] ECR plasma
CVD can be used for making a stable passivation layer onto high-T,
superconducting thin films due to its low working pressure and low
deposition temperatures.[2]

5.1.4.2 Basic Thin Film Processes

The basic processesfor the deposition of perovskitethin filmsare
shown in Table 5.27. Thin films of amorphous phase are deposited at the
substrate temperature T, below the crystallizing temperature T, which is
500°-700°C for the perovskite-type oxides. In some cases, a different
crystal structure appears at substrate temperatures below the T, for the
perovskite structure. For thin films of PbTiO;, the pyrochlore phase
appears at substrate temperatures of around 400°C.[2%

Thin films of polycrystalline phase are deposited at T,> T,,. This
phase is also achieved by deposition of the amorphous phase followed by
postannealing at temperatures above T,,.

Thin single-crystal films are epitaxially deposited on a single-
crystal substrate at substrate temperatures above the epitaxial temperature
T. (Te > T,). The amorphous thin films deposited on the single-crystal
substrate will be converted into single-crystalline thin films after postan-
nealing at temperatures above T, owing to solid-phase epitaxy.
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Table 5.27. Basic Process of the Deposition of Perovskite Thin Films

Amorphous phase Ts< Ty

Ts> T

Polycrystalline Ts < Tg, postannealing

Ts>Te
Ts < T, postannealing
(solid-phase epitaxy)

Single crystals
(single-crystal substrate)

Note: T, substrate temperature during deposition; T, crystallizing temperature during
deposition; T, epitaxial temperature.

Several kinds of deposition processes are proposed for perovs-
kite-type oxides, including electron beam deposition,[?9 |aser beam
deposition,!?* cathodi c sputtering,!?? and chemical vapor deposition.[213]
Oxidization is considered necessary for the deposition of high-T, super-
conductors. For this purpose, oxygen, ozone, and/or oxygen ionsare supplied
onto the growing surface of thin films during deposition by the electron
beam and/or molecular beam deposition system as shown in Fig. 5.92.

In cathodic sputtering, thin films of perovskites are deposited
directly from the compound ceramic target of perovskitesin an rf-system.
RF-magnetron sputtering is commonly used for deposition from acompound
ceramictarget. A sintered ceramic plate or sintered ceramic powder isused
for the sputtering target. In dc-magnetron sputtering, the metal targets of
A-site and B-site elements are sputtered in an oxidizing atmosphere.

Wehner and coworkers have determined that, in a planar diode
system, the film composition from a multicomponent target is a function
of substrate location, and is usually different from that of the target. The
main reason for this is that different atomic species are sputtered with
different angular distributions. An additional problem ariseswith negative
oxygen ionsthat cause presputtering from substrates |ocated opposite the
target. These complications disappear when sputtering is performed using
spherical targets,[24 althoughthisisgenerally animpractical meansof film
formation.

In chemical vapor deposition, metal-organic compounds such as
Y (Cy1H190,)5, Ba(Cy1H190,),, and Cu(C,;,H,40,), aretentatively used as
the source for deposition of YBC thin films. Halides such as BiCl,, Cul,
Cal,, and Srl, are used asthe source for deposition of BSCC thin films.[225]
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Figure5.92. Typical deposition systems for the high-T, superconductors; (a) sputtering,
(b) reactiveevaporation, (c) activated reactiveevaporation, (d) ion assisted evaporation, (€)
plasmaCV D, (f) reactivelaser abrasion. (S: substrate, F: thinfilm, T: target, V: vac. chamber,
EB: electron beam, G: reactive gas source.)
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For the deposition of single-crystal films, the selection of the
substrate crystal will affect the crystal propertiesof theresultant films. The
crystallographic properties of the crystal substrates used for epitaxial
growth of perovskite-type oxides are shown in Table 5.28.121]

Figure 5.93 shows atypical epitaxial relationship between high T,
superconductorsand cubic substrates. The c-axisof the epitaxial filmswill
be perpendicular to the (100) plane of the substrate crystals. Theisotropic
superconducting currents will flow in the (001) plane of the deposited
films. On the (110) plane of the cubic crystal substrates the c-axis of the
epitaxial filmswill lieinthefilms. Largeanisotropy will beexpectedfor the
current flow in the (110) plane of the epitaxial films.

It should be noted that most of the crystal substrates exhibit cubic
structure. The crystal twin will often be formed in epitaxial films of
orthorhombic superconductors, and orthorhombic substrates are impor-
tant for the reduction of them. Besides crystallographic properties, the
possibility of mutual diffusion at thefilm and substrate interface should be
considered in the selection of the substrates.[2171-218]

A number of experiments have been done for deposition of high-
T, thin films. For the Y-Ba-Cu-O system, three deposition processes are
classified asindicated in Table 5.29.

The process for making YBC ceramics is composed of three
stages: (1) mixing, (2) annealing for crystallization and sintering, and (3)
annealing for the control of oxygen vacancies and/or crystal structure. In
the annealing process, the oxidation of copper will be promoted and the
density of Cu*! and/or Cu*? decrease and Cu*3 density increases.

For YBC thin films, three processes are considered:

» Process (1) is deposition at low substrate temperature
followed by postannealing. This process is commonly
used for deposition of high-T, superconducting thin
films, since stoichiometric composition of the thin films
isrelatively easily achieved. Single-crystal thinfilmsare
expected to be obtained under the condition of solid-
phaseepitaxy duringthepostannealing process. At present,
however, the resultant films show the polycrystalline
phase.

» Process (2) is deposition at high substrate temperature
followed also by a postannealing process.

» Process (3) is deposition at high substrate temperature
without a subsequent postannealing process.
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Table 5.28. Substrates for the Deposition of High-T, Superconducting

Thin Films
Thermal . .
Crystal Structure Lattice Expansion Dcﬁ]itcgztc
System Constants | Coefficient
(K%
Substrates
. hex.axes -6
Qpirlnge trigonal corundum a =4.763 D"C f;xlfoe 9.9
(@-AlOs) ¢=13003 | °
MgO cubic NaCl a=4.203 8x10° 17
MgAIl,O, cubic spinel a=28.059 7.6x10°
YSz cubic fluorite a=5.16 10x10°® 27
STiO; cubic perovskite | a=3.905 9x10°
a=>5.482
LaGaO; orthorhombic perovskite | b=5.526 10x10° 25
c=7.780
LaAlO; pseudo cubic | perovskite [a=3.792 10x10° 16
a=5.18
Nd: YAIO; orthorhombic perovskite | b=5.33 2.2x10°
c=7.37
a=5.426
NdGaO; orthorhombic perovskite | b=5.502 3x10° 22
c=17.706
Si cubic a=543 2.6x10° 12
GaAs cubic a=5.65 6.86x10° 13
Superconductors
Lal_gSro.zCuOA # . a=3.78 6
(LSO) tetragonal K2NiF, c=1323 10-15x10
oxygen a=382 14x10°®
ZKYBBaé?mOx orthorhombic | deficient | b=3.89 12x10°
perovskite | ¢=11.68 25x10°®
Bi-Sr-Ca-Cu-O Pseudo Bi-layered | a=5.4 12x10°
(BScC) tetra structure c=30,36
Tl-Ba-Ca-Cu-O Pseudo Bi-layered | a=54
(TBCC) tetra structure c=30,36

# Superconductivity at orthorhombic phase.
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Figure 5.93. Epitaxia relations of the high-T, superconducting thin films on crystal
substrate.

Table5.29. Fabrication Processesfor High-T, Superconducting Ceramics
and Thin Tilms

i Oxygen Vacancy
nge?;‘?"on Crystallization and/or
i Structural Control
Ceramics mixin sintering annealing*
0 (850°-950°C) |  (850°-950°C)
1 annealing annealing*
(850°-950°C) (850°-950°C)
Thin 5 deposition annealing*
films (Ts> Ter) (400°—950°C)
3 deposition**
(TS > TCI')

Note: T, substratetemperature during deposition; T, crystallizingtemperature (500°—
700°C); *slow cooling; ** quenching.

Single-crystal films can be obtained by vapor-phase epitaxy
achieved in processes (2) and (3). These considerations may aso be
adoptedfor deposition of theL SC (La-Sr-Cu-O) system and theBSCC (Bi-
Sr-Ca-Cu-0) and/or the TBCC (TI-Bi-Ca-Cu-0O) system. However, inthe
L SC system, the oxidation of copper will be promoted by the substitution
of La*? site by Sr*3 during the postannealing process. In the BSCC and/or
TBCC system, the rearrangements of Sr, Ba, and/or Ca will act as the
oxidation promoter, as described in Sec. 5.1.4.7.
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5.1.4.3 Synthesis Temperature

As indicated in Table 5.29, the synthesis temperature of high-T,
superconducting ceramics is around 850°-950°C. Lowering it is very
important not only for scientific interests but also for fabrication of thin-
film superconducting devices. Table 5.29 shows that the maximum tem-
perature in the thin-film process may be governed by the postannealing
process. In thin-film process (2) for rare-earth Y Ba,Cu;O, (Y BC) super-
conductors, the synthesis temperature is governed by the postannealing
process for control of the oxygen vacancies if the as-deposited thin films
arecrystallized.

The structural analysis for Y Ba,Cu;0, ceramics suggests that
the structural transition from the nonsuperconducting tetragonal phase
(x < 6.3) to the superconducting orthorhombic phase (7 > x > 6.3) occurs
around 700°C, and the latter phase is predominant at annealing tempera-
tures below 600°C as shown in Fig. 5.91.[219

It is known that when the annealing temperature is near the tetra/
ortho transition temperature, superconductors show the ortho-11 phase
with T,=50-60 K (6.7 = x> 6.3). The ortho-I phase with T, = 90K (7 >
X > 6.7) is obtained at a lower annealing temperature below 600°C. The
stability of the ortho phase is sensitive to the partial pressure of the
oxygen.[220

Similar results are obtained in Gd-Ba-Cu-O (GBC) films.[221
Figure 5.94 shows typical experimental results on the variations of the c-
axis lattice parameter with the postannealing temperature for the c-axis-
oriented GBC films of the tetragonal phase, ¢ = 11.83-11.84 A. It shows
that the c-axis|attice constant isreduced by postannealingin O,. Thefilms
annealed at 550°—650°C with ¢ = 11.73-11.75 A may correspond to the
ortho-11 phase. The high-T, ortho-I phase with ¢ = 11.71-11.73 A and T,
= 90 K is obtained at an annealing temperature of 350°-550°C. These
structural analyses suggest that the synthesis temperature is not governed
by the postannealing temperature for YBC films but by the crystalizing
temperature.

For rare-earth La,,Sr,CuQ, thin films, the as-deposited films
show theinsufficient oxidation of copper. Oxidation takes place during the
postannealing process. The maximum synthesis temperature for LSC thin
films may also be governed by the crystallization temperature, since
oxidationwill take placebelow it. Thecrystallization temperaturefor these
rare-earth, high-T_ oxidesisaround 500°—600°C. For rare-earth-free, high-
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Figure 5.94. Variation of the c-axis lattice parameter of the Gd-Ba-Cu-O thin filmswith
postannealing in O, atmosphere at various temperatures.

T, superconductors, the minimum synthesis temperature may also corre-
spond to the crystallization temperature of perovskites, 500°-700°C.

Note that in YBC thin films, the partia substitution of O-sites by
Sshowsatendency to decreasethe crystallizing temperature accompani ed
by a sharpened transition.[222-223]

5.1.4.4 Low-Temperature Processes, In-Situ Deposition

It is possible that lowering the synthesis temperature for the YBC
system can be achieved by deposition at the crystallizing temperature of
500°-700°C followed by postannealing in O, at a temperature of 350°—
550°C. The maximum temperature for rare-earth, high-T, film processes
isthen governed by the crystallizing temperature of 500°-700°C.

Several studies have been done on the low temperature synthesis
of rare-earth, high-T, superconductors. These processes are classified into
two types:

(i) In-situ annealing: Deposition at a substrate temperature
above the crystallizing temperature T, (500°-700°C),
followed by postannealing at alower temperature (400°—
600°C) in O,.

(ii) In-situ deposition: Deposition at a substrate temperature
above the crystallizing temperature without any addi-
tional postannealing process.
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Type (i), in-situ annealing, corresponds to process (2),* that is,
postannealing is conducted successively in the deposition equipment
without breaking the vacuum. In type (ii), in-situ deposition, without any
postannealing process. Type (ii) corresponds to process (3).*

The low-temperature process with either in-situ annealing or in-
situ deposition was studied in several deposition processes including
sputtering,??4 pulsed laser deposition,[??% and reactive deposition.[??¢ In
these studies, the temperature of the substrates during deposition was
500°-700°C. The annealing was done at around 400°-500°C in O,. The
resultsshowed that thelow-temperature processwithout annealing (in-situ
deposition) is readily available for making thin film electronic devices
since it achieves the formation of the multilayered structure of high-T,
superconductors.

In the YBC system, the as-deposited films will show the single-
crystal phase and exhibit superconductivity without postannealing if
enough oxygen is supplied onto the film surface during deposition to
oxidize the deposited films, and if the substrate temperature during
deposition T, satisfies the relationship,

Eq. (5.15) T.<T.<T,

where T, denotes the epitaxial temperature, and T, the transition tempera-
ture from the tetragonal to the orthorhombic phase.

In-situ deposition of the YBC system has been attempted by
magnetron sputtering. It hasal so been confirmed that i rradiation of oxygen
ions and/or plasma onto the deposited film during deposition isimportant
in order to achievein-situ deposition. Under suitableirradiation of oxygen
plasma onto the film surface, excellent superconducting transition tem-
peratures were observed in as-deposited Er-Ba-Cu-O (EBC) thin films.
Theonset temperatureswere 95 K with azero-resistancetemperature of 86
K for films deposited at 650°C.[81

Several advantages of in-situ deposition have been found such as
the smooth surface of the deposited films and the small interdiffusion
between deposited superconducting films and substrates.!'%! | n-situ depo-
sition, however, has exhibited low critical-current density due to the
presence of crystal boundaries in the deposited films, which will form
weak links. The magnitude of critical currentsis strongly affected by the
application of an external magneticfieldwhenitsdirectionisparalel tothe

* See the description of processes (1), (2) and (3) in Sec. 5.1.4.2.
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c-axis of the oriented superconducting films.[??2”1 These weak points
observedinin-situdeposition may result fromimperfect crystallinity of the
deposited films, which is essentially improved by refinement of the
deposition system.

In rare-earth-free, high-T, superconductors of the BSCC and/or
TBCC systems, severa different superconducting phases are simulta-
neously formed during the postannealing process. Although the basic thin-
film processesfor rare-earth-free, high-T, superconductors are essentially
the same asthose of rare-earth, high-T, superconductors, the simultaneous
growth of the different superconducting phase causes difficulty in the
controlled deposition of the single-phase, high-T, superconducting thin
films.

5.1.4.5 Deposition of Rare-Earth, High-T, Superconductors

The simplest method for making rare-earth, high-T, films is the
deposition of amorphousfilmsby sputtering at alow substrate temperature
followed by a postannealing process (process 1). Typical sputtering
conditions for YBC films are shown in Table 5.30. These targets were
obtained by reacting amixed powder of Y,03(99.99%), BaCO, (99.99%),
and CuO (99.9%) in air at 900°C for 8 hours and then sintering at 900°C
for 8 hoursin air.

The measurement of resistivity was carried out using the standard
four-probe technique with gold el ectrodes fabricated on the surface of the
films. The measured current density was about 5 A/cm?. Samples were
fixed to the copper block and thetemperature was measured by a Chromel-
Au (Fe) thermocouple attached to the copper block. Figure 5.95 shows

Table 5.30. Sputtering Conditions for the Deposition of High-T, Thin
Films (Process 1)

Target (Y 0.4Bag6)3Cus0, (100 mmin dia)
Substrate (1102) plane of sapphire
Substrate temperature 200°C

Sputtering gas Ar

Gas pressure 0.4 Pa

RF input power 150 W

Growth rate 150 A/min
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photographs of the samples. The as-sputtered films were insulating and
brown in color. After postannealing at 900°C for 1 hour in O,, the films
showed superconductivity as shown in Fig. 5.96."

*Highfrequency surfaceimpedanceZ,, Hall mobility, and acritical current/critical magnetic
fieldarealsoimportant el ectrical propertiesof high-T_ superconductors. TheZgisexpressed
by Z= pgoA3w?/2 +j(Aw), where [, 0, A, and w are absol ute permeability of free space,
electrical conductivity, London penetration depth, and measurement frequency, respec-
tively. Theimpedance measurements are conducted by astrip line or acavity resonator at
the frequency range of 1 GHz to 1000 GHz. The surfaceimpedance of YBCO thinfilmsis
10°t010%at 10GHzand 77 K, whichisthreeordersin magnitudelower thanthat of copper.
(Chin, C.C.,Rainville, P.J.,, Dreman, A. J., Devor, J. S,, Steinbeck, J., Dresselhaus, G., and
Dresselhaus, M. S., J. Mater. Res., 5:1599 [1990])

Thevan der Pauw method is used for the Hall measurement. A test sample plate
of thickness d has four measurement points, A, B, C, D. For the isotropic conductor, the
resistivity, p, isobtained by therelation

exp(TRa cp d/p) + EXP(—TRgc pad/p) = 1

where Ry p denotes the potential difference between D and C (= Vp—V) when the unit
current passes through from A to B, Rg¢ p» denotesthe potential difference between A and
D (= V,-Vp) when unit current passes through from A to D. The Hall mobility p, (= R/p)
is obtained by (d/B) x (ARgpac/p), Where the shift of Rgpcp becomes ARgp ¢, under the
application of themagneticfield B perpendicul ar to the sampleplate. Typical measurement
results are shown in the table below.

D - [ o i
Sample  °© 1 uttered
. g ! \ h=le o1 om S?—Sr_—C&Cu-O
R : i thin film
Magnetic Field 4.6 kOe
i Current 1 mA, room temperature

Vo-Ve = Rag.co 37.34mV
Va—Vp= Rscpa 66.08 mV
A(V4-Ve) = ARapac 0.030 mV
p=1.04x10° exp(-TRag pc d/p)
n = 3.09x10%'cm™ + eXp(—TRec padip) = 1
Uy = 3.025 cm?/V s K= sy ARep.ac/p)

The carrier concentration, n, is also evaluated by the measurement of a plasma
frequency, wy, whichisequal to (47t ne?/m*)Y2, wherem* istheel ectron effectivemass. The
Wy, is measured by optical spectroscopy.

The critical current density, J., isdirectly evaluated by a current transportation
method or by a measurement of antimagnetization, M. The J, is estimated by the Bean's
equation J, = 30(M/R), whereR denotes the equival ent radius of the sample. The SQUID
system is used for the measurement M.
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Figureb5.95. A photograph of athin-film superconductor for measuring resi stiveproperties.
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Figureb5.96. Temperature dependence of resistivity for sputtered Y -Ba-Cu-Othinfilmson
(1102) sapphire (process 1).

The onset temperature was 94 K with zero resistivity at 70 K.[8%
These annealed YBC films showed a polycrystalline phase with the
preferred orientation of (103) crystal axis perpendicular to the substrate, as
shown in Fig. 5.97. The (103) surface of YBC corresponds to the closest
packed plane. The temperature dependence of resistivity shown in Fig.
5.96 suggests that YBC films are composed of the superconducting
orthorhombic phase and the semiconducting tetragonal phase since the
resistivity indicates that above the transition temperature, the material is
semiconductive. The relatively high resistivity, 2 mQcm at the transition
temperature, may also result from the presence of grain boundariesin the
YBC films. The sharp superconducting transition with a single supercon-
ducting ortho-1 phase is obtained for stoichiometric composition in
deposited films.
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Improvement of the crystallinity of high-T, filmsis achieved by
deposition at ahigher substrate temperature (process 2). Table 5.31 shows
typical sputtering conditionsfor theimprovement of crystalline properties
of GBC films. Since the concentrations of Ba and Cu in GBC films are
reduced at higher substrate temperatures, the composition of the target is
modified so as to achieve stoichiometric composition for sputtered GBC
films.[228 Typical superconducting properties of these GBC films are
shown in Fig. 5.98. The low resistivity, less than 0.5 mWcm, at the
transition temperature corresponds to bulk resistivity was observed for
YBC films. The temperature dependence of resistivity was metallic at
temperatures above the transition temperature. Similar properties were
also obtained by electron beam deposition.!””]

(116)
(123),(213)

20 30 40 50 60
20 (deg.)

Figure5.97. Typical x-ray diffraction pattern of sputtered Y -Ba-Cu-O thin film on (100)
SrTiO; (process 1).

Table 5.31. Sputtering Conditions of Low Temperature Deposition for
Gd-Ba-Cu-O Thin Films (Process 2)

Target GdB&a,Cus0, (100 mm in dia.)
Substrate (100) plane of MgO

Substrate temperature 600° and 750°C

Sputtering gas Ar+0,(3:2)

Gas pressure 0.4Pa

RF input power 130 W

Growth rate 80 A/min

Target-substrate spacing 25-35nm
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Figure5.98. Temperature dependence of resistivity for sputtered Gd-Ba-Cu-O thin films
on (100) MgO (process 2).

However, epitaxial YBC thin films with single-phase YBC are
generally difficult to deposit, since the composition of the films often
differs from the stoichiometric value of YBC at substrate temperatures
above T, (500°-700°C). In contrast, epitaxial LSC thin films are easily
deposited since LSC is composed of a solid solution.

Typical sputtering conditions for LSC thin films are shown in
Table 5.32.2°1 The target was stoichiometric (La, ¢Sr,,),Cu0, and was
made by sintering amixture of La,O5 (99.99%), SrCO5(99.9%), and CuO
(99.9%) at 900°C in air for about 8 hours. The as-sputtered films were
conductive with a black color similar to the target. Electron-probe x-ray
microanalyses showed that the concentrations of La, Sr, and Cu were close
tothetarget composition. Theelectron diffraction pattern suggested that an
excellent single crystal was epitaxially grown on the substrate. However,
when L SC filmswere deposited on (100) MgO, the resultant films showed
the polycrystalline phase. Thisispossibly dueto thelargelattice mismatch
between LSC and MgO.

These as-sputtered films showed semiconductive behavior. The
superconductivity was observed after postannealing in air at 900°C for 3
days. Typical electron diffraction patternsand el ectrical propertiesof these
sputtered filmsare shownin Fig. 5.99. Single-crystal LSC filmsgrown on
(100) SrTiO4 exhibited excellent superconducting properties. The onset
temperature was =34 K with T, = 25 K. The narrow transition width, less
than 3 K, suggests that these sputtered films are composed of the single
phase of layered perovskites, K,NiF,.
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Table 5.32. Sputtering Conditions (Process 2)

Target (LaggSro.1).CuO,4 (100 mmin dia.)
Substrate (100) plane of SrTiO;

Substrate temperature 600°C

Sputtering gas Ar

Gas pressure 0.4 Pa

RF input power 150 W

Growth rate 100 A/min

16

12

Resistivity (10 Qcm)
(-]

0 L L .
0 100 200 300

Temperature (°K)

Figure 5.99. Electron diffraction pattern and temperature dependence of resistivity for
sputtered La-Sr-Cu-O thin films on (100) SrTiO; (process 2).
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However, these processes still need the troublesome postanneal -
ing. Diffusion at thefilm/substrateinterfacetook placeat thepostannealing
temperatures above 800°—900°C. This causes a broad transition due to
mutual diffusion between substrate and the deposited films.'%! A dis-
charge plasma of oxygen in sputtering is considered suitable for oxidation
of thin films during deposition. Thus, if thethin filmsareimmersed in the
oxygen plasma during deposition, in-situ deposition (process 3) will
potentially be achieved.[30)

Sputter deposition with two target—substrate spacings, 35 mm and
40 mm, was used inthe preparation of Er-Ba-Cu-O filmson MgO. Typical
sputtering conditions are shown in Table 5.33. The target was made by
sintering the mixture of Er,05, BaCO,, and CuO at 900°C for 20 hoursin
air. The surface of the substrate was exposed to the discharge plasmawith
atarget spacing of 35 mm. For spacing of 40 mm, the substrate is situated
outside of the plasma.

Thetemperature dependence of resistivity for as-sputtered filmsis
shown in Fig. 5.100. The film made with a spacing of 35 mm showed a
sharp superconducting transition with onset at 92 K and Tz, = 86 K. On
the other hand, the film with spacing of 40 mm exhibited a much broader
superconducting transition, and zero resistance was realized at 57 K. It is
considered that the effect of target spacing on superconducting properties
results from the difference of oxidation in the films. We can only roughly
presume oxidation of the films from the crystalline information obtained.
Sufficient oxidation leads surely to the superconducting orthorhombic
structure, while oxygen defects cause the semiconducting tetragonal
structure.

Table 5.33. Sputtering Conditions (Process 3)

Target Er;Ba,Cu,s0 (100 mmin dia.)
Substrate (100) MgO and (110) SITiO,
Sputtering gas Ar+ 0, (4:1)

Gas pressure 0.4 Pa

RF input power 175W

Substrate temperature 650°C

Growth rate 70 A/min
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Figure5.100. Temperaturedependenceof theresistivity for Er-Ba-Cu-Othinfilmson (100)
MgO (process 3).

Figures 5.101a and 5.101b show the x-ray diffraction patterns of
films made with spacings of 35 mm and 40 mm, respectively. The c-axis
isprimarily oriented perpendicular tothefilm plane. Thecrystal system can
be discriminated by the lattice constant c, i.e., ¢ = 11.68 A for the
orthorhombic structure (0), and c= 11.8-11.9 A for thetetragonal structure
(). The film made with a spacing of 35 mm shows a mixed structure with
dominant orthorhombic and minor tetragonal phases. On the other hand,
thefilm with aspacing of 40 mm showsthetetragonal structure. Fromthese
results, it isevident that oxidation progresses more for aspacing of 35 mm
than for 40 mm. For comparison, the x-ray diffraction pattern of the film
Tr-0=55K, madewithatarget-to-sampl edistanceof 35mmand at ahigher
substrate temperature of 700°C, is shown in Fig. 5.101c. The film shows
the tetragonal structure. Since deposition was carried out at atemperature
higher than thet-o transition, the oxidation in passing through thet-o point
was not sufficient for quick cooling.

On SITiO; (110) substrates, epitaxial films are prepared by the
same process. Figure 5.102 shows the RHEED pattern of the epitaxial Er-
Ba-Cu-O film. Thetemperature dependence of resistivity for as-deposited
filmsshowssimilar characteristics, and zero reactivity isrealized bel ow 80
K. The Y-Ba-Cu-O films are also prepared by this process.

Thesefactssuggest the possibility of in-situ deposition (process3)
in Table5.29, although the in-situ deposited films are not composed of the
single phase of the orthorhombic structure.
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Figure 5.101. X-ray diffraction patterns for Er-Ba-Cu-O thin films on (100) MgO
(process 3).

Figure5.102. Electron diffraction pattern of the epitaxial Er-Ba-Cu-O thinfilmon (100)
SrTiO; (process 3).
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The experiments on Gd-Ba-Cu-O thin films suggest that in-situ
postannealing in O, at the relatively low temperature of 400°—609°C
increases the orthorhombic phase and improves the superconducting
properties.!?3 The effects of low-temperature postannealing are also
verified in pulsed laser deposition.

5.1.4.6 Deposition of Rare-Earth-Free, High-T, Superconductors

In rare-earth-free, high-T, superconductors, several supercon-
ducting phases are present for different chemical compositions. Typical
chemical compositionsfor the Bi system and Tl system arelisted in Table
5.34. Their superconducting properties have not yet been fully explained.

Table 5.34. Rare-Earth-Free High-T, Superconductors

T. (K) Institute Date
Bi -system: Bi,0,-2SrO:(n-1)Ca-nCuO,
Bi,Sr,CuOs (2201)* =7-22 CaenUniv. (France) 1987.5
Aoyamagakuin Univ. (Japan)
Bi,»Sr,CaCu,Og (221 2)* 80 National Res. Institute for 1988.1
Metals (Japan)
Bi,Sr,CaCus0,p  (2223)* 110 National Res. Institute for 1988.3
Metals (Japan)
Bi,Sr,CasCu,0, (223 4)* =90 Matsushita Elec. (Japan) 1988.9
Tl -system: Tl,0,-2Ba0-(n-1)Ca:nCuO,
TlI,Ba,CuOq (2201)* =2090 Ingttutefor Molecular Sci. 1987.12
(Japan)
Arkansas Univ. (USA)
TI,Ba,CaCu,Og (221 2)* 105 Arkansas Univ. (USA) 1988.2
TI,BapCaCus0;p (222 3)* 125 Arkansas Univ. IBM (USA)  1988.3
Tl -system: TIO-2BaO-(n-1)Ca:nCuO,
TIBa,CaCu,0-, (1212* =70-80 IBM (USA) 1988.5
TIBa,CayCuz0q (1223)* =110-116 IBM (USA) 1988.3
TIBaCaCu,01; (123 4)* 120 ETL (Japan) 1988.5
TIBa,CaCus013  (1245)* <120 ETL (Japan) 1988.5

* Numbers indicate a composition; e.g., Bi,Sr,CaCu,0Og - (221 2).
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Thin films of the Bi-Sr-Ca-Cu-O system are prepared by rf planar
magnetron sputtering similar to YBC films. The target is complex oxides
of Bi-Sr-Ca-Cu-O, whichismadeby sinteringamixtureof Bi,O5(99.999%),
SrCO;3 (99.9%), CaCO4(99%), and CuO (99.9%) at 880°C for 8 hoursin
ar.

It is known that superconducting properties are strongly affected
by the substrate temperature during deposition. Figure 5.103 showstypical
x-ray diffraction patterns with resistivity-temperature characteristics for
Bi-Sr-Ca-Cu-O thin films, about 0.4 um thick, deposited at various
substrate temperatures. It shows that films deposited at 200°C exhibit a
Bi,Sr,CaCu,O, structure with the lattice constant ¢ = 30.64 A, which
corresponds to the low-T, phase.[?*2 The films show a zero-resistance
temperature of about 70 K; see Fig. 5.103 (top).

When the substrate temperature is raised during deposition of the
high-T.phasewithT.= 110K, theBi,Sr,Ca,Cu;0, structurewiththelattice
constant ¢ =36 A, is superposed on the x-ray diffraction pattern; see Fig.
5.103 (center).[233 At a substrate temperature of around 800°C, a single
high-T, phase is observed. The films show a zero-resistance temperature
of 104 K, shown in Fig. 5.103 (bottom).
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Figure5.103. X-ray diffraction patternswithresistivity vstemperaturefor theanneal ed
Bi-Sr-Ca-Cu-O films deposited on (100)MgO substrates.
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Typical sputtering conditions are shown in Table 5.35. The target
is complex oxides of Bi-Sr-Ca-Cu-O. The compositions are near the 1-1-
1-2 ratio of Bi-Sr-Ca-Cu. Processes (1) and/or (2) are used for deposition.
Single crystals of (100) MgO are used as substrates. The superconducting
properties are improved by postannealing at 850°-900°C for 5 hours in
02.[234]

It is noted that the formation of these superconducting phases
strongly depends on the annealing temperature and chemical composition
as shown in Fig. 5.104.[2%

Similar to the Bi-Sr-Ca-Cu-O system, thin films of the TI-Ba-Ca-
Cu-O system are prepared by rf-magnetron sputtering on a MgO
substrate. Typical sputtering conditions are shown in Table 5.36. How-
ever, their chemical composition is quite unstable during deposition, and
the postannealing process is due to the high vapor pressure of Tl. Thin

Table 5.35. Sputtering Conditions for Bi-Sr-Ca-Cu-O Thin Films

Target Bi:Sr:CaCu=1-1.7:1:1-1.7:2 (100 mm in dia.)
Sputtering gas Ar/O,=1-15

Gas pressure 0.5Pa

RF input power 150 W

Substrate temperature | 200°—800°C

Growth rate 80 A/min

890°C-5h | L

H
890°C-1h LZ L /L
M M

Annealing Conditions

850°C-3h | N

0.2 0.3 0.4 0.5 0.6 0.7
X
Figure 5.104. Variations of superconducting phase with annealing conditions for
Biy(Sr1.«Ca)n+1Cu, Oy thinfilms: H, high-T, phase (n = 3); L, low-T phase (n = 2); M and
N, other phases.[23°]
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films of the Tl system are deposited without the intentional heating of
substrates (< 200°C) and are annealed at 890°~900°C in Tl vapor.[*d |t is
seen that the superconducting phase of theresultant filmsstrongly depends
on postannealing conditions.

Figure5.105 showstypical x-ray diffraction patternswith resistiv-
ity-temperature characteristics for TI-Ba-Ca-Cu-O thin films annealed at
different conditions.

Table 5.36. Sputtering Conditions for TI-Ba-Ca-Cu-O Thin Films

Target TI:BaCa:Cu = 2:1-2:2:3 (100 mmin dia.)
Sputtering gas Ar/O, =1
Gas pressure 0.5Pa
RF input power 100 W
Substrate temperature 200°C
Growth rate 70 A/min
(@) process1 9 Ts=200°C, anneal 900°C, 1min. (TI) dos
g 2-2-1-2 structure, thickness, 0.4um )

B

(33
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Figureb.105. X -ray diffraction patternswith resistivity vstemperaturefor anneal ed
TI-Ba-Ca-Cu-O films deposited on (100)M gO substrates.
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The 0.4-um-thick film exhibits the low-temperature phase
Tl,Ba,CaCu,O, structure, with the lattice constant ¢ = 29 A after slight
annealing for 1 minute at 900°C (Fig. 5.105a). The 2-pm-thick films
annealed at 900°C for 13 minutes show the high-temperature phase
Tl,Ba,Ca,Cu,0, structure with the | attice constant ¢ = 36 A (Fig. 5.105h).
In specific annealing conditions, the other superconducting phase
TIBa,CayCu,O, structurewith thelattice constant ¢ = 19 A isal so obtained
(Fig. 5.105c)."

5.1.4.7 Structure and Structural Control

As described in a previous section, thin-film processing of high-
T, superconductors is classified into three processes: deposition at low
substrate temperature with postannealing (process 1), deposition at high
temperature with postannealing (process 2), and deposition at high tem-
perature without postannealing (process 3).

*The high-T, superconductors include a variety of compounds. The deposition
withcontrolled crystal phaseisessential. Theno uniformity and/or off stoi chiometry will ead
adifferent crystal phase as shown in the table below. The stoichiometric composition is
necessary for the deposition with controlled superconducting phase.

Deposition Postannealing Phenomena observed
temperature temperature during annealing Superconducting phase
(T9 (Tannea)
melt low T,
Ts< T T ~T crystallization (hi h‘fl_
process (1) anneal FAQD segregation mi 3 o Sh 2s0)
oxidization
melt low T,
crystallization e
Taea ~ T senrogation high T
N intergrowth
T> Ty oxidization
process (2) o
R crystallization . .
Ta oxidization single phase*
~To oxidization single phase**
T>T oxidization and
- crystallization during | single phase
process (3) deposition
**at stoichiometric composition, Timp: Melting point
T, crystallizng temp.
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One of the most important problems to be solved for thin-film
processing is lowering the synthesis temperature. At present, lowering of
the synthesis temperature can be achieved by both process (2) and process
(3) for rare-earth, high-T, superconductors.

In process (2), the lowering of the synthesis temperature can be
achieved with low-temperature postannealing at around 400°-600°C. The
minimum synthesis temperature is determined by the crystallizing tem-
perature of the high-T,_ superconductorsin these processes. The crystalliz-
ingtemperatureof Y BC, for instance, isaround 500°-700°C. Itisnoted that
in process (3), as-deposited films show superconducting properties with-
out any postannealing (i.e., in-situ deposition).

Asseeninthex-ray diffraction pattern, thein-situ-deposited films
are composed of the orthorhombic phase and the tetragonal phase. The
TEM image suggeststhat these films are composed of small crystallitesas
showninFig. 5.106. The TEM image of the sputtered filmsal so denotesthe
presenceof crystal boundariesasshownin Fig. 5.107. Thismay reducethe
critical current J.. The J, for in-situ-deposited Er-Ba-Cu-O thin filmsiis
proportional to (1 - T/T)*®, whichiscloseto (1 - T/T)5. Thisindicates
that the current transport will be partially governed by the weak link of
superconductive regions. At present, high critical current is obtained in
process (2) using postannealing.!2%!

Althoughlow-temperature-synthesizedfilmsarenot perfect single
crystals, the low-temperature process gives several favorable properties
such asthe suppression of interdiffusion at the film and substrate interface
as shown in Fig. 5.108.

Figure5.106. TEM image of in-situ deposited Er-Ba-Cu-O thin filmson (100) MgO.
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Figure5.107. TEM image of in-situ deposited Er-Ba-Cu-O thin filmson (110) SrTiOs.
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Figure5.108. Auger depth profileof Er-Ba-Cu-Othinfilms, 2000 A thick, deposited on (a)
(100)MgO substrate, and (b) (100)SrTiO; substrate, by the low-temperature process
without postannealing.


http://cuuduongthancong.com?src=pdf
https://fb.com/tailieudientucntt

Deposition of Compound Thin Films 327

Asdescribedin Sec. 5.1.4.3for YBC high-T, superconductors, the
superconducting orthorhombic phase is stabilized during the postanneal -
ing process. For rare-earth-free, high-T_ superconductors of the Bi system,
the superconducting phases of the sputtered films are controlled by the
substrate temperature during deposition; the low-T, phase of the
Bi,Sr,CaCu,O, system is obtained at the substrate temperature below
600°C, and the high-T,, phase of the Bi,Sr,Ca,Cu;0, system is obtained at
the substrate temperature above 750°C.

The SEM image suggests that the thin films of the Bi system are
composed of mica-likecrystallitesasshowninFig. 5.109. Thec-axisof the
crystallitesisperpendicular tothecrystal plane. Thelargecrystallitesallow
for the large critical current.

Thecritical current density measured for the Bi-Sr-Ca-Cu-Ofilms
isashighas2 x 10° A/lcm?at 77 K and 6 x 10° A/cm? at 4.2 K. Thecritical
current density at 77 K will be governed by the high T, phase. The current
will flow through the current channel presented in the sputtered Bi-Sr-Ca-
Cu-Ofilmssince the films are composed of amixture of the high-T, phase
and low-T, phase. A higher critical current density will be possiblein the
case of films with a single high-T, phase. The diamagnetic measurement
suggests that the film is composed of 5%-10% of the high-T, phase.[23"]
This suggests that the net critical current of the high-T, phase will be 2 x
10%to 4 x 108 A/cm? at 77 K and 6 x 107 to 1.2 x 108 A/cm? at 4.2 K.

Figure5.109. SEM image Bi-Sr-Ca-Cu-O of thin filmswith c-axis orientation.
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It isnoted that the temperature variations of theJ, are governed by
(1 - T/T)2[2%8 The square power-dependence is different from the 3/2
power dependence predicted by the well-studied proximity junction
tunneling model, which is based on the Bardeen-Cooper-Shrieffer (BCS)
theory. The presence of the layered structure will cause the square power-
dependence. Similar properties are observed in the T1-Ba-Ca-Cu-O
films.[239

In the crystallites of the low-T, Bi-Sr-Ca-Cu 2-2-1-2 phase, the
atomic arrangements are found to be uniform as indicated in the TEM
image shown in Fig. 5.110. However, in the crystallites of the high-T. Bi-
Sr-Ca-Cu 2-2-2-3 phase, the crystallites are composed of the different
superconducting phasesincluding the Ba-Sr-Ca-Cu 2-2-1-2, 2-2-3-4, and
2-2-4-5 phases, although the resistivity-temperature characteristics corre-
spond to the single superconducting phase of the 2-2-2-3 structure. The
presence of the mixed phase is aso confirmed by the spreading skirt
observed in the x-ray diffraction pattern at the low-angle peak of around
20 =4°C.

It is reasonable to consider that the presence of the mixed phases
results from the specific growth process of the present rare-earth-free
superconducting thin films: The rare-earth-free superconducting thin
filmsmay be molten during theannealing processand the superconducting
phase will be formed durina the coolina cvcle.24]

Figure5.110. TEM image of the sputtered Bi-Sr-Ca-Cu-O thin films of 2-2-1-2 structure.
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For the TI-Ba-Ca-Cu-O system, the sputtered films exhibit rough
surface morphology as shown in Fig. 5.111. The critical current is lower
than that of the Bi-system.

Figure 5.112 shows X PS measurementsfor the crystallized Bi-Sr-
Ca-Cu-O films. It shows that the annealing process modifies the crystal
structure near the Cu-O, layer and increases the density of Cu®'. Itisalso
noted that the Sr 3d and/or Ca 2p electron spectra move during the
annealing. Thisimpliesthat some structural changeswill appear around Sr
and/or Casitesduring theannealing. In contrast, the Bi-O layered structure
isstableduring annealing.[2*l Thisimpliesthat the single superconducting
phasewill be synthesized when the Bi-O basic structureis crystallized and
the stoichiometric composition is kept for the unit cell of Bi-Sr-Ca-Cu-O.

5.1.4.8 Phase Control by Layer-by-Layer Deposition

The present high-T, superconductors are composed of layered
oxides. If the layered oxides are atomically synthesized by layer-by-layer
deposition, the superconducting phase will be closely controlled. These
considerations have been successfully confirmed by sputter deposition of
the Bi systems in the multitarget sputtering process shown in Fig. 5.113.

10 pm
Figure5.111. SEM image of TI-Ba-Ca-Cu-O thin films.
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Figure5.112. XPSspectrum of sputtered Bi-Sr-Ca-Cu-Othinfilms: (a) postannealedin O,
at 845°C, 300 min; (b) as sputtered.
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Figureb5.114. X-ray diffraction patternswith resistive-temperature characteristicsfor
phase-controlled Bi-Sr-Ca-Cu-O thinfilms: (a) Bi,Sr,CaCu,0,; (b) Bi,Sr,CaCu,0,/
Bi,Sr,CaCu0,; () Bi,Sr,Ca,Cu30y; (d) Bi,Sr,Ca,Cu;0,/Bi,Sr,Ca;Cu,0,; and (e)
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The deposition rate was sel ected so as to deposit the Bi-O, Sr-0,
and Cu-O layersin an atomic-scale range. The substrate temperature was
kept around the crystallizing temperature of 650°C. X-ray diffraction
analyses suggest that as-sputtered films show the Bi-layered oxide struc-
turewith broad superconducting transitions. These superconducting prop-
ertieswereimproved by postannealing at 850°-900°Cin O,. Figure 5.114
shows typical results for layer-by-layer deposition with postannealing. It
is noted that phase control is achieved simply by controlling the amounts
of Cu-Ca-O during the layer-by-layer deposition. Experiments show that
the T, does not increase monotonously with the number of the Cu-O layers.
In the Bilayer system, the T, shows the maximum 110 K at three layers of
Cu-0O, Bi,Sr,Ca,Cu;0,. At four layers of Cu-O, Bi,Sr,Ca,Cu,0,, the T,

Resistivity (10 Qcm)
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Layer-by-layer deposition is one of the most promising processes
for fine control of the superconducting phase. |mprovements of crystallin-
ity during layer-by-layer deposition will reduce the annealing temperature
and allow the low temperature process and/or in-situ deposition. Artifi-
cially made layered-oxide superconductors (ALOS) can also be synthe-
sized by layer-by-layer deposition.242

5.1.4.9 Diamagnetization Properties

M agnetization properties are measured by an RF-SQUID (super-
conducting quantum interference device) susceptometer. The operation
conditionsof an RF-SQUID arelistedin Table 5.37. The diamagnetization
of the high-T; oxide superconducting films with c-axis orientation essen-
tially indicates the anisotropy, when the external field is applied both
perpendicularly and parallel to the ¢ axis. The high diamagnetization is
observed when the film plane is perpendicular to the magnetic field.

Typical diamagnetic hysteresis loops of superconducting oxide
films measured at 4.2 K are shown in Fig. 5.115.1243] These |oops show
the* Lenz Law.”[2*1 When the external field is decreased to asmall extent
while holding the samefield direction, diamagnetization isreversed to the
opposite direction within a very short time, keeping its absolute value.
Similar hysteresis loops are also observed in single crystals.[24®] |t is
noted that small additions of sulfur into the YBC system increases
diamagneti zation.[??

Table 5.37. Operating Conditions of RF-SQUID Susceptor for the
M easurement of Diamagnetization Properties

Range of measurements *2emu
Accuracy
magnetic flux 1x10® emuvHz
susceptance 1x10™"° emu/cm3VHz
Applied magnetic field + 10 kGauss
Sample dimension 5mm x 5mmin dia
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Figureb5.115. Magnetic hysteresis curvefor Bi-Sr-Ca-Cu-O thinfilmsmeasured at 4.2 K.

Temperature variations of the diamagnetization of c-axis-oriented
superconducting films are measured both for cooling the specimen in the
external field (Meissner effect), and for thewarming specimen by applying
the field after zero-field cooling (shield effect). Typical results for Bi-Sr-
Ca-Cu-O thin films are shown in Fig. 5.116.

By using Bean’s formula, the critical current J, (A/cm?) becomes

M
Eq. (5.16) Jo = 307

where M denotes the diamagnetization (emu/cm?), and y (cm) is the
effective radius of the sample specimen. For Bi-Sr-Ca-Cu-O thin films
withy=0.1cm, J, becomes 3.3 x 10° A/cm? at 4.2 K, avaluevery closeto
the J, measured by transport methods.[?44
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Figureb5.116. The temperature dependence of diamagnetization for Bi-Sr-Ca-Cu-O film;
opencircles: shielding effectin 140 Oe; closed circles:. shielding effectin 10 Oe; dash-dot:
Meissner effect in 140 Oe; dotted line: Meissner effect in Oe.

5.1.4.10 Passivation of Sputtered High-T, Thin Films

Itisof practical importanceto form passivation filmson supercon-
ducting filmsin order to reduce environmental influences such as humid-
ity. For such purposes, inorganicinsulating filmsare considered preferable
toorganic materials. Whenauminum oxidefilmsweredepositedon Y -Ba-
Cu-0 thin films with sapphire substrates by rf-magnetron sputtering, the
Baatoms were incorporated in the Al,O; films. In this case, the substrates
were exposed to Ar-O, plasma. It is considered more desirable to form
passivation films without exposing superconducting films directly to the
plasma discharge. Film preparation should be performed at the lowest
temperatures possible in order to minimize the influence on crystal
structures. One promising method for low-temperature deposition is the
reactive evaporation method (REM).
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Figure 5.117 shows a schematic configuration of the system for
electron cyclotron resonance (ECR) REM. It is composed of an ECR
plasma source, electron evaporation source (e-gun) and a vacuum cham-
ber wherethe substrates are placed. The microwavefreguency is2.45 GHz
and the magnetic flux density is 875 gauss. Silicon is evaporated using an
electron beam gun. For Si-N and Si-O film depositions, N, and O, gases
areintroduced, respectively. Silicon evaporation and ECR plasmairradia-
tions are simultaneously performed for Si-N and Si-O formations. Depo-
sition conditions are shown in Table 5.38.
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Figureb5.117. A schematic configuration of the plasmaassisted el ectron beam deposition.
The oxygen plasmais supplied by the ECR plasma source.

Table 5.38. Typical Deposition Conditions of Si-N and Si-O Passivation
Films

Passivation film Si-N Si-O
Gasflow rate N, 50 sccm 0O, 20 sccm
Gas pressure 1x107 torr 8x10™ torr
Microwave power 600 W 600 W
Deposition rate (Si) 1-5A/s 1A/s
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Figure5.118 representsthe structure and superconductive proper-
ties of the Si-O/Gd-Ba-Cu-O system. The depth distributions of the
compositional elements as determined by AES measurement are shownin
Fig.5.118a. Itisseenthat thecompositional elementsof Gd-Ba-Cu-Ofilms
are not detected in the Si-O film, although the depth distributions of both
compositional elementsin the Si-O/Gd-Ba-Cu-O system around the inter-
face are dightly complicated. The depth distribution of Si around the
interface is not symmetrical in both sides of the Si-O and Gd-Ba-Cu-O
films. At the depth where the Si signal is not detected, the signals caused
by Gd, Ba, and Cu till increase with depth. It is deduced that the resultant
depth distributions are caused by the film coverage over the superconduct-
ing Gd-Ba-Cu-O film when the superconducting film surface is not
smooth, since the Si-O film formation is essentially carried out obliquely
to the Gd-Ba-Cu-O film. Figure 5.118b shows the temperature depen-
dences of resistivitiesfor the Gd-Ba-Cu-O film before and after Si-O film
deposition. The onset temperature of the as-deposited Gd-Ba-Cu-O is 88
K and the zero point (T - o) is 57 K. After Si-O film formation, the T -
increased slightly to 62 K. This may be caused by oxygen ECR plasma
exposure to the sample surface during the initial stage of Si-O film
deposition.
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Figure5.118. (a) Depth distribution of the compositional elementsinthe Si-O/Gd-Ba-Cu-
O system determined by AES measurement, and (b) the superconducting properties of
sputtered Gd-Ba-Cu-O thin films deposited on (100) MgO substrates with and without
overcoating of aSi-O layer.
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Inthe caseof Si-N filmformation on the superconducting thinfilm
of Gd-Ba-Cu-O, both thevalues of T, and T ( after Si-N film deposition
are the same as those of the as-deposited Gd-Ba-Cu-O film as shown in
Table5.39.

Hall measurements suggest that the high-T, superconductors,
LSC, YBC, BSCC, and TBCC show p-type conduction. The postannealing
used for achieving superconducting properties will act as ahole injection
process. In contrast, the Nd-Ce-Cu-O systems are known as n-type
superconductors. The postannealing is done in a reducing atmosphere. It
isnoted the density of Cu** will increase during the postannealing process.
Table 5.40 shows the physical properties of high-T, superconducting thin
films.

Table 5.39. Influence of Overcoating of Dielectric Layers on
Superconducting Properties for Gd-Ba-Cu-O Thin Films

Te (K) Tr=0 (K)
Virgin Gd-Ba-Cu-O thin film 88 57
Si-O/Gd-Ba-Cu-O thin film 89 62
Si-N/Gd-Ba-Cu-O thin film 89 58

Table 5.40. Typical Superconducting Properties of High-T. Super-
conducting Thin Films

La.,Sry YBa Bi-Sr-Ca-Cu-O Tl-Ba-Ca-Cu-O
CuO,
x=005 | CUO7x| 2212) [(2223)|(2212)| (2223)
TCreo (K) 30 84 80 104 102 117
-dHco/dT (T/K) 6.3 46 7.3 7 20
-dHeo/dT (T/K) | 1.2 0.54 0.36 0.34 06
Hezy(0) (T) 130 373 440 500 1408
Heor(0) (T) 25 a4 20 24 42
&(A) 37 27 12.8 11.7 28
& (A) 71 32 27 26 0.8
Anisotropy 53 8.4 20 20 31
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5.1.4.11 Multilayers and Superconducting Devices

Themultilayers of superconductorswill modify the superconduc-
tive properties of each layer. Figure 5.119 shows an example of multilay-
ered superconductor—Bi-2212/insul ator—Bi-2201. The multilayers are de-
posited by multitarget sputtering of Bi-2212 and Bi-2202.124¢! The super-
conducting transition temperature decreaseswith the decrease of thickness
of multilayers as shown in Fig. 5.120.

MgO(100)

SIMS Intensity (arb. unit)

2212/2201 : 90A/904
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Depth (&)

Figureb5.119. Schematic diagram of Bi-2212/Bi-2201 multilayer with depth profileevalu-
ated by SIMS.
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Figureb5.120. Typical temperaturedependenceof resistivity for B-2212/Bi-2201 multilay-
ers.
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Figure. 5.121 shows current-voltage characteristics of sandwich
structure, Bi-2212/Bi-2201/Bi-2212. Thethicknessof the Bi-2201 layer is
60 nm. Under theirradiation of 12 GHz microwaves, clear Shapiro stepsare
observedat 4.2 K. Sincethethicknessof aBi-2201 insul ating layer ismuch
larger than the coherent length, atunnel junction will not be formed in the
sandwich structure. The sandwich structure showsthe S/N/S-typejunction
properties governed by the proximity effect.

The simple superconducting electronic devices are |low-l0ss reso-
nators and/or filters of GHz range described in Ch. 1. Figure 5.122 shows
the construction and the typical operation of alow-lossfilter using hairpin
resonators.!?*") The sputtered T1,Bi,CaCu,O, thin films were used for the
hairpin resonators. The substrates are 5--mm thick LaAlOs.

The superconductor reduces the insertion loss aslow as 0.8 dB at
77 K. The loss values are 20 dB smaller than gold electrodes.

o I i T e
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Figureb5.121. Current-voltage characteristicsof the Bi-2212/2201/2212 sandwichjunction
at 4.2 K (vertical: 0.5 mA/div, horizontal: 20 pVv/div) (a) without rf radiation, (b) under rf
radiation.
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Figureb5.122. A 1.5 GHzfour-stage band-path filter (top) and detail sof itsconducting film
pattern (bottomleft). Frequency responsesare shown (bottomright) for variousconductors:
(linea) Tl,Ba,CaCu,O, thinfilmsmeasuredat 77K; (lineb) goldfilmmeasuredat 77K; (line
¢) gold film measured at room temperature.

5.1.5 Transparent Conducting Films

Thin films of SnO, and In,O; are transparent with high electrical
conductivity. These conduction films are prepared by a chemical deposi-
tion process, which includes spray coating, or a physical deposition
process, a sputtering process, and reactive vacuum evaporation. 248!

Of these processes, the sputtering process gives the most con-
trolled deposition for thistype of conducting film. Generally the conduct-
ing films are prepared by dc sputtering from an alloy target of In-Snin
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an oxygen atmaosphere, or by rf sputtering from the compound target of In-
Sn oxides. In dc sputtering, the target surface variation changes the
electrical conductivity. In order to achieve high reproducibility of thefilm
properties, the partial pressure of oxygen during sputtering deposition
should be closely controlled. The as-sputtered films are often annealed in
air at 400°C to 500°C to increase their transparency.[?*% In contrast to dc
sputtering, sputtering of the oxidetarget producesthe conductive transpar-
ent films without any postannealing process.

Table 5.41 shows typical sputtering conditions for the deposition
of transparent conductive films. The target is a ceramic of indium tin
oxides, In,05; with 5% to 10% SnO,. The rf-magnetron sputtering, where
the working pressureisaslow as 1 mtorr, allows the deposition of highly
conductivefilmsat alow substrate temperature. The addition of oxygen at
104to 10> torr during sputtering increasesthe crystallinity of the sputtered
filmsandincreasestheconductivity.[?>° Sincethese sputtered filmsexhibit
high transparency in the visual region and high reflectance in the infrared
region, they are used for both liquid crystal display and selective coating
in resistively heated solar energy conversion systems.

It is known that the resistivity of these filmsis around 103 Qcm.
Lowering the deposition temperature is required for many applications.
Recent experiments suggest that the addition of H,O vapor at 104 to 10°°
torr during deposition reduces resistivity below 5 x 104 Qcm even if the
substrate temperature is lower than 200°C.

Table 5.41. Sputtering Conditions for the Deposition of Transparent
Conducting Films

Sputtering system RF planar magnetron

Target Sintered ITO (100 mm in diameter )
Substrate Fused quartz

Target-substrate distance 30 mm

Sputter gas 4x107 torr (Ar)

Substrate temperature 40°C

Sputter power 200w

Sputter time 5-10 minutes

Sheet resistivity 10-100 S/
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5.2 NITRIDES

Most nitrides can be characterized as high-temperature materials
that show high mechanical strength. A wide variety of electronic proper-
ties, from superconductorsto dielectrics, can be found in various nitrides.
McLean and his co-workers performed pioneering works on sputter
deposition of TaN films for making highly precise thin-film resistors.!251
They were used in touch-tone telephones at that time.

Nitride thin films are easily prepared by sputtering; the vapor
pressure of nitridesis generally solow that composition in sputtered films
will scarcely shift due to evaporation of one species. A sintered nitride
target is used for sputtering in Ar gas, and a metal target is used for
sputtering in a nitride-forming atmosphere.

5.2.1 TiNThin Films

Titanium nitride, TiN, shows a cubic structure of the NaCl type.
Thinfilms of TiN are prepared by sputtering from aTiN powder target in
Ar. Table 5.42 shows typical sputtering conditions for the deposition of
TiN thin films. These sputtered films show a crystalline structure even at
alow substrate temperature.

Table 5.42. Sputtering Conditions for the Deposition of TiN Thin Films

Sputtering conditions Film properties
Sputter system | RF-magnetron
TiN sintered powder (stainless
Target target dish, 100 mm dia, is used Polycrystal (cubic)
for powder target materials)
Sputter gas 4x107 torr (Ar 6N)
Substrate Fused quartz (111) orientation
Sputter power | 400 W d=4.24-425A
Substrate temp. | 500°C p =2x10"Qcm
Growth rate 1.5 umvhr
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5.2.2 Compound Nitride Thin Films

Thinfilmsof the Ti-Al-N compound families have high mechani-
cal strength and show a wide range of electrical resistivity. Thin films of
Ti-Al-N families are prepared by reactively sputtering from the composite
metal target!?>2 or by direct sputtering of a mixed nitride powder. Table
5.43 shows the sputtering conditions for the deposition of Ti-Al-N
films.[253] Their electrical propertiesareshownin Fig. 5.123. Figure 5.123
also shows the resistive properties of sputtered Ti-Al-N filmsfor various
compositions. The TiN films have a resistivity of 150 uQcm, and a
temperature coefficient of resistivity Tog = 300 ppm/°C; for the AIN
films, p = 2000 pQcm, and T = —400 ppm/°C. It is noted that when
AIN/TiN = 1.0, the Ti-Al-N films give zero Teg. For Tog < +100 ppm/°C, p
becomes 1800 pQcm, which is one order in magnitude higher than thin
films of B-Ta (180 pQcm) or Ta,N (290 pQcm). The Ti-Al-N films are
composed of crystalline TiN withamorphousAIN when AIN/TiN=1. Thin
films of Ta-Al-N, Ti-Si-N, and Ta-Si-N also show electrical properties
similar to Ti-Al-N films. The addition of Zr to Ti-Al-N makes a ternary
compound Ti-Zr-Al-N.[2% The ternary composition expands the range of
resistivity with small Tog. Thesenitridefilmsare useful for making precise
thin-filmresistorsand thin-film heatersfor thermal printer headswith high
stability. Theoxidesof theternary Ti-Zr-Al-N thinfilmsare also useful for
the high-K, Si-gate oxides with a small leakage current.

Table 5.43. Sputtering Conditions for the Deposition of Ti-Al-N Thin
Films

Sputter system RF diode

AN el poir ) 100
Sputter gas (1.5-5)x102 torr (Ar 5N)

Substrate glass, dumina

Sputter power 300400 W

Substrate temperature 150°-500°C

Growth rate 0.6-1.2 um/hr
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Figure5.123. Electrical properties of sputtered Ti-Al-N films.

5.2.3 Si-N Thin Films

Amorphous films of plasma chemical-vapor-deposited (CVD) SiN
are produced by the reaction of nitrogen and/or ammonia with silane.
These films include hydrogen in the form of N-H and/or Si-H bonds.[25]
Reduction of the hydrogen concentration in Si-N films is necessary for
increasing their thermal and chemical stability.!?% It is noted that Si-N
films with a low hydrogen concentration can be prepared by ion-beam
sputter deposition.[257]

Figure 5.124 shows the construction of an ion-beam sputter
system. A mixed gas of argon and nitrogen isintroduced into a Kaufman-
typeion source. A water-cooled Si target isreactively sputtered by theion
beam. The acceleration voltage and ion-beam current are 1200 V and 60
MA, respectively.

The temperature of the substrates, n-type Si (100) wafers, is
controlled from room temperature to 200°C. The substrates are located
almost parallel tothedirection of theion beam so that theincidention beam
grazesthe surface during film growth. The vacuum chamber is maintained
at about 10 torr during sputtering.

Under these conditions, transparent amorphous Si-N films are
deposited at a deposition rate of 70 A/min. Infrared absorption spectra
suggest that the sputtered films exhibit a Si-N absorption at about 800
cml, but absorption due to hydrogen bonds is barely detected. The
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Figure5.124.1onbeam sputtering system. Substrate surfacesareirradiated by theionbeam
during the deposition. Substrates are located nearly parallel to theion beam.

hydrogen concentration, measured using secondary ion mass spectrometry
(SIMS), is found to be below 0.1%, which is much lower than that of
plasma CVD Si-N films.[258]

Table 5.44 shows a summary of the physical properties of sput-
tered Si-N films and their sputtering conditions. It shows that hydrogen-
free Si-N films are prepared by ion-beam sputtering at room temperature.
Spectroscopy measurements of electron energy loss suggest that the
chemical composition of thesputtered filmsiscloseto stoichiometric Si;N,
when the mixed-gas ratio N,/Ar > 4. These sputtered films show high
chemical/thermal stability similar to pyrolytic Si;N, films.

5.3 CARBIDES AND SILICIDES

Carbides and silicides are known as high-temperature materials
with strong mechanical strength similar to nitrides. For instance, silicon
carbide (SiC) shows a high melting point of 2700°C with a Vickers
hardness of 4000 kg/mm?. The growth of single-crystal SiC films has been
studied inrelation to SiC thin-film devicesincluding high-temperature SiC
transistors and blue-laser diodes.?*® Diamond thin films are also of
technological interest because of their potential applicationsin electronic
devices capabl e of operating at high temperatures and under irradiation of
cosmic rays.
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Table 5.44. Sputtering Conditions and Physical Properties of Sputtered
Si-N Films

Sputtering conditions:
Target Si (6N, 100 mm in diameter)
Sputter gas N,, mixed gas No/Ar (N,/Ar = 2-6)
Acceleration voltage 1200V
lon beam 60 mA (25 mm in diameter)
Substrate n-Si (100)
Substrate temperature, T RT to = 200°C
Deposition rate 70 A/min
Film thickness 0.1-10 pm
Refractive index (at 6328 A) 2.1-2.2 (NJAr > 4)?
Etching rate (buffered HF at < 30 A/min (NJ/Ar > 4)
20°C)
Memory trap density: 6x10™ cm? (Ts = RT, pure N,)
in MNOS structure 1x10% cm™ (Ts = RT, Ny/Ar = 4)
6x10™ cm (Ts = 200°C, postanneal at
400°C)
Permittivity 6-7
Dielectric strength >10° V/em

aWhenN,/Ar <4, thesputteredfilmscompriseaSi-rich Si;N, showing highrefractiveindex.

Several processes have been studied for preparing thin films of
high-temperature materials. In general, these thin films include high
amounts of lattice defects and also show poor adherence to the substrate
due to their hardness.

5.3.1 SiC Thin Films

Various processes for making SiC films are available including
vapor-phase reaction,128% plasmareaction,!261! evaporation, 262 rf sputter-
ing,[%53 and ion plating.[2% Among these processes, one of the most
convenient is rf sputtering from a SiC target.
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The crystalline structure of rf-sputtered SiC films varies from the
amorphous phase to the crystalline phase, depending mainly on the
substrate temperature during deposition. Typical sputtering conditionsare
shown in Table 5.45.

Figure5.125 showsatypical surfacestructureand electron diffrac-
tion patterns of sputtered films on Si(111) substrates.

Epitaxial 3-SIC films on Si(111) substrates were obtained at a
substrate temperature of 740°C as shown in Fig. 5.125a. The epitaxial
relationshipisSIC(111) || Si(111). Polycrystalline SiC filmswith the (220)
plane parallel to the substrate surface were obtained for substrate tempera-
tures higher than 550°C. A typical result is shown in Fig. 5.125b. Amor-
phous SiC films with a specular surface were obtained below 500°C as
shown in Fig. 5.125c.

The crystalline films sometimes show the form with a hexagonal
structure. A mixture of the a and S phases is also observed in these
sputtered films. These sputtered films exhibit an infrared absorption band
with a maximum at about 800 cml, which corresponds to the lattice
vibration of bulk SiC,[2%5] and al so indicates the same mechanical hardness
asthe value of crystalline SiIC.

The microhardness of sputtered SiC filmsismeasured by pressing
a diamond pyramidal indenter, such as is used in the Vickers test, and
measuring the diagonals of the square indentation. Figure 5.126 shows a
typical scanning electron micrograph of the indentation for amorphous
SiC films sputtered onto sapphire substrates compared to those taken from
the (001) sapphire substrate and (001) surface of a SiC single crystal. It
shows that the diagonal of the indentation for the SiC film, and therefore

Table 5.45. Typical Sputtering Conditions for SIC Thin Films

Target SiC ceramics (80 mm in diameter)
Sputtering gas Argon (purity 99.9999%, 5 Pa)
Substrates Fused quartz, silicon, alumina
Substrates temp. 200°-500°C

Target RF power (13.56 MHz) 1-3 W/em?

Target-substrate distance 30 mm

Deposition rate 0.1-1 pum/h

Film thickness 4-5um
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1 gm

(cl
Figure5.125. SEM imagesand RED patternsof SiC filmsof 0.3 umthicknesson Si (111)

substrates. Thefilmswere sputtered from a SiC target at adeposition rate of 0.3 um/hr for
substrate temperatures of (a) 740°C, (b) 600°C, and (c) 200°C.

(a)

Figure 5.126. Typical scanning electron micrograph showing the indentation made by a
diamond pyramidal indenter at anindenter |oad of 50g: (a) on (001) sapphire; (b) onSICfilms
about 2.6 pm thick sputtered onto (001) sapphire substratesat 370°C with adepositionrate
of 0.7 um/hr; and (¢) on an (001) SiC single crystal.
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the hardness, is smaller than that for the sapphire substrate, and nearly
equal to that for the single crystal. Similar resultswere also observed with
polycrystalline a-SiC films. Figure 5.127 shows the Vickers hardness
calculated from thediagonal of theindentation asafunction of theindenter
load for SiC films sputtered onto the substrate. Surface hardness decreases
with anincrease in indenter load. At heavy loads of more than 100 g, the
hardness becomes equal to that of sapphire substrates (1900 kgmm2) since
the diamond indenter completely penetrates the SiC film on the sapphire.
With alight load of less than 25 g, the surface hardness tends to increase
to 4000 kgmm2, corresponding to the hardness of the SiC layer. Thisvalue
is nearly equal to that of bulk SiC.

The wear resistance of sputtered SiC films is evaluated by a
cyclical wear test. Table 5.46 shows typical results of the wear test for
sputtered amorphous SiC films compared with the wear of Pyrex glassand
alumina plates (purity 97%). The wear of SiC filmsis much smaller than
that of the Pyrex glass and alumina plates. Similar results were also found
for polycrystallineSiCfilms. Thetablesuggeststhat sputtered SiCfilmsare
useful for hard surface coatings.

Similar to SiC films, various kinds of rf-sputtered carbide films,
such as B,C, can be used for making hard surface coatings. However, as
the hardness of the coating film increases, so does the internal stress
contained in the film. This reduces the adherence of the film to the
substrate, and an adhesion layer is necessary to make usable surface

5000
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£ 3000 \
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>

= 2000 \\—=

1000
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Figureb5.127. Vickershardness asafunction of indenter load: (a) for aSiC film, about 2.6
pm thick, sputtered onto (001) sapphireat 370°C with adepositionrateof 0.7 um/hr; (b) for
(001) SiCsinglecrystal.
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Table5.46. Cyclical Wear Test Resultsfor aSputtered SiC Film Compared
with Pyrex Glass and an Alumina Plate

. Width of wear scar* (um)
Materials Vs = 1 mm/sec** Vs = 4 mm/sec**
Pyrex glass 55 9
Alumina plate (purity 97%) 35 7
SiC film*** 1 1

*Sliding distance 100 cm; load 4.0 g.
**y ¢ (sliding speeds) with a0.7 mil diamond stylus.
*** About 4.7 um thick, sputtered onto pyrex glassat 370°C; deposition speed, 0.7 um/hr.

coatings. Figure 5.128 shows a structure of the hard coating. The hard
coating is composed of a multilayer SIC/SIC-O on a sapphire, Al,O,
substrate in which the SIC-O layer acts as the adhesion layer. A cross
section of SEM imagesisshownin Fig. 5.128a. Thismultilayer ismade by
sputtering from a SiC target: the SiC target isfirst sputtered in amixed gas
of Ar and O,, which resultsin the deposition of the adhesion layer, Si-C-
O, and then the SiC hard coating is successively deposited by sputtering in
pure Ar. The thickness distribution of Si, C, Al, and O atoms in the
multilayer detected by XMA isshownin Fig. 5.128b. A mutual diffusion
layer exists between the sapphire substrate and the adhesion layer. Table
5.47 liststhe composition and mechanical propertiesof hard coatings made
by the rf-sputtering process. The SiC glass systems are prepared by rf
sputtering from a pressed target of mixed SIC and borosilicate glass
powder. The rf-sputtered B,C films show very poor adherence. To obtain
surface coatingswith high microhardness, mixedlayer systemsof SiC-B,C
are much more useful.

The electrical resistivity of sputtered SiC filmsis typically 2000
Qcm at room temperature. The temperature variations of film resistance
are reversible when the substrate temperature during deposition is higher
than the test-temperature range. Figure 5.129 shows typical temperature
variations of the resistance of SiC films deposited on an alumina substrate
at a substrate temperature of 500°C measured at a temperature range
between -100° and 450°C. It showsthat theslopeintheln Rversus 1/T plot
varieswith temperature. The slopeincreaseswith theincrease of tempera-
ture and the value lies between 1600 and 3400 K.
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Figure5.128. (a) A cross-sectional SEM image of a hard coating SiC layer on sapphire
having cementinglayer SiC-O, and (b) thickness distributionof Si, Oand Al atomsdetected
by XMA.
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Table 5.47. Summary of Propertiesin RF-Sputtered Hard Coating Films

L Sputtering Hy Wear
Composition targ o (kg mm‘z) resistance” Remarks
SiC Pressed SIC 4000 1
SiC + 1% glass 3800 0.9
. Mixture of SIC + Good
0,
SIC+ 5% glass borosilicate glass 3300 0.1 adherence
Si C + 10%glass 2400 0.03
. Mixture of
Si C+25% B,C SIC+B,C 4500
Poor
B,C Pressed B,C 4800 adherence

* Sputtering in argon at 300°C—900°C.
** Ratio of timerequired to agiven wear-volume against aniron plate (S-15C).

Temperature (°C)

400 200 100 25 0 -50 -100
108 T T T T 1 T T
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10 1600°K (-100%0°C) 7
2100°K (02100°C)
3400°K (100%450°C)
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K~
e
[
(%}
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1 2 3 4 5 6

109T (°K™)

Figure5.129. Typical temperaturevariation of theresistivity of sputtered SiC films, about
2 um thick, deposited onto aluminasubstrate; zero power resistance vsreciprocal absolute
temperature.
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Sputtered silicon carbide thin films can be considered applicable
for manufacturing silicon carbide thermistors as high-temperature sensors
instead of silicon carbide single crystals.[?6¢]

The construction of asilicon carbidethin-film thermistor is shown
in Fig. 5.130. The thermistor is composed of silicon carbide thin-film
layers of 2-5 um thick, overlayed on substrate plates. The substrates are
made of alumina ceramic of 0.6 mm thickness. One pair of comb
electrodesisinserted between the silicon carbide layers and the substrate.
Fired Pt layers about 10 um thick are used asthe comb electrode. The size
of the substrate is 1 x 8 x 0.6 mm. The length and interval of the comb
electrodes are 5 and 0.5 mm, respectively.

Thethermistor isprepared by thefollowing process: First, Pt comb
electrodes are fired on an alumina wafer, 70 mm square. Then SiC thin
filmsare deposited on the aluminawafer by rf sputtering. The temperature
of the aluminawafer iskept at 500°-550°C during sputtering. The typical
deposition rateis 0.5 um/h. Finaly, thealuminawafer isannealed in air at
about 550°C for 20—100 hours and then broken into thermistor tips. Figure
5.131 showsthea uminawafer andthethermistor tip. The Pt lead wires(0.3
mm in diameter) are welded to the fired Pt electrodes of the thermistor tip.
The thermistor tip is, if necessary, packed in an envelope.

SiC thin-film thermistors can be used for temperature sensing,
temperature control, and flame detection with high reliability. They can
operate between -100° and 450°C. The accuracy of temperature sensing or
temperature control systems using these thermistors depends on the
thermistor properties, i.e., thermistor resistance and thermistor coefficient.
Theaccuracy of these properties are found to be 5% and 3%, respectively,
when alumina substrates and fired Pt electrodes are used. When one uses
silicon substrates and Cr/Au thin-film electrodes made by a photolitho-
graphic process, the accuracy of the thermistor resistance and thermistor
coefficient are 1.5% and 0.5%, respectively. Figure 5.132 shows a typical
SiC thin-film thermistor for high-precision use made by a photolitho-
graphic process. Thetip dimensionis0.5 x 0.5 x 0.1 mm and the response
time is found to be less than 0.1 second.

SiC thin-film

Pt wire

vll))));\\\\\\\\\\\\\\\'\/)}l\))lla
.l Pt comb electrodes

alumina wafer

Figure 5.130. Construction of an SiC thin-film thermistor; the thermistor is composed of
sputtered SiC thin-films on alumina substrate with fired Pt comb el ectrodes.
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Typical thermistor properties of SIC thin-film thermistors are
listedin Table5.48, together withthoseof SiCsinglecrystals. The SiCthin-
film thermistor coefficient accuracy is much higher than that of the SiC
singlecrystal .[267]

WALFER

{7T0™ & T

Figure5.131. Photograph of the SiC thin-film thermistor wafer and thermistor tips.

WAFER {30 mm dia.) (0.8 mm x 0.8 mm)

Figure5.132. SiC thin-film thermistor tips formed on silicon wafer.
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Table 5.48. Typical Characteristics of SiC Thin-Film Thermistors

SiC thin film SiC single crystal

Operating temperature

-100°-450°C -100°-450°C
range

Zero-power resistance 10kQ-1MQ at 25°C 2600°C

< +1.5% (thin-film
Zero-power accuracy electrode) +2%
< 5% (fired electrode)

1600 K (-100°-0°C)
2100 K (0°~100°C) 2000 K (25-125°C)
3400 K (100°—450°C)

Thermistor coefficient, B
(average vaue)

< +0.5% (thin-film
Accuracy electrode) +2.9%
< +3% (fired electrode)

Resistance change < 3%

Electrical stability (400°C, 2000 h)

5.3.2 Tungsten Carbide Thin Films

Thin films of tungsten carbide have wide technological applica-
tionsaswear-resistant and protective coatingson avariety of surfacessuch
as cemented carbide tools, steel, copper, and copper alloys. For normal
steel, copper, and copper alloys, a coating of WC-Co has been found to be
suitable. The presence of cobalt isessential in WC coatings to reduce both
friction and wear. However, tungsten carbide films with fine grains are
highly adherent to steel substrate and do not necessitate any cobalt
addition.[*?]

The thin films are prepared by direct sputtering from a tungsten
carbidetarget, or by reactive sputtering of atungsten target in amixed gas
of Ar and C,H, as shown in Fig. 5.133. Typical sputtering conditions are
shown in Table 5.49.[2

Figure 5.134 shows x-ray diffraction patternsfor tungsten carbide
filmssputtered on stainlessstedl at varioussubstratetemperatures. It shows
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that amixture of WC (cubic B;), W,C (hexagonal), and W;C (A-15) cubic
phaseisformed at lower substratetemperatures (200°C). A single phase of
WC is grown at higher substrate temperatures (400°-500°C). These
sputtered films consist of arandomly shaped granular surface with agrain
size of 400°-500 A. A fractured cross section of the sputtered films shows
acolumnar structure consisting of fine columns with awidth of 300 A.

N...____-_-__

LLLLLLLLLLLL L e

| A A SS S SIS 1

Figureb5.133. Schematic diagram of reactiverf-magnetron system showing metallicbel ljar
(A), target shield (B), vacuum pump (C), substrate heater (D), grounded baseplane(E),
perforated aluminum mesh (F), L-gasket for vacuum sealing (H), top plate (1), target (J),
substrat[e gK), opening of inert gas (M), insulator ring (P), and precision needle valves G;
and G,.1%?

Table 5.49. Sputtering Conditions for Deposition of WC Thin Films

Sputter system planar magnetron
Target tungsten

Sputter gas Ar/C,H,

Gas pressure 2x10? torr
Substrate 304 stainless steel
Sputter power 4.5 W/cm?
Substrate temperature 200°-500°C
Growth rate 0.36 pnvhr*

*4.9 um/hr for the system shown in Fig. 5.135.
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Figure 5.134. X-ray diffraction profiles of tungsten carbide films deposited on stainless
steel at (@) 200°C, and (b) 400°C.1*2

Under the normal conditions of reactive sputtering shown in Fig.
5.133, carbides are known to form on the metal target surface and are
subsequently sputtered off (normal mode deposition, NM). Dueto the low
sputtering yield of these compounds, the rate of deposition of the corre-
sponding filmislow. Therateisthe same order asthat of direct sputtering
of the compound target.

Figure 5.135 shows a modified geometry of the magnetron sput-
tering system.!“ The reaction of the sputtered speciesfrom thetarget with
the reactive gas occurs only in the vicinity of the substrate surface since
separate zones of argon and acetylene are created by controlling the flow
of the two gases such that the carbide formation on the tungsten target
will bereduced. Inthissystem, tungsten carbidefilmshave been deposited
on the stainless steel substrate at rates as high as that of pure tungsten, 4.9
pum/h, under sputtering conditionsindicated in Table 5.49 (high rate mode
of deposition, HRM). Table5.50 summarizesthe composition and physical
properties of sputtered tungsten carbide thin films.[42]
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Figure5.135. Schematicdiagram of reactiverf-magnetron systeminhighratemode (HRM)
showing metallic belljar (A), target shield (B), vacuum pump (C), substrate heater (D),
grounded baseplate (E), perforated aluminummesh (F), aluminummetallic partition (G), L -
gasket for vacuumsealing (H), top plate(1), target (J), substrate (K), opening of reactivegas
(L), opening of inert gas (M), insul ator ring (P), and precision needlevalves (G, and G,).1*2

Table 5.50. Composition, Crystallographic Structure and Microhardness
Variation of WC Thin Filmg“Z

and diamond phase).
Diamond phasein
EXCESS.

Mode of Substrate | Composition Grain | Micro-
denosition Temp. Crystallographic phase | size | hardness
ep (c) |W|c|o A) | (kgmm?)
NM 300 47 | 48 | 5| SinglephaseBlf.c.c. 200 3200
NM 500 46 | 49 | 5] SinglephaseB1lf.c.c. 200 3200
Mixture of WC
(hexagonal), W5C(A-15)
and carbon (graphitic
HRM 300 58 |37 | 5 and diamond phase). 300 2365
Graphitic phasein
EXCESS.
Mixture of WC
(hexagonal), W5C(A-15)
HRM 500 |38 |59 | 3@ cabon(graphitic 300 | 2365
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5.3.3 Mo-Si Thin Films

Thin films of silicides, such as Mo-Si and Cr-Si, have high
electrical resistivity and are useful for making thin-film resistors. These
silicidefilmsareal so used as Schottky gate materialsfor FETs(field-effect
transistors) and interconnections for VLSI. Mo-Si films, for instance, are
made by sputtering from asintered Mo-Si target or amixed powder of Mo
and Si. StableMo-Si filmsare obtained at high substratetemperatures, 500°
to 600°C. Figure 5.136 shows the electrical properties for different
compositionsof Mo-Si. Thefigure suggeststhat theMo-Si filmsshow zero
temperature coefficients of resistance for up to 80% Si film composition.
These Mo-Si films are of technological interest as heating elements for
thermal heads used in thermal printers.

5.4 DIAMOND

Thin films of diamond are useful for making novel electronic
devices. In the 1960s, this kind of film was first deposited by decomposi-
tion of CH, in a CVD system. In the 1970s, several methods were
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Figure 5.136. Resistive properties of sputtered Mo-Si thin films for various target
compositions(sputtering gas: 20 mtorr; substratetemperature: 380°C; depositionrate: 300
A/min).
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considered for the deposition of diamond thin films, including plasma
CVD, ion-beam deposition, and sputter deposition. In the CVD process,
thin films of diamond were prepared at substrate temperatures of 800 to
1000°C. lon-beam deposition and sputter deposition are attractive pro-
cesses becauseit is possibleto prepare thin films at room temperature due
to their energetic adatoms.

Aisenberg and Chabot first tried to deposit thin films of diamond
at room temperature by deposition of energetic carbon ions using ion-
beam deposition. The carbon ions were accelerated at 40 €V by a biased
field.[268] Theresultant filmsweretransparent with high el ectrical resistiv-
ity. Since their physical properties resemble diamond, these films were
caled diamond-like carbon (DLC) films. They may be composed of
amorphous carbon with small diamond crystallites dispersed in the amor-
phous carbon network.

Sputter deposition of diamond films was first tried by Wasa and
Hayakawa using rf-diode sputtering. They sputtered diamond powder in
Ar and produced a transparent DLC film on a glass substrate at room
temperature.26?! The film showed poor adherence to the substrate due to
its hardness, as shown in Fig. 5.137.

In the 1980s, detailed studies were done on the sputter deposition
of DLCfilms. Weissmantel, et al., deposited DL C filmsby sputtering from
agraphitetarget using an ion-beam sputtering system.[2’% These sputtered
films can be used for optical hard coating in the infrared region.

Figure5.137. Micrograph of sputtered DLC thin film.
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Bombardment of the substrate with hydrogen ions during ion-
beam sputtering deposition enhanced the growth of the diamond structure
and reduced the graphite composition in DLC films.[?"

The ion-beam sputter deposition system, used for the preparation
of diamond films, is illustrated in Fig. 5.138. The graphite disk target
(purity 5N, 100 mm in diameter) was bonded to the water-cooled holder.
An electron-bombardment ion source was employed. Theion energy and
ion current were 1200 eV and 60 mA,, respectively. Theion-beam diameter
was 25 mm. Theincident angle of theion beam was about 30 degreesto the
target. The substrate was placed near thetarget asillustrated in Fig. 5.138.
The ion beam sputtered the target and also bombarded the surface of the
substrate at grazing incidence. The ion current densities were about 1
mA/cm? and 0.04 mA/cm? at the target and substrate, respectively. Theion
beam that bombards the substrate can modify the deposited carbon film.
Table 5.51 summarizes the sputtering conditions.

The optical transparency of the resultant films increased under
irradiation of hydrogen ions, as shown in Fig. 5.139, and also increased
their electrical resistivity. These results suggest that the graphite composi-
tion in the DLC films is reduced by the bombardment of hydrogen ions.
The structural analysis of DLC films were studied in detail by Raman
scattering spectra.
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Figure5.138. Construction of the ion-beam sputter deposition system for the deposition
of diamonds.
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Table 5.51. Sputtering Conditions for Depositing Diamond Thin Films

Sputtering system ion-beam sputter
Target graphite plate (100 mmin dia.)
Acceleration voltage 1200V
lon-beam current 60 mA
Beam aperture 25 mm in diameter
Gas pressure 5x10°— 2x10™ torr, Ar/H, mixed gas
Substrate (111 s
Substrate temperature RT —200°C
Target-ion source spacing 250 mm
Growth rate 0.3-0.4 unvhr
100 [ v v T
(b)
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Figure5.139. Optical absorption spectraof sputtered carbon films: (a) without hydrogen
ion bombardment, (b) with hydrogen ion bombardment during deposition.
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The most interesting phenomenon to come out of thisstudy isthat
under bombardment of hydrogen ions, several diamond crystals are
partially grown on DLC films, asshown in Fig. 5.140. The crystalsexhibit
the well defined morphology of cubic diamond and their |attice constant
coincides with that of natural diamond. The effects of bombarding the
substrate with hydrogen and argon ions are considered as follows: Ener-
getic activation and rapid quenching occur at the surface of thefilm during
deposition. Bombardment with argon ions supplies the thermal and
displacement spikes to the carbon atoms on the substrate. With increased
pressure, these spikes may create high-temperature regions. The microcrys-
tals of diamond are partly formed around these spikes. These diamond
regionsbarely grow inthefilm, becausethey aresurrounded by nondiamond
regions. The carbon atoms in these nondiamond regions are weakly
bonded and are easily activated by hydrogenion bombardment and change
tothegasC,H,. Thenondiamond regionsmay then be sel ectively removed.

e(111)
(021) e
e (222)

L ]
(132) o (333)

Figure 5.140. Sputtered cubic diamond crystals grown at room temperature.
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The diamond regions formed by these mechanisms have many
broken bonds, which make the structures very weak and placesthemin a
high state of nonequilibrium. If the broken bonds are rapidly compensated
by hydrogen, the diamond regions are quenched and may grow to astable
size. Thebombarding hydrogenionsare so activethat they compensatethe
broken bond and activate the growth of diamond.

Cubic diamond thin films are of interest for several applications,
including heat sinks of Si-1C, diamond semiconducting devices, gigahertz
diamond SAW devices, and electron emitters for flat displays.[273-274

Theeffect of theincident angle of the Arionisalso of interest. The
grazing anglemakesthe cubic diamond, whileincreasing theincident angle
makesthehexagonal diamond, asshowninFig. 5.141. Hexagonal diamond
is a metastable phase of bulk diamonds. Hexagonal diamonds are a
promising material for future applications.

[ 1111

[ 1101

* main spots
x additional spots

Figure5.141. Sputtered hexagonal diamond crystals grown at room temperature.
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5.5 SELENIDES

Thin films of selenides such asZnSe are prepared by rf sputtering
from a ZnSe cathode in an Ar atmosphere. Typical sputtering conditions
are shown in Table 5.52.[% In the rf-sputtering system, the anode is
perforated and substrates are placed behind the anode at floating potential
to reduce the effects of the high-energy sputtered atoms and secondary
electrons from the cathode.

Transmission electron diffraction patterns from ZnSe layers sput-
tered ontothe (100) planeof NaCl singlecrystalsexhibit the polycrystalline
or epitaxially grown monocrystalline phase shown in Fig. 5.142. The
monocrystalline films consist of a single phase of cubic-ZnSe structure
with the (100) plane parallel to the NaCl surface, but the polycrystalline
films consist of two phases, a cubic ZnSe structure and a hexagonal ZnSe
structure. The degrees of structural ordering depend on deposition rates
and substrate temperatures as shown in Fig. 5.143. In this figure, a
minimum epitaxial temperature T.wasfound to exist for agivendeposition
rate R, and the exponential relationship R= A exp(-Q,/KT,) was obeyed for
epitaxy. Here, Ais aconstant and Q, is the energy of surface diffusion of
adatoms. In the present case, we have Qy = 0.23 €V. The satellite spotsin
Fig. 5.142 denote the existence of twins in the epitaxia layers. The
crystalline size of the sputtered layer wasin the order of 0.03t0 0.3 um, as
seen in the microstructure.

Table 5.52. Typical Sputtering Conditions for Depositing ZnSe Thin
Films

Sputtering system RF-diode (13.56 MHZz)

Target ZnSedisk (5N)

Sputter gas 5 x 10 torr (Ar 5N)

Spacing, target-anode 20 mm

Target-substrate 27 mm

RF-power = 0.1-2 mA/cm?, = -900 —-1500 V
Substrate (100)NaCl, (111), (100)GaAs, (111)Si
Growth rate = 0.03-1 pm/hr
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Figureb5.142. Transmission electrondiffraction patternsfor ZnSefilmssputtered on (100)
NaCl substrates.
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Figure5.143. Deposition rate vs reciprocal substrate temperature showing the transition
from the polycrystalline to monocrystalline structures for ZnSe films sputtered onto (100)
NaCl substrates.
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It is noteworthy, however, that single-crystal films are epitaxially
grown at alow substrate temperature of 150°C, although bulk ZnSe single
crystals are synthesized at about 1000°C. This suggests that the sputtering
processlowersthesynthesizing temperature of crystals. Thinfilmsof ZnSe
are promising materials for making heterojunction photodiodes, solar
cells, and blue-light-emitting diodes.

Figure 5.144 shows a typical oscilloscope trace of a current-
voltage characteristic for the ZnSe/Si diode measured in darkness at room
temperature. The diode shows rectifying properties, and the direction of
rectification suggests that the ZnSe layer is a n-type semiconductor. As
shown in Fig. 5.145, the forward-current—voltage characteristics of the
diodes exhibit ohmic currents at alow applied voltage, and space-charge-
limited currents (SCL C) exhibit ohmic currents at a high applied voltage.
The SCLC exhibited trap-controlled behavior similar to that occurring in
vacuum-deposited n-type ZnSe, p-type Ge heterojunction diodesin which
the SCLC flowed in ahigh-resistivity ZnSe layer.[?”™ The high resistivity
may result from defects produced by the bombardment of energetic
particles and/or inclusions of impure gases during deposition.

Several processes have been studied for making ZnSe single-
crystal filmswithlow defect densities; theMBE and MOCV D (metal organic
chemical vapor deposition) processes are considered the most promising.
It is also reasonable to expect that lower defect densities may be achieved
by controlling the impinging particle energy during sputter deposition.

Figure 5.144. Forward-current—voltage characteristics for sputtered n-ZnSe/p-Si diode
measured at room temperaturein adark space. Vertical scale: 10 pA/division. Horizontal
scale: 1V/division.
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Figure5.145. Dark-current—voltage characteristic for sputtered n-type ZnSe, p-Si hetero-
junctiondiode. Vertical scale: 10 pA/division. Horizontal scale: 1V/division.

5.6 AMORPHOUS THIN FILMS

Amorphous materials are prepared by the quenching of melts or
vapors.[278l1277] T abl e 5.53 summari zesthese quenching processes. Among
these processes, vapor quenching is achieved by many thin-film deposi-
tion processesincluding vacuum deposition, sputter deposition, and CVD.
Thin films of the amorphous phase are deposited at substrate temperatures
below the crystallization temperatures of the thin films. Table 5.54 shows
the crystallization temperature for various materials. The metals generally
show low crystallization temperatures, while compounds such as oxides
typically are much higher.[27811279]
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Table 5.53. Summary of Quenching Process

Quenching process Quenching speed (deg/sec)
annealing = 10%10°
air-quenching 10
from melt liquid-quenching 10°
sputter-quenching 10°
roller-quenching ~10°-10°8
from vapor vacuum deposition, CVD >10°
sputtering >10%

Table 5.54. Crystallization Temperature

Materials tgr;ypséf]aliijraet i(o K ) Materialy tgr:nypsé?gtijraeﬂ(o Kn)
Vv ~3.4 Cr,03 718
Cr =220 MgO 598
Ga = 10-60 NiO 558
Ge 743 Al,0, 1003
S 993 Fe;0; 808
Bi ~10-30 GaAs ~603
Se =300 Sio, 948
Te =280 TiO, 753
Sn-Cu =60 Ta,Os 1013

The crystallization temperature of metals will increase due to the
inclusion of residual gasduring deposition. For instance, thecrystallization
temperature of Fe thin films deposited at 102210 torr is 4 K. The
temperature increases to 75 K when the O, partial pressureis 108 torr. A
typical sputtering system for the deposition of amorphous thin films is
shown in Fig. 5.146.
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The temperature rise of the substrates during deposition is 200 to
500°C in a conventional diode-sputtering system when the substrates are
not cooled by water. For making amorphous thin films, the substrates are
cooled by water, liquid nitrogen, or He. Figure 5.147 shows a photograph
of a sputtering system for depositing amorphous thin films. The magne-
tron target is useful in reducing the temperature rise of the substrates.

Liquid ]
- - Nitrogen -

P R ()

Top Plate

Sputtering
Room

Figure5.146. Construction of asputtering system with cooled substrate for the deposition
of amorphousfilms.
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Figure 5.147. Photograph of sputtering system for depositing amorphous thin films.
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In sputter deposition, the energy of adatomsison the order of 1to
10 eV; thus, the quenching time of these adatomsis estimated to be higher
than 10%® K/sec since they will lose their energy in 10''? sec, which
corresponds to the frequency of the thermal lattice vibration of the
substrate surface atoms. The quenching rate expected in sputter deposition
is much higher than the value obtained in quenching from melts, as
indicated in Table 5.53. This suggests that exotic structures may be
prepared by the sputter deposition process.

5.6.1 Amorphous ABOg4

There has been a growing interest in amorphous states of ABO,-
type ferroelectric materials for both their physics and practical applica-
tions. The possibility of ferroelectricity in amorphous dielectrics was
shown theoretically by Lines.[28% Experimental confirmation of this pos-
sibility is being explored. Glass, et a., prepared amorphous LiNbO; and
LiTaO; by aroller-quenching method and reported dielectric anomalies
with a peak of €, > 10° near the crystallization temperature.?8 These
amorphous materials will exhibit other interesting properties such as
ferroelectricity and high ionic conductivity.l?2 Amorphous PoTiO, was
prepared by Takashige, et al., using a modified roller-quenching method
and their dielectric anomalies were reported.[283]

Sputter deposition on cooled substrates is an interesting method
for the preparation of amorphous ABO; materials. Thinand uniformlayers
with a large area are easily obtained. Cooling the substrates during
deposition suppresses crystallization of the deposited materialsand makes
it possible to produce amorphous materials.

Thin films of amorphous LiNbO, are made by rf sputtering from
an LiNbO,; compound target.[?84 Typical sputtering conditions are shown
in Table5.55. Anrf planar magnetron sputtering apparatusisemployed for
preparation of thefilms. A stainlessstedl dish, 10 cmindiameter and filled
with LiNbO; powder, is used as a target. The LiNbO; powder is synthe-
sized from Li,CO; (purity 2N) and Nb,Og (purity 3N). Substrates are
polished fused quartz. Before the deposition of LiNbO3, Au/Cr stripesare
vacuum evaporated on the substrates as bottom electrodes for the
measurement of dielectric properties. The substrateis attached to awater-
cooled holder to avoid crystallization of the LiNbO; film during sputter
deposition.
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Table 5.55. Sputtering Conditions for the Preparation of Amorphous
LiNbO3 Thin Films

Sputtering system RF diode
Target LiNbO; powder
Sputter gas Ar/O, (1:1)
Gas pressure 5x10° torr
Substrate temperature water-cooling
Substrate glass

RF-power 2.5 W/cn?
Deposition rate 0.38 pm/hr
Film thickness 0.5-1.0 um

Transparent and colorlessfilmswith smooth surfacesare obtained
by sputter deposition. Figure 5.148a shows an x-ray diffraction pattern of
asputtered film, about 1 um thick, without electrodes. The pattern exhibits
halo diffraction which indicates that the film isin an amorphous state. In
order to examinethe crystallizing temperature, the filmswere annealed in
air. From the x-ray diffraction pattern, it was found that films annealed at
350°C for 1 hour were still amorphous. Further annealing at 500°C for 1
hour caused crystalization of the films. Figure 5.148b shows an x-ray
diffraction pattern of an annealed film which agrees well with that of
LiNbO; powder (ASTM card # 20-631) shown in Fig. 5.148c. The film
annealed at 500°C is considered to be polycrystalline LiNbO;.

Figure5.149 showsatypical temperature dependence of dielectric
properties for as-sputtered amorphous LiNbO, films. In thisfigure, the g,
of single-crystal LiNbO, along thea-axisand c-axisat 100 kHz reported by
Nassau, et al., are plotted in dotted lines.[?8% These dielectric properties
differ from those of the roller-quenched samples: the dielectric anomalies
are observed at about 350°C, which is 200°-300°C lower than that of the
roller-quenched LiNbO,.

Thinfilmsof amorphous PbTiO5areal so prepared by rf sputtering
from asintered PbTiOj, target on cooled substrates.[?® |n this case, there
are Pb metal crystallites in as-sputtered PbTiO4 films, and these films
exhibit a high surface electrical conductivity of around 10 (Qcm)* dueto
the hopping of electrons between the Pb metal crystallites. When the as-
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Figure 5.148. X-ray diffraction patterns of (a) as-grown film, (b) film annealed in air at
500°C for 1 hr, and (c) LiNbO; powder (ASTM card # 20-631).
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sputtered filmsare anneal ed above 220°C, the surface el ectrical conductiv-
ity isreduced to 10 (Qcm) . The annealing causes adecreasein Pb metal
crystallites in the film. The dielectric constant of the annealed PbTiO4
shows a broad maximum at 440°C. When the films are annealed above
500°C, they become polycrystalline PbTiO; films.

The maximum, sometimes observed in the roller-quenched
PbTiO,,[?87 is similar to the temperature dependence of the dielectric
constant of tetragonal red-PbO and are attributed to the presence of thered-
PbO crystallites. A broad maximum is observed at 400°C in cooling. This
peak may be blurred dielectric anomalies, which are attributed to
nonstabilized ferroelectric ordering. This was also observed in the roller-
quenched PbTiO,.[?8% These results suggest that the structure of the
annealed film resembles that of roller-quenched amorphous PbTiOs.

5.6.2 Amorphous SiC

Thecrystallization temperature of SiC thinfilmssputtered from
an SiC target is about 500°C, below which the films are amorphous.
However, the stable amorphous phase is obtained in SiC thin films
reactively sputtered from a Si target in a C,H, or CH, gas.[?%® Typical
sputtering conditionsfor the deposition of amorphous SiC filmsare shown
in Table 5.56. Although the substrate temperature is higher than the
crystallization temperature of conventional rf-sputtered SiC thinfilms, the

Table 5.56. Sputtering Conditions for the Preparation of Amorphous SiC
Thin Films

Sputtering system RF diode

Target Si 6N,100 mm in dia.
Sputter gas Ar/CH,, C,H,

Gas pressure 2x107 torr

Substrate Si (111)

Substrate temperature 200-740°C

RF power 3-4 W/em?
Deposition rate 0.2-0.6 umvhr

Film thickness 0.8-2pum
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reactively sputtered SiC thin films show the amorphous phase. Their
infrared transmission spectraareshownin Fig. 5.150. Thelarge absorption
band at 800 cm! is due to the fundamental lattice vibration of SiC.[28%
The small absorptions dueto Si-H and C-H are superposed on the spectra.
The inclusion of hydrogen atoms in sputtered SiC films stabilize the
amorphous phase.

Since the amorphous thin films often include microcrystallites of
nanoscale, the amorphous thin films are promising materials for future
applications.
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Figure5.150. Infrared transmission spectra of sputtered a-SiC thin films.

5.7 SUPERLATTICE STRUCTURES

Intercal ated structures consist of thin alternating layers grown by
vacuum deposition such as the MBE process,[?®] chemical vapor deposi-
tion including the ARE process, 2% sputtering deposition,?*? and chemi-
cal solution deposition.[2%4 Among these processes, the sputtering process
allows the preparation of thin alternating layers of refractory metals and
compoundssuch asoxides, nitrides, and 111-V alloys. Asdescribed in Secs.
5.1.3.2 and 5.1.4.11, aternating layers of compound oxides, including
perovskite dielectrics and superconductors, are made by sputtering
from multitargets. Greene, et al., deposited the |11-V compound alternat-
ing layers of InSb and GaSb (InSb/GaSb/InSb/...).[2%) In multitarget
sputtering, the substrate is continuously rotated through two or more
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electrically and physically isolated sputtering discharges. The structural
properties depend on the layer thickness deposited per target pass and the
rate of interlayer diffusion. Eltoukhy, et al., have deposited the InSb/GaSh
superlattice structures with layer thicknesses ranging from 12.5 A to 50 A
at substrate temperatures of 200° to 250°C.[2%! They have suggested that
the superlattice structures only a few monolayers thick may easily be
grown by sputtering from the multitarget even at relatively high substrate
temperatures.

Superlattice structures are also deposited by reactive sputtering.
Figure 5.151 shows the construction of the sputtering system for making
thin alternating layers of Nb/NbN. For the first layer, the Nb target is
sputtered in Ar; later, in a mixed gas of Ar/N,. Periodic change of the
sputtering gas composition resultsin the formation of the superlattice Nb/
NbN. Typical sputtering conditions are shown in Table 5.57. The Auger
depth profile of thelayered structureisshownin Fig. 5.152. The thickness
of each layer is about 100 A. The period of the layered structure corre-
spondsto the variations of the sputtering gas composition. This sputtering
process achievesalayer thicknessthat isthinner than 10 A. Contamination
by impurities can be reduced when theion-beam sputtering systemisused
for deposition. Typical structural properties are shown in Fig. 5.153.12%7]

The sputtering processis also a promising method for making the
superlattice structure for refractory metals, oxides, and nitrides, which are
useful for magnetic media, superconductors, dielectrics, and x-ray mir-
rors. However, energetic adatoms will produce lattice defects which can
cause difficulty in making semiconducting devices.
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Figure5.151.Construction of areactivesputtering systemfor makingthinalternatinglayers
of Nb/NbN.
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Table 5.57. Typical Sputtering Conditions for the Deposition of the

Superlattice Structure Nb/NbN

Nb Thin Layers NbN Thin Layers
Sputtering gas Ar (3x107torr) Ar (3x107 torr)
N, (0.75x10torr)
Substrate temperature 300°C 300°C
Deposition rate 50, 100 A/min 100 A/min
1.0 T T T T
o Nb(100 A)/NbN(100 A)
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Figure 5.152. Depth profile of the Nb/NbN superlattice structure deposited by reactive

sputtering.
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Figure 5.153. (a) The x-ray diffraction pattern and (b) the depth profile of the Nb/NbN
superlattice structure prepared by ion bean sputtering.
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5.8 ORGANIC THIN FILMS

Sputtered particles from an organic polymer target will be com-
posed of atomic species and/or monomers of the target materials. Thin
films of the organic polymer may be deposited since these sputtered
particles may be polymerized in the sputtering gas discharge or on the
substrate during film formation.

The organic polymer filmisused asthe target, which isfixed onto
acooled copper target holder with silicon grease to reduce the temperature
rise of the target surface. Figures 5.154 and 5.155 show the infrared
transmission spectra of organic thin films sputtered from a Teflon® and a
polyimide target in Ar. The sputtered Teflon films exhibit the C-F
absorption band corresponding to the bulk Teflon. The films are transpar-
ent and their physical properties resemble bulk Teflon; however, the
sputtered polyimide films show different absorption from bulk polyimide,
and thus may be significantly different from the bulk polyimide.

84.00 { 84.00
o
80.00 o 80.00
S !
c
S 76.00 76.00
7]
8
€
[7]
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S 72.00 72.00
[
68.00 68.00
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Wave Number (cm-1)

Figure 5.154. Infrared transmission spectra of sputtered Teflon® thin films.

Teflon® isaregistered trademark of DuPont Chemical Co.
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Figure5.155. Infrared transmission spectra of (a) sputtered polyimide thin films and (b)

polyimidetarget.
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5.9 MAGNETRON SPUTTERING UNDER A
STRONG MAGNETIC FIELD

Under a strong magnetic field (1000 G), a high-voltage discharge
(1000 V) iskept inthe magnetron sputtering system. The sputtering system
operates at a low gas pressure of 10 to 10 torr. The high sputtering
voltage and low working pressure will cause the impingement of high-
speed sputtered atoms on the substrates. Thismay result in thelowering of
the growth temperature as described in the synthesis of PbTiOg thin films.
Unusual propertiesare also observed in these sputtered films. This section
presents some of the interesting phenomena observed in sputtered films
prepared by magnetron sputtering under a strong magnetic field.

5.9.1 Abnormal Crystal Growth

Polycrystalline ZnO films of hexagonal structure are prepared on
a glass substrate by dc or rf sputtering from a zinc or ZnO target in an
oxidizing atmosphere. Table 5.58 showstypical sputtering conditionsand
the crystall ographic structure of ZnO films prepared in a conventional dc-
sputtering system and in adc-magnetron sputtering system. In the conven-
tional sputtering system where the working pressureis 10 to 100 mtorr, it
can be seen that the c-axis is preferentially oriented normal to the film
surface, i.e., the (002) planeisparallel tothefilm surface. When ZnO films
are prepared at alow working pressure of 1 mtorr or lessin the magnetron
sputtering system, the c-axisis predominantly parallel to the film surface,
i.e., the (110) or (100) plane is parallel to the film surface.l?%®! Typical
electron micrographs and electron diffraction patterns of these sputtered
filmsare shown in Fig. 5.156. It shows that microstructures of ZnO films
prepared by magnetron sputtering exhibit a pyramidal pattern, and are
clearly different from those prepared by conventional sputtering. The
microstructures of ZnO films prepared by conventional sputtering are
composed of small hexagonal crystallites.

The c-axis orientation obtained in conventional sputtering is
explained by the fact that surface mobility of adatomsis high during film
growth, and sputtered films obey theempirical law of Bravais. The change
incrystallographic orientati on with these sputtering systemsmay berelated
to the difference in their working pressures. At low working pressure, the
oxidation of the zinc cathode will not be completed during sputtering.
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Moreover, the low working pressure causes the impingement of high-
energy sputtered zinc atoms and/or negative oxygen ionson the substrates.
This may lead to unusual nucleation and film growth processes in which
Bravais empirical law isinapplicable.

Table 5.58. Crystallographic Orientation of Polycrystalline ZnO Thin
Films

puteing | Socre | tampware | rae | tickess | Csalogrepti
(10~ torr) (°C) (umh'?) (um)
40 0.03 0.1 o
100 0.15 0.3 Co
200 0.03 0.1 Cqh
Conventional 35b 200 0.15 0.3 c,
dc diode 200 03 ~ c
300 0.03 0.1 c,
300 0.15 03 o
300 0.3 0.3 Co
40 0.03 0.1 o
40 0.12 0.36 Cot G
70 0.7 0.35 o
dc magnetron 1° ¥ 01 03 Ci
150 0.7 0.3 o
200 0.7 0.3 o
270 0.07 0.2 C
270 0.6 0.3 o

3Pure Zn cathode, 7059 glass substrates.

b50% oxygen and 50% argon.

€30% oxygen and 70% argon.

dCD, c axisnormal to the film surface; C”, c axisin thefilm surface.
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J

Figure 5.156. Electron micrographs and electron diffraction patterns for ZnO thin films
5000 A thick on 7059 glass: (a) sputtered in aconventional diode system; (b) sputtered in
amagnetron system.

5.9.2 Low-Temperature Doping of Foreign Atoms into
Semiconducting Films

Cosputtering of foreign atoms seems to be useful for controlling
the electrical conductivity of semiconducting films during sputtering
deposition. Table 5.59 showstypical experimentsfor polycrystalline ZnO
thin films in various sputtering systems. In the experiments an aluminum
or copper auxiliary cathodewas cosputtered with azinc main cathodein an
oxidizing atmosphere.[2%!

It shows that in the conventional sputtering system, cosputtering
of aluminum or copper hardly affects the conductivity of the resultant films,
whilein the magnetron sputtering system the cosputtering of aluminum or
copper strongly affectsthe conductivity: aluminum increasesthe conductivity
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Table 5.59. Electrical Conductivity of Polycrystalline ZnO Thin Films

. Content of - .
Sputtering Sputtering foreign Substrate | Deposition h_Flklm (IjDa(;k "
wstema pre-?sure metals tempoerature rat;:_l thickness con_lu IVll Yy
(10° torr) (%) (°C) (umh™) (um) (Q*cm™)
0 300 0.25 05 1.6x10°
Coé‘g’g‘gé’:a' 60° 0.2 (Al) 300 0.075 0.15 5x10°
0.2 (Cu) 300 0.1 0.2 1.9x10°
0 40 0.03 0.1 1x10°®
0 200 0.7 0.3 1x10*
dc magnetron 1°
1.3 (Al 200 1.2 0.6 8x10
0.5 (Cu) 200 0.9 0.45 3x10°

3Pure zinc cathode, 7059 glass substrates.
b30% oxygen and 70% argon.
¢50% oxygen, 50% argon.

by over three orders of magnitude and copper decreases it by approxi-
mately the same factor. This suggests that, in magnetron sputtering,
aluminum is probably introduced as a donor and copper as an acceptor or
adeeptrap. Inconventional sputtering, thecosputtered atomsstay mainlyat the
crystal boundariesin the sputtered filmsand are probably not incorporated
intothecrystal lattice. Figure5.157 showsthetypical temperaturevariation
of dark conductivity for ZnO films prepared by magnetron sputtering. The
conductivity iscontrolled intherange of 10~108Q 1cm™* by doping with
foreign atoms in the cosputtering process.

Optical absorption measurements suggest that the forbidden gap
width of these filmsis 3.3 €V, and that the acceptor or deep-trap level of
copper is 2.5 eV below the conduction band at room temperature. The
temperature dependence of the carrier concentration suggests that the
donor level of aluminum is 0.08 eV below the conduction band. The
doping of foreign atoms by the cosputtering process may possibly be the
result of the impingement of high-energy sputtered atoms during film
growth.

The highly conductive, aluminum-doped ZnO films can be uti-
lized for making ZnO/Si heterojunction photodiodes and switching di-
odes. Figures 5.158 and 5.159 show atypical dark-current—voltage char-
acteristic, and photo response of the photodiode, respectively. The diode
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was prepared by depositing an n-type aluminum-doped ZnO layer onto a
p-type(111) siliconsingle-crystal wafer at about 200°C. Theresistivity and
thickness of the ZnO layer were 10 to 100 Qcm and 0.6 pm, respectively.
The resistivity of the silicon wafer was 20 Qcm. The diode shows a
photovoltage of about 100 mV for an open circuit and a photocurrent of
1 mA/cm? under irradiation from atungsten lamp (2800°C) of 10* 1ux.

It is now believed that the magnetron sputtering system can be
useful inindustry for metallization of semiconductor devicesbecause of its
high deposition rate. However, the system offers even more attractive
features when thin films of compounds such as oxides, nitrides, and
carbides are deposited. Some experimental results obtained with the dc-
magnetron sputtering system aresummarizedin Table5.60. Further studies
will undoubtedly bring success in the formation of unusual materials,
which have yet to be obtained by vacuum-deposition processes.

10

(Al 1.3 at%)

Zn(A))o

102

2’6‘*\

Conductivity (ohm-1cm-1)
=

~
.

R
Pag

2.2 24 26 28 3.0 32 34

10%T (°K™)

Figure5.157. The temperature variation of the dark conductivity for ZnO filmswith and
without cosputtered foreign metal s prepared in amagnetron sputtering system.
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Figure 5.158. The dark-current—voltage characteristic for a sputtered n-p ZnO(Al)O/Si
photodiode. Vertical scale: 100 pA/division. Horizontal scale: 2V/ division.
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Figure5.159. Thespectral responseof thephotovoltagefor ann-pZn(Al)O/Si photodiode.


http://cuuduongthancong.com?src=pdf
https://fb.com/tailieudientucntt

Table 5.60. Summary of Properties of Compound Films Prepared by dc-Magnetron Sputtering in a Strong Magnetic Field

c - Sputtering conditions Film properties
omposition —
of Sputtered Substrate” | Deposition |Rate Factor, K°, ) Miscellaneous
Films Target Splﬁtcc)arrr)G % | Temperature| Rate, R (um h™* per Thi?:tlizeciszr(e ' m) Electrical properties
C) @mh?Y) | VAcm?) H
Ar + O, - d Amorphous, .
Al,O5 Al Pop > 1x10° =200 0.5-1.0 0.24 0.1-0.3 e =8
Amorphou er = 20-30,
TaOs Ta |0, ~ 200 01-03 0.11° Mt tan 3<0.01,
- Vp=0.5-1MV cm?,
e* = 2060, Optical absorption
Ar+0 Polycrystal, tan 8= 0.01-0.01, edge, 34 eV; a
Tio, Ti o> 32;(10,5 =200 0.1-0.3 0.15' rutile, anatase; Vo =0.3-0.7MV cm?, | high P, strongly
02 0.1-0.5 TCC =-300t0 sensitive to water
+300 ppm °C* vapor
el= 20-25, Optical absorption
Ar+0, tan & = 0.04-0.06, edge, 2.7 eV,
~ Polycrystal, red; | Vp=0.2-0.5MV cm™* | photoconductive,
PbO Pb Ei?) = (2-3) 40-200 2.0-6.0 3.0 011 0= 10°10°0) cm, P ot 2.7 V-
TCC=+700to dielectric anomaly
+900 ppm °C™* at 470°C
At high substrate
_ Polycrystal; An2 an3 temperature the
PbO, Pb 0. =40 20 20 0.1-1 p =10°-10"Qcm composition
becomes PbO

(cont’d.)
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Table 5.60. (cont'd.) Summary of Properties of Compound Films Prepared by dc-Magnetron Sputtering in a Strong
MagneticField

» Sputtering conditions Film properties
Composition P —
of Sputtered Strat Deposition |Rate Factor, K€, ! Miscellaneous
Films Target Splztttoerrr)G s Temperature| Rate, R (Mm b per Thi?:tlzzgtsgr(e ' m) Electrical properties
C) umh?Y) | VAcm?) H
Ar +0, Optical absorption
o Polycrystal, €* = 8-10, edge, 3.2¢eV;
Zno Zn 5%‘4“ (-9) 40-270 0.03-1.0 03 ¢j(cn); 0.1-1 p =10*-10°Q cm photoconductive;
piezoelectric
€* =13-20,
. tan 6= 0.003-0.007,
210, ze |ATO =200 01-0.3 03 Amorphous; Vo=05-1 MV cm?,
Poz = 3x10 0.1-0.3
TCC = +100 to +300
ppm oC-l
. €* =120
Mixture of PbO '
) ) " | tan 5= 0.005-0.015 . .
) ) Ar+ O, TiO,, POTiOs _ e Dielectric anomaly
Pb-Ti-O Pb-Ti Py = 3x10* 100-300 0.3 0.3 with Po/Ti =1, Vp=1-1.5MV cm™, at 490°C
0.1-1.0 TCC=-100to
+100 ppm °C*
Ar + Ny, _ Amorphous,
AIN Al Py = 3x10% =150 0.3 0.6 0.1-05
Ar + Ny, _ » Polycrystal; p = 1000 pQcm,
ZN Zr  |p,=3x10* | =10 0.7-2 0.42 01-05 TCR = -200 ppm °C*
) ) Ar + Ny, _ Polycrystal; p =250 pQ cm,
TiN Ti | pu=3x10* | =150 06-18 03 01-03 TCR = 150 ppm °C'*

(cont’d.)
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Table 5.60. (cont’d.) Summary of Properties of Compound Films Prepared by dc-Magnetron Sputtering in a Strong
Magnetic Field

Sputtering conditions Film properties
Composition
of Sfuttaraj Sputter Gas Substrateb Deposmon Rate Factor, KC, Structure: ] ] Miscellaneous
Eilms Target Temperature| Rate, R (um h* per ; ’ Electrical properties
(torr) °0) ) V A cm?) Thickness (um)
Polycrystal; solid
solution of
) ) Ar + Ny, - ] p =500 pQ cm,
-Zr- - = .6-1. 0.4 Ti-Z-N with .
Ti-Zr-N Ti-Zr Pz = 3x10°* 150 0.6-1.8 G i TCR =0 ppm °C*
0.1-0.3
. . Cermet-like
Mixture of TiN
) ) Ar + Ny, _ o | p=600pQcm, structure of
Ti-Al-N Ti-Al Py = 3x10% =150 0.6-1.8 04 AZILN wl(t)hlﬂ)él = | TcrR=0ppm °C* conductive TiN and
54:46, 0.1-0. insulating AIN
Mixture of Cermet-like
) ) Ar + Ny, _ Ti-Zr-N, AIN p = 7800 pQ cm, structure of
Ti-ZEAN - TZEAL | B 3o =150 &) 04 with Ti:ZrAl= | TCR=-200ppm°C" | conductive Ti-Zr-N
1:2:1;0.1-0.3 and insulating AIN

@Coaxia geometry; cathode current, 0.1-5 mAcm'?; discharge voltage, 300-1000 V; cathode diameter, 20 mm; anode diameter, 60 mm; total
sputtering gas pressure (0.6-1) x 1073 torr; magnetic field, 10007000 G; substrates at anode.

b7059 glass substrates.

°K = R/Vdswhere V;isthe discharge voltage and igis the cathode current density.
dFor pure argon K = 1.5,

¢For pureargon K = 0.7.

f For pure argon K = 0.6.
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6

Structural Control of
Compound Thin Films:
Perovskiteand
Nanometer OxideThin
Films

The basic deposition process of compound thin filmsis described
in Ch. 5. Among these compound thin films, the perovskite material s show
avariety of functional propertiesincludingferroel ectricity, pyroelectricity,
piezoel ectricity, nonlinear optical properties, and superconductivity. The
ferroelectric thin films of nanometer structure, in particular, are promising
materials for future applications.

Perovskite thin films comprise complex chemical compositions.
Theferroelectric property is changed by the chemical composition and/or
the microstructure of the thin films. Structural control of ferroelectric thin
films is important not only for the fabrication of layered perovskite
electronic and photonic devices, but also for understanding their physical
and chemical properties.

In this chapter, sputtered ferroelectric thin films of perovskite,
including those with nanometer structures, are used as examples of
compound thin films. The influences of sputtering parameters on the
structure and dielectric properties of thin films are also discussed.

405
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6.1 FERROELECTRIC MATERIALS AND
STRUCTURES

6.1.1 Ferroelectric Materials

Ferroel ectric materialswerediscoveredin 1920intheform of bulk
single crystals of Rochell salt. Since then, a number of ferroelectric
materials, including NH,H,PO, (ADP), KH,PO, (KDP), LiNbO; (LN),
LiTaOz(LT),BaTiOz(BT), PoTiOz(PT), Pb(Zr,Ti) O3(PZT), (Po,La)TiO,
(PLT), and (Pb,La)(Zr,Ti)O, (PLZT), were developed in the form of bulk
single-crystal and bulk polycrystallineceramics. Amongtheseferroel ectric
materials, perovskite (ABO,) with oxygen octahedral structures is now
widely used for the production of electronic components and
microtransducers.

Ferroelectric thin films of perovskite structures were first depos-
ited by the thermal evaporation of BT in the 1950s after the discovery of
the BT single crystal.[!! In the 1960s, the sputtering process was applied to
the deposition of perovskite materials. PT thin films were deposited by
sputtering;!? however, their structures and ferroelectric properties were
not well-characterized. Detailed studiesof ferroel ectricthinfilmsstartedin
the 1980s.

Ferroelectric materials and deposition processes are shown in
Tables6.1and 6.2, respectively.!3 Most of theearly experimentsweredone
using a range of film thicknesses from 100 nm to several micrometers.
However, these ferroelectric thin films mostly exhibited polycrystal
structure with an interfacial layer of low dielectric constant between the
thin films and substrates.[l Their dielectric constant decreases with the
decrease of the film thickness when the film thickness is thinner than
100 nm. A controlled deposition of perovskite thin films with film
thickness less than 100 nm is essential not only for understanding the
size effect in ferroelectric thin filmg® but also for the application of
ferroelectric thin films to electronic devices such as gigabite FEDRAMSs
(ferroelectric dynamic random access memories) as shown in Table 6.1.
For better understanding of perovskite thin films, single-crystal thin
films without the interfacial layer deposited by heteroepitaxial growth
are useful. The typical substrates for the heteroepitaxial growth are
listed in Table 6.3.13]
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Table 6.1. Ferroelectric Thin Films and Devices3!

Function

Devices: Materials

Miscellaneous

Ferroelectricity

FEDRAM?: PZT, PLZT
FESRAM?Z BPZT, SBT
FEMFET®: BMF

Nonvolatile

High Ps, Pr
PZT > 20 uC/cm?

High permittivity

Capacitor for high count
DRAM: SBT, ST, PZT,
PLT

High permittivity
PZT: 500-2000

Film thickness < 100 nm

Pyroelectricity

IR detector: PT, PLT

Sensitive/low noise
PLT:y = 5.5%10*C/m’K

Piezoelectricity

BAW/SAW: ZnO, AIN
Filter: PZT, PLT
Resonator

Oscillator

Delay line

High coupling for SAW
ZnOf/sapphire: k?= 5%
High temperature stability

ZnOlglass: TCD

(temperature coefficient
of delay) =0

Electrostriction

Actuator: PLT, PZT
MEMS* ZnO

High sensitive

Acousto-optics

Integrated optics: ZnO, LN
Channel switch: PLT
Modulator: PLZT

Low working voltage
High speed operation

Integrated optics: LT, LN
Coupler: BTO
Channel switch: PLT

Pockels effect (linear EO)
LN, LT, BTO, PLZT

Kerr effect (quadratic

BST: (Ba,S)TiO;
BTO: Bi,TizOn

Electro-optics Modulator: PLZT EO) PLT, PLZT:
Optical shutter R=1x 10" m?/Vv?
EO disk memory (6328 A)
BMF: BaMgF, . )
BPZT: BaTiOyPhZrO; LN: L|.NbO3 PLZT: (Pb,Lg)(Zr,Tl)Og
LT: LiTaOs PZT: Pb(Zr,Ti)O3

PLT: (Pb,La)TiO;

SBT: SrBi,Ta,0q

! Ferroelectric dynamic random access memory.
2 Ferroelectric static random access memory.
% Ferroelectric memory field effect transistor.
* Micro-electromechanical system.
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Table 6.2. Thin Film Deposition Process'3l

Classification  Deposition System  Source Materials

Film Structure

Vapor phase deposition

EB (electron beam)

Thermal evaporation Individual metals

Individual oxides

Crucible Multisource
MBE Uniaxia crysta
by epitaxial
FE compounds growth
PVD Laser ablation Individual oxides (p_oly{sngle)
tailoring FE by
Multitarget layer-by-layer
dep. in situ
FE compounds poling
Individual metals
Sputtering
Individual oxides
Multitarget
Low pressure CVD  Individual halide Uniaxial crystal
) by epitaxial
oD MOCVD Meta organic gas growth
Plasma astisten (poly/single) in
situ poling
MOCVD
Chemical solvent deposition
MOD (metallo- Individual metal Multiaxial
organic deposition (polycrystal)
Organic gas
Sol-gel deposition Ex situ poling

(porous)
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Crystal Lattice Coeffici ent
System Structure Constant | of Expgns on
R (20™/K)
PbTiO; tetragonal perovskite a=3.889 12
c=4.1532
cubic a=3.961

Sapphire trigonal corundum a=4.763 75=8
MgO cubic NaCl a=4.203 13.8
SITiO, cubic perovskite a=3.905 10.8
LaAlO; pseudo cubic | perovskite a=3.792 10
YSZ cubic fluoride a=>5.16 10
KTaO; cubic perovskite a=3.989 6.7
Epitaxia relations:
(111)PT//(0001) sapphire (001)PT//(001)LaAlO,
(001)PT//(001)ST (001)PT//(001)KTaOs
(100)PT//(100)MgO (111)PT/(111)Y SZ/(100)Si

The microstructure of perovskite thin films is governed by the
initial stage of the film’s growth. The cooling conditions after deposi-
tion are also important when depositing ferroel ectric thin films that have
acontrolled crystal structure.[®l Recent technological progress has enabled
the deposition of perovskite materials that have such a controlled crystal
structure.[”! The sputtering process also produces man-made ferroel ectric
thin films, including the superlattice of layered perovskite.[®l These man-
madeferroel ectric materialsare essential for the design of novel nanometer
materials.


http://cuuduongthancong.com?src=pdf
https://fb.com/tailieudientucntt

410 ThinFilmMaterials Technology

6.1.2 Microstructure of Heteroepitaxial Thin Films

A typical structure of the heteroepitaxial thin film represented by
schematic cross section isshown in Fig. 6.1. The heteroepitaxial thin film
is either unstrained or strained. The unstrained structure includes misfit
dislocations at the interface between the substrates and the thin films. The
strained system is called pseudomorphic or commensurate. Due to the
constraint on the in-plane | attice constant, the unit cell distorts as allowed
by Poisson’sratio for an epitaxial layer. If the lattice constant of the thin
filmislonger thanthat of the substrate, thefilmistetragonally distorted due
to the compressive stress in the plane. If the lattice constant of the film is
smaller than that of the substrate, the film is stretched in the plane and the
height decreases.

Dislocated
Strained T T
2 Tensile / \ \
i ! |
(2]
5 /
S
g —
o
°-- T C T
Substrate Substrate
Surface Surface

Figure6.1. Lattice deformation of heteroepitaxial films.

The film growth process is considered to be as follows:[°)

» Theinitia layersinthe growing film are strained el asti-
cally until the film’s lattice constant equals that of the
substrates.

» After acritica thickness (h,) has been exceeded, it is
energetically favorablefor part of the strainto berelaxed
by introducing misfit dislocations.

 For thicknesses much greater than h., all the strain is
relaxed because of misfit dislocations.

The critical thickness, h,, for a pseudomorphic epitaxy is derived
by considering the film-thickness dependence of the strain energy and the
dislocation energy, then minimizing the total energy.['% If the dislocation
spacing is greater than the film thickness, h, the extent of the strain field,
r, isnearly equal to h, and the total energy, E,, is expressed by
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w;blf —g Jin(h/b)+1]
2m1-v)
where 1 istheshear modulusof thefilm, fisthelatticemisfit, visPoisson's

ratio for the film material, and B = 21 (1 + v)/(1 - v). By setting dE,/de,
= 0, the critical strain, s’il becomes

Eq. (6.1) B =€fBh+

Eq. (6.2) e= W

The largest possible value of € is the misfit . The f is expressed by

o -
Eq. (6.3) f= (faSaS)

where & and ag denote the lattice constants of the thin films and the
substrates, respectively, and b is Burgers vector of the substrates.
Taking € = f, the critical thickness, h, is obtained:

Eq. (6.4) h = b[l;E(qc : 5;:]]

Thisassumesthat the epitaxial filmsinclude edge-type misfit dislocations
that are perpendicular to the film plane, and that the Burgers vector, b, is
parallel to the interface.

When the Burgers vector, b, isnot parallel to theinterface and the
angle between the direction of the dip dislocation and the interface and/or
the film plane is A, the critical thickness is expressed by

_ bfin(h, 76)+1]
e "= 8m1+v)f cosA

For perovskite materials, Burgers vectors <010> and <110>/2 are
often observed. In the case of (001)PT/(100)ST, f=(3.91-3.905)/3.905 =
0.0012, and v = 0.2; taking A = 0, and b = a for the <010> direction, h,
becomes 65 nm; for the<110>/2 direction, A =0, b= a/2¥2, and h. becomes
45 nm. In the case of (111)PT/(0001)sapphire, f = (2.84-2.75)/2.75=0.03,
and v =0.16; takingA = 0,b = a/2V2for the <110>/2 direction, h, becomes
0.5 nm; for the <010> direction, taking A = 35°, and b = a, h, becomes 1 nm.
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Thisestimation meansthat alargemisfit will giveasmall critical thickness,
h.. The PT thin films epitaxially grown on (0001) sapphire substrates
usually include dislocations. If we consider that the thickness of the
epitaxial PLZT thinfilmsisseveral hundred nanometers, theepitaxial films
will reasonably include the misfit dislocations since h, << 100 nm.

A typical example of heteroepitaxial thin films and their micro-
structuresisdescribed usingasamplePLT (20) heteroepitaxial thinfilmon
(0001) sapphirewith afilm thickness of 400 nm. Sputtering conditionsare
shown in Table 6.4. In epitaxial conditions, PLT (20) thin films are
deposited fromthe PLT (28) target. Figure 6.2 showsthe RHEED patterns
of thesputtered PL T thinfilms. The RHEED patternssuggest that epitaxial
(111) PLT thin films are grown on (0001) sapphire as expected.

A cross-sectional TEM image with a selected area diffraction
(SAD) patternisshown in Fig. 6.3. The film shows a grain structure with
a high-angle grain-boundary, athough the SAD pattern shows the three-
dimensional epitaxy. Each grain shows the same crystal orientation, both
in the c-axis and in the a-b plane.

Figure 6.4 shows the TEM images of the plan view at various
depthswith transmission electron diffraction. Microcrystallitesof about 10
nm to 100 nm in diameter are observed. The crystal orientation of each
microcrystallite is the same. The microcrystallites and/or grains develop
with anincreasein thefilmthicknessin order to decrease the strain energy
according to themismatch in thelatti ce constant and the thermal expansion
coefficient between the films and the substrates.

Table 6.4. Sputtering Conditions for Heteroepitaxial PLT Thin Films on
Sapphire Substrates

Target PLT (28) ceramics powder
Target diameter 100 mm

Substrate Sapphire (0001)
Target-substrate spacing 35mm

Sputtering gas Ar (60%) + O, (40%)

Gas pressure 0.5Pa

Substrate temperature 500-700°C

RF power 150-250 W

Deposition rate 60-100 A/min
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] [110]

L111]

[211]

Figure6.2. RHEED patterns of the sputtered PLT (20) thin films, 0.4 um thick, deposited
on (0001) sapphire substrate.

Figure 6.3. Cross-sectional TEM images of highly transparent PLT (20) thin films on
sapphire substrateswith the SAD pattern obtained at the thin film-substrateinterface. The
SAD pattern suggeststhat the PL T thin filmsare well-oriented in the c-direction.
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Figure 6.4. TEM image of the plan view with a SAD pattern for aPLT (20) thin film.

Ferroel ectric thin films often display amultidomain structure such
as the 90° domains shown in Fig. 6.5. The growth of 90° domains also
reduces the strain in the films. A theoretical model of the domain-pattern
formation uses the linear-elasticity theory and a Landau-Ginzburg-
Demonshire-type phenomenological theory.l'Y) The mechanism of do-
main growth for epitaxial PbTiO4 thin films is thought to be as follows:
Starting with a PT thin film with a cubic crystal structure at an epitaxial
temperature of 600°C, the crystal structure movesto atetragonal structure
due to the phase transition at the Curie temperature (about 490°C) during
the cooling stage after deposition. The lattice of the PT thin film after
cooling shows a strained structure due to the mismatch of the thermal
expansion coefficientsand |l attice parametersbetween PT thinfilmsand the
substrates. When the film thicknessisthicker thanh,, the domain structure
growsin the thin film due to the minimizing of the strained energy. When
we use KTaO; substrates with a small mismatch (a = 0.3899 nm at room
temperature, and a= 0.4003 nm at 600°C), the thin film showsthe layered
structure of a-domain and c-domain, i.e., a/c/alc/ structures, as shown in
Fig.6.5. The PT thinfilm showsasingle c-domain structurewhenthelattice
mismatch is very small, as seen with a SITiO; substrate. For the MgO
substrate, which has poor lattice matches at both the a-axis and the c-axis
(a=0.4213 nm at room temperature, and a=0.4239 nm at 600°C), the PT/
MgO heterosystem isassumed to find the energy minimum by lockinginto
the domain of the two-dimensional superlattice with the greatest atomic
coincidences. The ¢- and a-domainswill be mixed in the sputtered PT thin
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films, sincethe PT lattices of (3ax 3a) are closeto theMgO lattice of 2v2
(ax a), and the PT lattices of (3b x 3c) are close to the MgO lattice of
2V2 (ax a).

domain

substrate

Figure 6.5. Cross-sectional TEM image of sputtered PT thin films on (0001) sapphire.

In heteroepitaxial films, the interface layer sometimes comprises
different chemical compositions and/or different crystal phases. The
formation of theinterfacelayer isal so caused by theinterdiffusion between
thethinfilmsand the substrates. A typical SIMS depth profile of PLT thin
filmssputtered onto (0001) sapphireisshowninFig. 6.6. TheSIMSprofile
showstheinterdiffusion of Al fromthe sapphireintotheepitaxial PLT thin
film. The interdiffusion makes the interfacial region. The structure of the
interfacelayer isevaluated by the ellipsometric method.[*2 Typical results
are found in Fig. 6.7.13 The interface comprises materials with a low
optical index probably dueto the change of the chemical composition and/
or the crystal properties.

Both off-stoichiometry and nonuniformity of chemical composi-
tion also affect the microstructure of compound thin films. The secondary
crystal phase is observed in the thin films. Typica TEM images with
electron diffraction patternsfor nonuniform PLT (20) thin filmsare shown
in Fig. 6.8. The nonuniform films are not transparent. These opaque PLT
thin films are grown due to the segregation of a secondary phase, like
lanthanum-titanate.
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Figure6.6. SIMSdepth profileof thehighly transparent PLT (20) thinfilms, 0.3umthick,
deposited on (0001) sapphire substrate.
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Figure 6.7. Evaluation of microstructure PLT (20) thin films on (0001) sapphire by
spectroscopic ellipsometry.
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Figure6.8. TEM imagesof thesurfaceplan view with SAD patternsfor anopaquePL T (20)
thinfilm deposited onto a(0001) sapphiresubstrate; (a) surfaceimagesat |low magnification,
(b) segregated crystallitesat high magnification, (c) SAD patternat A, (d) SAD patternat B.
The SAD patterns show that zone A correspondsto PLT single crystal.

6.2 CONTROL OF STRUCTURE

The initial stage of the film growth comprises three modes as
described in Ch. 2, Fig. 2.1: theisland structure and the columnar structure
growth modes of the V olmer-Weber and the Stranski-K rastanov typesand
the continuous thin film growth mode of the Frank-van der Merwe type.
The careful selection of growth conditions provides perovskite thin films
with controlled microstructures. Several examples of the deposition pro-
cess for controlled microstructures are described in Sec. 6.2.1 for perovs-
kite thin films.
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6.2.1 Growth Temperature

The substrate temperature during film growth changes both the
chemical composition and the crystal structure of the thin film. Figure 6.9
showsthe variation of the crystal phase with the substrate temperature and
the chemical composition of Pb-Ti-O thin films sputtered onto (100) MgO
substrates. The films were deposited by sputtering from a mixed powder
of PbOand TiO,. Thecrystal phase of perovskiteisobserved inthe narrow
temperature range of 500° to 600°C for the stoichiometric composition for
PbO in the -5% to +20% range. In a lower temperature range, the
pyrochlore phase Pb, Ti,Ogisdominant, and at ahigher temperaturerange,
the lead-deficient structure PbTi;O; is dominant.

600 .
_ (POTIO;) PHTIO
8 \\.\ ’é - )
w L . 5 J
x 500 PbTi;0, Y
5 A
% (PbTIO;)
S [ %
E 400 N
l:r_: Pb,Ti, 04 E N .
= i :
% : PbO
D: B 1
& 300
0 0.5 1.0
Tio, Pb/(Pb+Ti) PbO

Figure 6.9. Crystal phase of sputtered Pb-Ti-O thin films onto (100) MgO substrates
showing chemical composition of thin filmsvsgrowth temperature.

Figure 6.10 shows another example of perovskite thin films. The
figureindicates XRD patternsfor sputtered Pb(Mg;,5Nb,,5)O5 (PMN) thin
films for different crystal phases. Bulk PMN is known as a relaxor
ferroelectric material. It shows high piezoelectricity with an extremely
large dielectric constant of over 10,000.1*4 The Curie temperature of the
PMN is changed by doping the PT. The PT-doped PMN iscaled PMNT.
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Figure6.10. XRD patternsfor sputtered PM N thinfilmsgrownon (100) SrTiO;at different
growth temperatures (film thickness, 300 nm).

However, the deposition of PMN thin filmswith asingle perovskite phase
is difficult due to the appearance of a pyrochlore phase.[*®! In the case of
PMN thin films, the temperature dependency of the crystal phase is
different from that of PT thin films. Figure 6.11 shows variations of the
crystal phase of PMN thin films sputtered onto (100) MgO substrates. It
shows that the perovskite phase is stable at a lower growth temperature
zone, and the optimum growth condition for single-phase perovskite exists
in a narrow temperature zone.[’®! Figure 6.12 shows a typical cross-
sectional TEM imageof sputtered PMN thinfilms. Thefilm showsasingle-
crystal-like continuous structure without grains.

The single-crystal-like structure is auniform crystal growth. The
uniform crystal growthisclearly observed for sputtered PMN thinfilmson
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(100) SrTiO5 substrates. The initial growth of PMN thin films on SITiO;
substrates shows an oscillation pattern in an XRD spectrum as shown in
Fig. 6.13, due to the interference fringes of the x-rays. The interference
fringes result from the extremely flat surface with uniform film thickness.
Sincethe L a-doped SrTiOgisconductive, thedielectric propertiesof PMN
thin films are evaluated at the sandwich structure of AWPMN/La-SrTiO.
Figure6.14 showsthediel ectric propertiesof PT-doped PMN (PMNT) thin
films. The PMN thin films show thetypical dielectric properties of relaxor
ferroelectrics. Frequency dispersion and broad peaks are observed at
dielectric-constant /temperature curves, as shown in Fig. 6.14.

Fromthese examples, it isevident that the growth temperature and
chemical composition of the thin films need to be well-controlled in order
to achieve precise control of the crystal phase of the thin films. If closer
control of the structural properties of thin filmsisneeded, i.e., microstruc-
ture and/or strain, the growth conditions need to be modified as described
in Sec. 6.2.2.
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Figure6.11. Variation of thecrystal phasewith growthtemperaturefor sputtered PMN thin
filmson (100) SrTiO;.
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Figure 6.12. Cross-sectional TEM image of sputtered PMN thin films epitaxially grown
onto (001) MgO.
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Figure 6.13. XRD patterns for a sputtered PMN ultrathin film (film thickness, 8 nm)
epitaxially grownonto (100) SrTiOs.
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Figure6.14. Dielectric properties of sputtered PT-doped PMN (0.8 PMN:0.2 PT) thin
filmsgrown on L a-doped (100) SrTiOg: (a) temperaturevariationsof dielectric constant,
(b) P-E hysteresis curves.

6.2.2 Buffer Layers and Graded Interfaces

The adatoms of compounds nonuniformly diffuse on the substrate
surfaceat theinitial stage of filmgrowth. When PZT or PLZT thinfilmsare
epitaxially grown on (001) MgO or on (0001) sapphire substrates, a ZrO,
layer will cover the substrate surface. The ZrO, layer suppresses the
epitaxial growth of the perovskite structure. The deposition of the PT or
PLT layer asabuffer layer beforethedeposition of PZT or PLZT stabilizes
the growth of the perovskite structure.[*”]

Theother method of controlling theinterfaceistheintroduction of
agraded interface. Thisreducesthe dislocation density at theinterface and
improves the crystal structure of the heteroepitaxial thin films.

Figure 6.15 showstypical surface SEM imagesof PLZT (9/65/35)
thin filmsepitaxially grown on (0001) sapphire. The PLZT thinfilmswere
directly deposited onto the (0001) sapphire at the epitaxial temperature of
600°C by amultitarget sputtering system. Thefilm thicknessis400 nmand
the sputtering conditions are shown in Table 6.5. Figure 6.16 shows the
cross-sectional TEM image with SAD patterns. These SEM and TEM
images show a polycrystalline structure with arough surface. Theinterfa-
cial region of amorphous and/or poor crystalline structure is observed in
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the TEM image. The SAD patterns show a streak pattern indicating the
presence of amisalignment of the crystal orientation and/or the formation
of thepolycrystallinephase. Thex-ray diffraction analysissuggeststhat the
crystal orientation of the PLZT thin films does not simply obey the ideal
epitaxial relation of (111) PLZT // (0001) sapphire. The PLZT thin films
show a mixed orientation of (100), (111), and (001).

Figure 6.15. SEM images of the surface of sputtered PLZT (9/65/35) thin films, 400 nm
thick, deposited onto (0001) sapphire substrates.

Table 6.5. Sputtering Conditions for Epitaxial PLZT Thin Films on
Sapphire Substrates

Target diameter 60 mm
Target-substrate spacing 100 mm
Input power Pb: 10-30 W
La 5-30 W
Zr: 0100 W
Ti: 50-200 W
Sputtering gas Ar/O,=2/1
Gas pressure 3Pa
Substrate temperature 700°C
Deposition rate 30-50 A/min
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Figure6.16. (a) Cross-sectional TEM imagesof PLZT (9/65/35) thin films, 400 nmthick,
deposited onto a (0001) sapphire substrate, with SAD patterns obtained at (b) the film
surface, (c) theinterface, and (d) the sapphire substrate.

Anatomic-resolutionlatticeimageat thefilm-substrateinterfaceis
shownin Fig. 6.17. Theinterface layer disturbs the uniform growth of the
(111) PLZT on (0001) sapphire. The interfacia region is composed of
different microstructures: the region comprising ordered clusters of (111)
PLZT crystallites, Fig. 6.17a; andtheregion comprising disordered clusters
of (101) and/or (110) PLZT crystallites, Fig. 6.17b.
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PLIT

Figure6.17. Atomic-resolution image of the PLZT/(0001)-sapphireinterface showing
(a) epitaxial growth of (111) PLZT on (0001) sapphire and (b) the growth of disordered
clustersof (101) and/or (110) PLZT crystallites.
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Figure6.18 showssurface SEM imagesof PLZT thinfilms, 400nm
thick, on (0001) sapphire with a PLT graded buffer layer. The buffer
enhances the crystal growth of the PLZT thin films. The buffer layer was
prepared by the following procedure:

* In the first stage, PLT thin films of about 20 nm thick
were epitaxially grown on the sapphire.

* Then, input power levels of four targets, Pb, La, Zr, and
Ti, were varied gradually to introduce Zr, and a graded
composition layer of about 80 nm in thickness was
fabricated.

* Finally, quaternary oxideof PLZT (9/65/35) of 400 nmin
thickness was deposited.

Figure6.18. Surface SEM images and RHEED patterns of sputtered PLZT (9/65/35) thin
films, 400 nmthick, on (0001) sapphirewiththePL T (20) buffer layer, 100 nmthick, showing
thewell-oriented structurein the a- and b-directions.

The XRD analysisshowsthat the PLZT thin filmswith the graded
buffer layer exhibit a single (111) orientation. The cross-sectional TEM
images with SAD patterns at various surface positions are shown in Fig.
6.19. The SAD patterns show that the sputtered thin films have a single
(111) orientation, although a twin structure is observed in the interface.

The atomic-resolution lattice images shown in Fig. 6.20 suggest
that the PLZT thin films exhibit uniform epitaxial growth on the (0001)
sapphire, corresponding to theideal epitaxial relationship. Theinterfaceis
coherent.[*8]
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Figure6.19. Cross-sectional TEM imagesandthe SAD patternsof thePLZT (9/65/35) thin
films, 400 nmthick, ona(0001) sapphiresubstratewithaPL T (20) buffer layer, 100 nmthick;
SAD pattern at surface A, surface B, surface C, and the (0001) sapphire substrate.
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Figure6.20. Atomic-resolutionimage of the PLZT/(0001)-sapphireinterface showing the
epitaxial growth of (111) PLT buffer layer on (0001) sapphire.

Table6.6 showsthelattice parametersof sputtered PLZT thinfilms
with and without the buffer layer. The lattice parameters of the sputtered
film without the buffer layer are close to those of bulk materials. This
indicatesthat filmswithout buffer layersinclude the dislocated interfacial
region and show thestrain-relaxed structure. Thebuffer layer improvesthe
coherency of theinterface. Theindividual crystal grains are well-oriented
in both the c- and the a-, b-directions, and they are connected in the plane.
The graded buffer layer is useful for the improving the crystalinity of
heteroepitaxial thin films.

The complex microstructure of the heteroepitaxial growth of
perovskite materials is also observed in high-T. superconducting thin
films.[ A suitable design of a graded buffer layer for the heteroepi-
taxial system results in continuous single-crystal thin films of perovskite
materials.
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Table 6.6. Lattice Spacing of PLZT Sputtered Thin Films of (111)
Orientation on (0001) Sapphire

Lattice spacing (A)
Samples Position (001) (110)
Without buffer layer Surface 4.15 2.88
Interface 4.15 2.89
With PLT buffer layer Surface 4.10 2.87
Interface 4.04 2.86

6.2.3 Cooling Rate

The substrate materials and the cooling rate also govern the
structural properties after deposition. Kwak and Erbil,[2% and Speck and
Pompel?d studied the domain formation of epitaxial PT. The epitaxial
temperature of PT thin films is 600°C, which is higher than the Curie
temperatureof bulk PT (490°C). They suggest that if the c-lattice parameter
of PT islarger than that of the substrates, e.g., (001) SrTiOs, the c-domain
is predominant during deposition. If the c-lattice is smaller than substrate
lattice, e.g., (001) MgO, the a-domain is predominant during deposition.
The mixed domain structure of a/c-domains is developed during the
cooling stage; the cooling rate affects the domain structure, and high
cooling rates enhance the c-domain growth.

Figure 6.21 shows XRD patterns for different cooling rates of
epitaxial PT thin films deposited by sputtering onto (001) MgO sub-
strates.[?? Typical deposition conditions and the | attice constantsfor rapid
and slow cooling rates are shown in Tables 6.7 and 6.8, respectively. A
rapid cooling rate increases the popul ation of the c-domain, while aslow
cooling rateincreasesthe population of thea-domain, asseeninFig. 6.21a.
The c-domain growth is caused by apreferential orientation. The scan of
XRD analysis suggests that rapid cooling provides single c-domain (001)
PT thin films with in-plane epitaxy, as shown in Fig. 6.21b. The film
surfaceis smooth, and the a-domain growth is caused by epitaxial growth.
Thelattice parametersof PT thinfilmsareshownin Table6.8. For epitaxial
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(200) PT thinfilmson (001) MgO, the c-axisishighly expanded dueto the
large lattice spacing of the MgO substrates. The lattice arrangement of
PT thin films on MgO substrates is shown in Fig. 6.22. The lattice
arrangement for the a-domain is not governed by the epitaxial relation
PT (3b x 3c) / MgO 2v2(a x a) for atwo-dimensional superlattice. The a-
domain PT thin films include twins due to the presence of two in-plane
epitaxial directions for the c-axis.
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Figure6.21. The XRD patternsof sputtered PT thinfilms, 120 nmthick, on (100) MgOwith
rapid cooling and slow cooling. The@ scan showsthe (001) reflectionsfor aPT film, 120
nm thick, grown on normal MgO, using in-plane XRD.
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Table 6.7. Sputtering Conditions

431

Substrate (100) MgO

Substrate temperature 600°C

Target composition PT + PO (10 mol%),
PLT(21) + PbO (10 mol%)

Target diameter 80 mm

Input power density 1.6 W/cm?

Sputtering gas Ar/O, = 20/1

Gas pressure 1Pa

Deposition rate = 2-3 nm/min

Table 6.8. Lattice Constant for Sputtered PbTiO,

Lattice Constant of PbTiO3; (PT) Thin Films
System , . ,

Rapid Cooling Slow Cooling

c=0.416 nm c=0.419 nm
[+0.48%)]* [+1.02%]*

PT/MgO

a=0.394 nm a=0.398 nm

[+1.02%)]* [+1.05%]*

Couk = 0.4152 nm, gy, = 0.3903 nm

* Lattice difference between thin films and bulk PbTiOs.

Figure 6.22. Lattice arrangements of sputtered PbTiO on (100) MgO substrates.
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When the a-lattice parameter of athinfilmiscloseto the substrate
lattice parameter, e.g., PT on (001) SiTiO;, or the tetragonality of the
perovskite thin filmsis close to unity, e.g., PLT, the cooling rate does not
affect the crystal orientation.

6.2.4 Vicinal Substrates

When the growth of the epitaxial films is governed by island
growth, the resultant thin films show nonuniform crystal growth. The
growth of the epitaxial thin films on well-oriented and nominal single-
crystal substrates is usually governed by island growth, since the density
of the step on the crystal substrates is too small for the step-mediated
growth and the lateral growth.

The vicinal substrates are useful for achieving the lateral growth
of crystallites. Figure 6.23 shows a typical surface of the vicinal (001)
SITiO; (ST) substrate. The surfaces of vicinal substrates comprise the
atomic step linesand terrace.l?®l Theideal step height isacrystal unit of the
substrate. The step height for ST substratesis 0.39 nm. Theterrace length
is d = h/tan®, where h denotes the step height, and 6 denotes the miscut
angle. On thevicinal substrates, the crystal steps act as nucleation centers.
Lateral growth is observed on the vicinal substrates if the adatoms have
sufficient surface mobility to diffuse acrosstheterrace. Thelateral growth
is called “step-flow growth.” Figure 6.24 shows a typical surface AFM
image and a cross-sectional TEM image with SAD patterns for PT thin
filmsonavicinal (001) ST substrategrown laterally. Thesurface showsthe
step lines and terrace. The sputtering conditions are shown in Table 6.9.
The film shows continuous structure without grain boundaries.!?!l The
surface is atomically flat.

Figure 6.23. Typical surface model of miscut (001) ST substrate; miscut angle, 1.7°.
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Figure 6.24. Cross-sectional TEM images of sputtered PT thin films on miscut (001) ST
with SAD pattern at (a) film/substrate interface, and (b) lattice image of film surface; (c)
surface AFM image.

Table 6.9. Sputtering Conditions

Sputter system RF-planar magnetron

Target PbTiO; powder

Target diameter 80 mm

Target-substrate spacing 30 mm

Substrate (001) SrTiOs, miscut (001) SrTiO;3
Substrate position on axis

Substrate temperature 600°C

Sputtering gas Ar/O,=20/1-2/1 (0.5 Pa)

Growth rate 3 nm/min

Film thickness 5-300 nm
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Figure 6.25 shows atypical XRD pattern. The interfering signals
in the XRD pattern suggest that the films have an extremely uniform
structure. The interface of the thin films and the substrates is coherent
without an interfacial layer.

The surface mobility of adatoms increases with a rise in the
substrate temperature during film growth. There is a critical temperature
for the lateral growth for a given vicinal substrate. At a given substrate
temperature, acritical miscut angleis present. Below the critical tempera-
ture or without the critical miscut angle, the island growth type governs
film growth.[2 Typical conditions for lateral growth are shown in Fig.
6.26. The critical miscut angle is about one degree for PT thin films
epitaxially grown on SITiO5 at 600°C.

Lateral growth is governed by the diffusion of adatoms on the
terrace; thegrowth conditionisaffected by thediffusion-related deposition
parameters. The oxygen partial pressure during deposition also affectsthe
lateral growth process since an increase in the oxygen partial pressure
decreasesthe surface mobility of adatoms. Figure 6.27 showstheresults of
experiments demonstrating that there isacritical oxygen partial pressure.
Below the critical oxygen pressure, the film shows a continuous lateral-
growth film structure. Above the critical oxygen pressure, the film com-
prises multigrains and/or a columnar structure as a result of island
growth.[2el
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Figure 6.25. X-ray diffraction pattern of PT thin film, 40 nm thick, on miscut (1.7°) ST.
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Figure 6.26. Thin film growth modes on avicinal substrate.

Figure 6.27. Surface SEM images of sputtered PT thin films,120 nm thick, on miscut
(001) ST for various oxygen partial pressures during sputtering deposition; (a) Ar/O, =
20/5, (b) Ar/O, = 20/6, (c) Ar/O, = 20/7.
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Thegrowth mode of thinfilmsisclosely related to the film growth
conditionsseeninFig. 6.26. At alow substratetemperature, thefilmsshow
an amorphous structure. Thereislittle surface diffusivity and the adatoms
get trapped in a conglomerate of noncrystal sites. At a high substrate
temperature, the adatoms have sufficient surface mobility to arrange
themselves epitaxially on the crystal substrates where epitaxial islandsare
formed. At higher substrate temperatures, the crystal growth occursby the
lateral growth of steps. The step-mediated growth is governed by nucle-
ation at the steps and by diffusion of the adatoms on the terrace of the
substrates. The surface diffusion coefficient (D), is expressed as

.[2
Eq. (6.6) Dg = TO
wheret,isaninterstep distance (terracewidth) andtisacharacteristictime
for the diffusion, which isatimeinterval for the growth of amonolayer or
the average time for nucleation. If the growing atoms can reach the step
beforetheaveragetimefor nucleation, t,, ., they cannot form anucleusand
the growth isin the step-flow mode. If they cannot reach the step before
t..o they form nuclei resulting in 2-D nucleation. The long length of the
terrace prohibits step-mediated growth under the conditions at a given
growth temperature. The commercial, well-oriented substrates show large
Ao (i.e., miscut angle of + 0.3° with Ay > 90 nm). The vicinal substrates
reduce the A,, which produces the step-flow growth under the conditions
at a given growth temperature.! The epitaxial growth on the vicinal
substratesisuseful for the deposition of continuous single-crystal films of
perovskite materials.

PT thin films are grown on ST substrates at 600°C. Since the
growth temperature is higher than Curie temperature, T, of the PT (T, =
490°C for bulk PT), the PT thin films show a cubic structure at the growth
temperature (if we consider that the structure of the PT thin filmsis the
same as the bulk PT). At the growth temperature, the lattice parameter of
thebulk PT, a,=0.397 nm. ThePT thinfilmsaredeformedinto atetragonal
shape due to the small lattice parameter of the ST substrate (agr = 0.393
nm). The tetragonality of the PT thin films at the growth temperature, c;/
&, is 1.03, under the assumption a; = agr and ¢;/a; = a3, where ¢; and &
denote the lattice parameter of the PT thin films. The tetragonal form is
guenched during the cooling stage after deposition. During the cooling
stage, the PT thin films are further deformed as a result of the phase
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transition from cubic to tetragonal below T, of 490°C, resultinginthelarge
tetragonality c;/a; = 1.06 to 1.1 at room temperature. Typical lattice
parameters are shown in Table 6.10.1%7]

The TEM cross-sectional atomic images of PT thin films on the
vicinal (001) ST substrate are shown in Fig.6.28a at interface, and Fig.
6.28b at the surface where tetragonal lattice distortion is prevailing. The
tricliniclatticedistortionisnot clearly observed. Theselatticeimagesshow
that the same a-lattice and c-axis parameters are obtained at both the
interface and surface regions. The PT thin films show uniform lattice
distortioninthewholeareaof the PT thinfilms. The a-lattice parameter and
the c-lattice parameter are 0.39 nm and 0.43 nm, respectively, for afilm
thickness of 170 nm at the miscut angle of 1.7°.1%8 Thisimplies that the
lattice distortion is not fixed during the film growth, but the lattice
distortion will be fixed during the cooling stage after deposition.

Thelatticedistortionisreduced by theincrease of miscut anglesas
indicated in Table 6.10. It was expected that the lattice distortion would
disappear and the strain would be fully relaxed when the substrates were
removed from the thin films. The strain relaxation was confirmed by the

Table6.10. Typical Lattice Parametersfor Sputtered PoTiO; Thin Filmst

ST miscut PT film
angle tilt angle , ¢ cla
(degrees) (degrees) (nm) (nm)
0.06 0.05° 0.3920 0.4275 1.09 island growth
0.87 0.94° 0.3964 0.4254 1.16 island growth
1.32 1.45° 03981 | 04220 | 106 |SePflow
growth
4.95 534 | 03992 | 04208 | 105 |ep-flow
growth
9.89 1073° | 03954 | 04219 | 107 |SePflow
growth
1 On miscut (001) SrTi O substrates at various miscut angles (PbTiO; : 120 nmin
film thickness, measured at room temperature).
2 uphill
% downhill
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10 mm

@ (b)

Figure6.28. Cross-sectional atomic lattice TEM images of epitaxial PT thin film (160
nm thick) on amiscut (001) ST substrate; (a) at the interface, (b) at the surface of the PT
thinfilm.

XRD measurement of PT crystallitesshowninFig. 6.29. ThePT crystallites
were obtained by peeling PT thin filmsfrom the ST substrates. Thelattice
parameters were the same as those of bulk PT.

Figure 6.30 showsthe cross-sectional TEM image of sputtered PT
thinfilmsonavicinal (001) ST substrate at the miscut angle of ten degrees.
The steps at the interface and/or the surface of the ST can be seen. The ¢-
axis of the PT thin films is dlightly tilted toward the direction of the
substrate terrace normal. This indicates the presence of twins at the step
region. The schematic structure of the twins is shown in Fig. 6.31.[%°]

Thetilt angle @is expressed by the relation

Eq. (6.7) ¢= tan*%%ane (uphill)

whereagand ¢; denotethelattice parametersof thevicinal ST substrateand
epitaxial PT thin films, respectively.[3% Typical experimental results are
shown in Fig. 6.32.
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Eaep 31
k

(@

Figure 6.30. Cross-sectional TEM micrograph of PT thin films, 130 nm thick, on miscut
(001) ST (miscut angle; 10°), (a) with SAD pattern, and (b) atomicimageat theinterface of
PT thin film and ST substrate (f: film, s: surface).

{011} twin boundary &'04__
a c V
\ c
. N
c-domain ¢ T cl AN a
T . T*a
< T N
',E T ¢ T ¢ T\\a step edge|
a a a '\

SrTi0; substrate

Figure 6.31. Schematic showing how the presence of step edges on a vicinal (001) ST
substrate may lead to the preferred nucleation of a PT (011) twin boundary. The arrows
indicatethedirectioninwhichthec-axislies. Thetetragonality of PT hasbeen exaggerated

for clarification.9
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Figure 6.32. Graph of c-axistilt anglefor sputtered PT thin film, 130 nm thick, on miscut
(001) ST asafunction of substrate miscut angle, (W) measured, (O) calculated.

The terrace width and the step height are larger than the initial
surface of the vicinal ST. This indicates that step bunching should be
observed.!3Y Step bunching was confirmed at theinitial growth stage of the
PT thin filmsas shown in Fig. 6.33. The step height shows saturation at 3
nm above acritical film thickness of 10 nm, asseenin Fig. 6.34. The step
height of 3 nm is caused by three times step bunching.*

Continuous single-crystal thin films of PLT and PZT are also
grown on vicinal substrates, as shown in Fig. 6.35. Conducting perovskite
thin films of SrRuO; (SRO) are also grown on vicinal (001) ST substrates
under step-flow growth. The lattice parameter of the SRO is shown in
Table6.11.%

The critical film thickness, h,, for the PT thin films on the vicinal
substrates is larger than the h, of the PT thin films on nominal (well-
oriented) substrates. The critical film thickness of the PT thin filmson the
vicinal substrates, determined experimentally, is300 nm at themiscut angle
of 1.7°. Thisvalueistwotimeslarger than the PT thin filmsonthe nominal

* Initial step height of film surfaceisalattice spacing of the ST substrate, agr. Thefinal step
height after n times step bunching is calculated by aSZTn Taking agr = 0.4 nmand n = 3, the
calculated value becomes 3.2 nm which is clost to the observed value.
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substrates.!33 Heteroepitaxial perovskite thin films on the vicinal sub-
strates are stable against mechanical shock, and highly adhesive to the
substrates. The epitaxial thin films on well-oriented substrates often peel
off one to two years after deposition, due to the accumulated stress. The
vicinal substrates improve the long-term stability of the heteroepitaxial
single-crystal thin films. The combination of the graded buffer layer and
the vicinal substrates will provide high-quality heteroepitaxial perovskite
thin films with long-term stability.

M0 400 600

Figure 6.33. AFM images of sputtered epitaxial PT thin films on miscut (001) ST for
different film thicknesses: (a) 10 nm and (b) 5 nm.

250 25
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Figure6.34. Variation of width of terrace and step height with film thickness.
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Figure6.35. Cross-sectional SEM imagefor (001) PZT onvicinal (001) ST substrate. PZT
filmthicknessis220 nm.

Table 6.11. Space Groups, Lattice Parameters of SrRuO;

Lattice Lattice Lattice
Materigs SPaCe Parameters  Parameters (A)  Lattice  Mismatch
Group (A) (ortho-  (pseudocubic  Distortion with

rhombic) perovskite) SITiO; (%)
SrRuO; Pbnm =553 a =393=d(110) 89.6° 0.64
(r:j0-62) bo = 5.57
GdFeO; _ Ad _
type Co=7.85 co =3.93=d(002)

6.2.5 Dielectric Properties of Structure-Controlled Thin
Films

Thedielectric properties of ferroelectric thin films are affected by
their microstructures and/or interface structure.

Ferroelectric thin films deposited by a sol-gel process show
multidomains and/or grained structure, whichis similar to bulk ceramics.
Their ferroelectric properties are also similar to those of bulk ceramics.!34
Thestrainin sol-gel thinfilmsisrelaxed dueto the presence of agrain and/
or domain boundary. Sputtered ferroelectric thin films also show this
behavior if the films include the domain and/or grain-structures.
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If thethin filmsinclude strain, the strain modifiestheferroelectric
properties. A typical example is the shift of Curie temperature. The two-
dimensional compressive strain induced by the mismatch in the lattice
parameter or the thermal expansion coefficient between the film and the
substrate will elevate the Curie temperature.[*!

Continuous single-crystal thin films show a diffused temperature
anomaly in their dielectric properties. The diffused temperature anomaly
ispassively observed inthin epitaxial ferroel ectric films!3 and in epitaxial
films on vicinal substrates.!3”] Typical examples are shown in Fig. 6.36.
Thin ferroelectric films and epitaxial films on vicinal substrates are
coherent and tightly bonded to substrate surfaces. Thisresultsin adiffused
temperature anomaly. The diffused temperature anomaly is al so observed
in the lattice parameter.

350
£ 300 F [~ 100kHz
g 250 b | 10kHz
8 L
S 200
£ 150
w
Z 100 - " -
e
50 S —— : :
0 100 200 300 400 500 600
TEMPERATURE(C )
@
5
4 r | -=100kHz /
| |-+ 10kHz /
©w 3 /]
E /}
2 r ;//
. /
. s
0 —a——h g,
0 100 200 300 400 500 600
TEMPERATURE(°C )
(b)

Figure 6.36. Typical temperature variations of (a) the dielectric constant and (b) loss
factorsfor the single c-domain/single-crystal PT thin filmson miscut (001) ST substrates
(PT: 125 nmthick, ST: miscut angle, 1.7°).
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Figure 6.37 shows the temperature variation of the lattice param-
eter for sputtered ferroel ectric thin films. Epitaxial PT thinfilmswith grain
structure show thetemperatureanomaly at the Curietemperature. The shift
of the Curietemperaturefrom bulk PT isdueto two-dimensional compres-
sive stress. Compressive stressincreases the Curie temperature and tensile
stressreducesit. A phenomenological thermodynamic theory of ferroel ec-
tricthinfilms heteroepitaxially grown on foreign substrates can be applied
to films with thicknesses much larger than the ferroelectric correlation
length, i.e., film thicknesses >50 nm.[%8I3% Typical results are shown in
Fig. 6.38.3 Inthisfigure, the negative misfit strain correspondsto thein-
plane compressive stress. The misfit compressive strain will reduce the
dielectric constant, €45. Continuous single-domain PT thin filmson vicinal
substrates do not show the temperature anomaly. These results show the
effectsof themicrostructureand/or theinterfacial structureonthetempera-
ture anomaly of ferroelectric thin films.

The continuous single-domain structure modifies the P-E hyster-
esiscurveasshown in Fig. 6.39.14l Thelow-K interfacial regionincreases
the coercivefidd. InFig. 6.39, the coercivefield is one order of magnitude
higher than that of bulk materials, even if there is no interfacial region.

4.35
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Figure 6.37. Temperature dependence of the c-lattice parameter (a) for PT thin films on
miscut ST, (b) PT thin film on ST, and (c) PT powder.
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Figure6.38. Stresseffectson ferroel ectric properties: (a) Curietemperature, (b) dielectric
constant.®9
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Figure 6.39. Typical P-E hystersis curves for sputtered PT thin films on La-doped (100)
ST measured at 1 kHz and at room temperature (PT thin film: 125 nm thick).
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The sharp temperature anomaly is obtained in single-crystal thin
films with relaxed structures. Heteroepitaxial films generally include
stressesdueto | attice mismatches between the thin filmsand the substrates.
The interfaces of the thin films and the substrates are free for the relaxed
films. The lattice parameters of the thin films are not governed by the
substratelattices. Thelattice parameters of the relaxed films are almost the
same as those of the bulk materials. A typical example is shown in Fig.
6.40.[%1 The relaxed thin films are produced by sputtering PT onto (001)
MgO with rapid cooling after deposition.
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Figure 6.40. Dielectric properties for a sputtered (001) PT thin film (120 nm thick) on
(001)Pt/(001)MgO substrates. PT thin filmswere quenched after deposition.
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6.3 NANOMETER STRUCTURE

6.3.1 Nanometer Materials

Nanometer structures hold the promise of new materials for
numerous functions. Table 6.12 shows the special features of hanometer
structures.[*l Nanometer composites are among the most promising
nanostructures. A schematic construction of a nanometer composite is
shown in Fig. 6.41. Ceramic composites of nanometer structures are
proposed by Newnham.!“Z They comprise twelve types of structures, i.e.,
0-0, 1-1, 2-2, 3-3, etc. The size of each element isin nanometers, and ison
the order of the wavelength of an electron wave. The nanometer compos-
ites show the quantum effect. The 0-0 and 1-1 structures correspond to
guantum dots and quantum wires, respectively. Thetraditional color glass
comprising the metal elementsfor coloring is one example of ananometer
compositecomposed of quantum dots. The 2-2 compositeisamultilayered
structurethat i ncludesaman-made superl attice. Nanometer compositesare
important not only for their application in making electronic and photonic
devices of the future,®® but also for understanding the physical and
chemical properties of thin films.

Nanometer composites are fabricated by a thin film deposition
process and the microfabrication process (including electron-beam
lithography for fabricating semiconducting ICs). For precise control of
nanometer materials, a nanofabrication process that includes
nanophotolithography is necessary. However, | C technology is limited to
making nanoscale materials with a controlled size and/or population of
guantum dots. For the fabrication of nanometer structures, the application
of thin film deposition is important.[*4-146l The codeposition process is
useful for making the 0-0 structures. Figure 6.42 shows the photol umines-
cence spectrum of a CdS-dots/SiO,-network provided by cosputtering
CdS and SiO,. The spectrum shows the shift of the luminescence peak
toward ashort wavel ength.l*/l Nanometer dots are al so made by depositing
a multilayer structure followed by the postannealing process. The stress
observed on the surface of the heterostructure acts as the nucleation center
for the fabrication of the nanometer dots.[*?]

Precise control of the size and density of the quantum dots is
achieved by depositing theisland structure obtained at theinitial growth of
thin films. The control of the nucleation sitesis essential for managing the


http://cuuduongthancong.com?src=pdf
https://fb.com/tailieudientucntt

Structural Control of Compound Thin Films

Table 6.12. Nanometer Materials and Applicationg4l

Basic Structural Properties

New Materials & Devices

Nano Structure
Nano-tailored geometry
Metastable structure
Nanoscal e inhomogenity
Thermodynamic effects
Nano Electronics
Dimensionality effects

Quantum effects

Quantum dots/ wells

Spin tunneling effects

Nanomagnetism

Ballistic transport

Biofunctinalized materials
Nano Chemicals

Surface chemical reaction

Nanoparticles/tubes

Extended solubility

Radically modified phase
diagram

Nano Mechanics
Nanolayered structures
Mechanical strength
Surface modification
Nano Optics
Quantum optics
Relaxed selected rules

Plasmon effects

Nanocomposites
Nanotubes

Nanowires/fibers
Nanobiomaterals

Single electron/molecule devices

Carbon nanotube FET
Magnetic nanowire for media
Giant magnetoresistance
Magnetooptic devices
Ballistic devices
Biofunctionalized sensors

Nanoparticle chemical catalysis

Nanotube-chemical
reactors/catalysis

Carbon nanotube chemical sensors
Nanoscale metallurgy

Superhardness
Protective, decorative
Lurication, tribological application

PL/LED, quantum wells/dots lasers

Nanomicro-optics/ holographic
devices

Nanooptical MEMS

449
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Figure 6.42. Photoluminescence spectrum of CdS-dots/SiO,-network provided by co-
sputtering of CdS and SiO, : (a) 18.5% CdS (b) CdS powder.
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initial growth of thefilms. Thenucleation sitesare controlled by modifying
the substrate surface by electron or ion-beam irradiation.

Typical examples of the control of initial film growth are shown
in Figs. 6.43 and 6.44, and described below. Figure 6.43 shows typical
surface SEM images of sputtered PT thin films on well-oriented (001) ST
with a Pb-rich composition. A mixed sintered powder of PT and PbO was
used for the sputtering target. Uniform growth of hexagonal crystalitesis
observed. The energy dispersive x-ray analysis (EDAX) measurement
suggeststhe segregation of Pb. Increasing Pb enhancesthe crystal growth.
Excess Pb acts as a nucleation center during film growth.

It was assumed that excess Pb would modify the step-flow growth.
Figure6.44 showssurface SEM and AFM imagesof sputtered PT thinfilms
on avicinal ST substrate with a Pb-rich composition. Note that the film
growth process till follows the step-flow growth pattern. The step height
and width of the terrace are of the same order asthe stoichiometric PT thin
films when the film thickness is less than 10 nm. The additional crystal
growth, a screwlike structure, was superposed onto the step-flow growth
surface when the film thickness further increased. The additional film
growth is governed by the two-dimensional crystal growth on the surface
of the PT thin films. The nucleation center is provided by the excess PbO
and/or Pb. The stacked structure of the island growth makes the high-
density quantum dots.

Figure6.43. Surface SEM imagesof Pb-richthinfilmsof different thicknessesonanominal
ST substrate.


http://cuuduongthancong.com?src=pdf
https://fb.com/tailieudientucntt

452  ThinFilmMaterials Technology

Figure6.44. Surface SEM and AFM imagesof off-stoichiometric PT thinfilmsepitaxially
grown on miscut (001) ST substrate for the film thickness of 100 nm (see Fig. 6.43).

6.3.2 Nanometer Superlattice

Layered structures and superlattices provide thin films with a
controlled nanometer structure. The multitarget sputtering mentioned in
Ch. 4 is useful for the deposition of the layered structure of perovskite
materials. Table 6.13 shows typical deposition conditions for a PT/PLT
multilayered structure on (001) MgO and (001) Pt/(001) MgO substrate.[®!
Thelayered structuresare epitaxially grown on the MgO substrate. Typical
XRD patterns are shown in Fig. 6.45. The satellite peaks show the
formation of the superlattice.

Table 6.13. Sputtering Conditions

Substrate (100) MgO, (100) Pt/(100) MgO
Substrate temperature 600°C

0
Target PT + PbO (10 mol%)

PLT (20) + PbO (10 mol%)

Sputtering gas Ar/O,=20/1 (0.5 Pa)
Cooaling Rapid (33°C/min)
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Figure 6.45. (a) Schematic illustration of PT/PLT superlattices and (b) typical XRD
patterns of PT/PLT superlattices as a function of the modulated wavelength A, at A =
60 nm, 20 nm, and 8 nm: (100) MgO substrates.

Atypical TEM imagewithaSAD patternisshowninFig. 6.46. The
wavel ength ranged from 16 nm to 600 nm. The SAD pattern showsthat the
superlattice was epitaxially grown on (001) MgO substrates. However,
there is an interfacial region due to the lattice mismatch between the
substrates and the multilayered PLT/PT. A layered system with improved
crystallinity is obtained on SrTiO; substrates. A typical XRD pattern is
shown in Fig. 6.47.

Layered structuresare now considered to bethelatest approach for
creating new materials. For example, several layered structures have been
proposed for ferroelectric materials. New man-made materials, including
superlattices, may be easily produced by sputtering deposition.
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Figure 6.46. Cross-sectional TEM images with SAD pattern for a 240 nm PT/PLT
superlattice on (001) MgO. The modulated wavelength, A, is8 nm.
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Figure6.47. XRD patternsof PT/PLT superlatticesgrown on (100) SrTiOzsubstrates. The
modulated wavelength, A, is8 nm.

The superlattice of ferroelectric perovskite exhibits novel dielec-
tric properties.[* While the superlattice of perovskite high-T, super
conductors has been extensively studied as described in Ch. 5, the
dielectric properties of ferroel ectric superlattices are not well understood.
Tabataand Kawai deposited asuperlattice of BT/ST onto ST substrates by
PLD and found an increase in the dielectric constant due to the strain.[5°!
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Erbil made superlattices of PLT/PT on ST substrates by MOCVD and
found agiant dielectric constant due to the motion of the domain walls.!>4

Sputtering al so providesthe superlattice structures. The dielectric
properties of superlattices at large wavelengths are treated as the series
capacitance of the PT thin films, &5, and PLT thin films, € 1. The total
dielectric constant, €+, is expressed by

111,01
Eq. (6.8) e 2k e

Taking €pr = 79 and gp 1 = 413, & becomes 132.

Figure6.48 showsthevariation of thediel ectric propertieswiththe
wavelength,\, measured at 100 kHz. Thediel ectric constantincreaseswith
a decrease of the wavelength. The relation Eqg. (6.8) is valid for a
wavelength of A > 50 nm.

Thelattice parameters al so change with the wavelength asseenin
Fig. 6.49. The dielectric constant for a PT/PLT solid solution of the same
overall composition is200. When A < 15 nm, the diel ectric constant of the
superlattice exceeds that of the solid solution of the same overall compo-
sition. Theincreasein the dielectric constant is dueto the strain and/or the
additional electronic interaction between superlattice layers.

For the deposition of the nanometer superlattice, the usage of the
sputtering process is not fully understood, since the irradiation of highly
energetic particlespossibly inducestheinterdiffusion between multilayers.
However, experimental results suggest that the minimum thicknessof each
layer is as small as 1 to 2 nm. Sputtering is useful for the controlled
deposition of nanometer superlattice of complex perovskite compounds.

6.4 INTERFACIAL CONTROL

The sputtering process was considered to be inapplicable for the
Si MOS gate process since the highly energetic sputtered particles would
induce irradiation damage to the semiconductive properties of the S
surface. However, the sputtering process, if it is carefully controlled to
reduce the irradiation effects, shows a potential for depositing high-K Si
gate oxides for an alternative to thermally grown SiO,.
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Figure 6.48. Variation of dielectric properties with wavelength A for a 240 nm PT/PLT
superlatticeon (001)Pt/(001)M gO measured at 100 kHz.
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Several candidates for high-K materials are being considered, as
shown in Table 6.14. The high-K materials should also be stable whenin
contact with Si, and show asmall |eakage current. High-K materials show
alarge mean atomic number per molecule. Some of the well-known high-
K oxidesare Ta,Os, Bi,Os, TiO,, and/or HfO,.[52 Oxidesof the!l1B group,
such as La,05, are dielectrics with small leakage currents and high
permittivities. The thermodynamic stability of the high-K-oxide/Si inter-
faceisbeing studied. Many high-K materialssuchasTa,05, TiO,, SITiOg,
and BaTiOj, are thermally unstable when directly in contact with Si.[5%
Among these high-K materias, ZrO, and HfO, are useful since they are
thermally stable with crack-free structural properties.

Thestructure of gate oxidesisusually amorphous, since polycrys-
talline oxide filmsinclude amicrostructure and/or grains accompanied by
alarge leakage current. Uniform and grain-free structures are essential to
reducetheleakage current. Single-crystal-likethin filmswith acontinuous
structure meet these requirements. Figure 6.50 shows examples of cross-
sectional TEM images of YSZ (3% Y-doped ZrO,) thin films sputtered
onto (100) p-Si prepared at 700°C by using a planar magnetron. The thin
film layer was deposited by direct sputtering of the YSZ target. The
structureof Y SZ layer showsahigh density continuousstructure, although
the Si oxidelayer of 3nmispresent at theinterface.!> Itisinteresting that
the heterostructure shows the equivalent oxide thickness (EOT) of 4 nm
with asmall |eakage current and ahigh breakdown voltage (5 x 108 A/cm?
at 9.3MV/cm), asshownin Fig. 6.51. Theseleakage currents are the same
order of magnitude as those of thermally grown SiO, gate oxides. Depo-
sition at a high temperature reduces the leakage current. When conven-
tional magnetron sputtering is used, the oxide layer grown at a low
temperature (i.e., 100° to 300°C) shows alarge |eakage current dueto the
low density of the resultant deposited films. The ion-beam sputtering
described in Ch. 5 produces high-density oxidefilmsat alow temperature.

The heterostructure Y SZ/(100) Si shownin Fig. 6.51 includesthe
Si oxidelayer at the Y SZ-Si interface. A careful sputtering processreduces
the thickness of the Si oxidelayer and reducesthe EOT. For the deposition
of HfO,,[%® the sputtering processincludestwo steps. Inthefirst step, metal
Hf is sputtered from an Hf metal target onto the Si surface to reduce the
natural Si oxideat theinitial surfaceof theSi; andinasecond step, theHfO,
layer is deposited by reactive sputtering the Hf target in the metal mode to
reduce the development of the Si-oxide layer at the interface during the
sputtering deposition. In a sample using this process, the resultant EOT
values were reasonably reduced. The value was less than 1.5 nm.
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The sputtering process still involves problems such asirradiation
effects of the energetic particles from the plasma. The thermalization
processto reducethe energy of the sputtered particlesfurther improvesthe
semiconductive properties.

Table6.14. Basic Design of High-K Materials and Sputtering Conditions

Basic Material Selection Basic Sputtering Conditions

Requirements

Low leakage current
continuous structure
high density
flat surface & interface

Suppressing island formation
layer-by layer growth

increasing surface mobility of
adatoms

optimum substrate
temperature/growth rate

ion assisted deposition
photo-assisted deposition

High-K at ultrathin films

Thermodynamic stability =

900°C
Low permeability to oxygen Non oxidizing condition for Si
surface
Examples

Single metal oxides/oxide-nitrides
metal elements®”
Il S, Y,
IVa; Ti, Zr,% Hf 5
Va Nb, Ta Ln; La

Reactive sputtering at metal mode
unbalanced magnetron

high sputtering pressure for
thermallization
1% step: Zr or Al metal
sputtering at Ar, 2™ step:
reactive sputtering of Zr or Hf

substrate >200-300°C

Binary/ternary metal oxides/nitrides

high-K with low |eakage current
materials

Ti with Ln (Ln <10%)!
Ti with Zr, Al, Si (i.e., Ti-Zr-O,

Ti-Zr-0-N)
Multi-layers for interface |on-Beam sputtering
improvements ion beam sputtering of metal
high-K/(interface) low leakage irradiation of oxygen ion or radical
materials

Ti-Ln-O/Zr-0 at interface
Hf-O/AI-O at interface®”

beam
substrate : room temperature
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Figure 6.50. Cross-sectional TEM images of the heterostructure (002)Y SZ/(100)Si for

different depositiontimes of Y SZ: (a) one min (3.5 nm film thickness), (b) 20 min (65 nm
filmthickness).
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Figure 6.51. Capacitance-voltage curves and dissipation factor D for the heterostructure
Au/Y SZ/(100)Si for different film thicknesses of Y SZ measured at 100 kHz.
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The sputtering process was first used for the deposition of thin-

film electronicdevices(i.e., Pt thin-filmresistorsby F. Kriiger in 1921).15
Sputtering isold technology compared to MBE. However, the old technol -
ogy ispotentially an alternative to the newer MBE technology if wereally
understand and carefully design the sputtering process. The sputtering
processisessential for producing new materials and devicesin the present
and in the future.
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M icrofabrication by
Sputtering

Atoms of a solid surface are removed under irradiation by ener-
getic ions. This phenomenon is called “sputter etching.” The sputter
etching processisgoverned by collisions between theirradiated atoms and
the surface atoms of the solid target. The interaction depth for sputter
etching is around 100 A beneath the surface. When the surface of a solid
is bombarded by argon ions, the adsorbed gases are removed and a clean
surface is produced. The thinning of specimens is achieved by argon ion
bombardment for fabricating test pieces for electron microscope analysis.
Thesputter etching processisakey technology for thefabricationof Si ICs.

In this chapter, the sputter etching process for microfabricationis
described in relation to the fabrication of thin-film electronic devices.

7.1 CLASSIFICATION OF SPUTTER ETCHING

A physical process governs the mechanism of sputter etching by
the bombardment of energetic inert ions. Bombardments by chemically
reactiveionsdeliver surface etching through chemical reactions. Sincethe
sputter etching is processed in a vacuum using gas-discharge plasma, the
etching processiscalled “ dry etching.” Dry etching isakey technology for
making masking patterns for large scale integration (LSl) and detailed
descriptions can be found in the literature.[1(2

465
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Figure 7.1 shows a classification of dry etching systems and Fig.
7.2 shows their basic construction.[®! Dry etching is classified into three
types of etching processes according to the energy of incident species, i.e.,
ions and/or excited atoms.

At high-energies, ion-beam systems are used for sputter etching.
The physical etching processis predominant and the processiscalled ion-
beam etching (IBE). When areactive gasis used in the IBE system, the
process is called reactive ion beam etching (RIBE).

In medium-energy regions, diode glow-discharge systems are
used for sputter etching. Diode systems use higher density plasmas than
ion-beam systems. Since the reactive ion etching process is commonly
usedinthediode system, thediode etching systemissimply called reactive
ion etching (RIE). Madifications of RIE include narrow-gap discharge
systems and magnetron discharge systems. Both chemical and physical
processes are included in the medium-energy region.

Inthelow-energy region, radicalsin theplasmagoverntheetching
process. The mechanism for etching in the low-energy region is an
enhanced chemical reaction due to the radicals generated in the plasma.
Typical reactive gases used in the chemical etching process are shownin
Table 7.1. The chemical etching process is isotropic and there is less
radiation damage than with physical sputtering. The physical etching

IBE
1000 RIBE,

100 -

High density plasma etching

—
<
I

TON ENERGY (cV)

UN RF-discharge

1 -wave discharge

0.1

Physical - »  Chemical

Figure7.1. Classification of dry etching systems.[®!
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Figure 7.2. Diagrams of typical dry etching systems.l
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Table 7.1. Reactive Gas for RIE (Courtesy of Veeco)

Materials Gas
Poly-Si  Cly, Cly/HB, Cly/O,, CF4/O,, SFe, Cla/Na, Clo/HCI,
HBI/Cl/SFq
S SFB, C4F3, CF4/02, Clz, S|C|4/CI2/SF5/N2/AF, BC|2/C|2/Ar,

Cl,/NLAr, SFg/O,/HBr

SisNg CF4, CF4/O,, CFy/H,, CHF3/0,, CoFg, CHF/O,/CO,,
CH2F2/CF4, CH F3/CF4, CF4/02/N2, CF4/CHF3/Ar

S 0O, C4F8/02/Ar, C5Fg/02/Ar, C3F5/02/Ar, C4F8/CO, CH F3/02,
CF/H,, C,FJHe/CHF5/O,

Al BCl3/Cl,, BCl3/CHF,/Cl,, BCly/CH,F,/Cl,, BBry/Cl,,
BCIl3/Cl,/N,

Al,O4 BCls, BCl5/Cl/Ar
Cr, CrO Cl,/O,
GaAs Cl,, HCI/Hy, CHy/H,, CH,/Ho/Ar, Clo/BCly/Ar, Clo/N,
Mo, MoSi  CF,/O,, CF/SF¢/O,

w CF,/O,, SFs, SFe/Ar/N,, SFg/C4Fg, SF/Ar

Ti CF4/O,, Cl3/N,

Ta Cl,/Oy/Ar, CF/CHF3/O,/SFg

Au Cl,, Cl,/Ar

Pt Cl,/Ar, Cl,/CF,

ITO HI, CsHeO/OL/Ar/HCI, CH,4/H,, CH,4/Cl,, HI/AI/O,,
HCI/CH,

Polymide  O,/SFg, CF,/O,, O,

Cu Cl,, SiCl4/Clo/No/NH3, SiCl/Ar/N,, BCla/SiCl/NJ/Ar,

BClo/N,/Ar

TaOs CF4/H,/0,

PZT Cl,/O,/Ar, Cl,/BCl3/Ar
STO sameas PZT

BST SFe/Cl,

(cont’d.)
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Table 7.1. (cont'd.)

Materials Gas
TiN CF4/O,/H,/NH3, C,F¢/CO, CH3F/CO,, BC4/Cl,/N,, CF,

WN F-compounds

TaN sameasTa
Si-low-k CF4/N2/02, C,Fs, C4F8/02/Ar
Organic low-k CH4/N,, Ho/N», NH3/N»

process is anisotropic. Desirable mixes of chemical and physical etching
processes are delivered by ion-beam and reactive ion etching systems.

The selection of the discharge parameters including ion energy,
partial andtotal gaspressureof thereactivegas, anditsflow rateisessential
to achieve the designed construction of electronic devices.

7.2 |ON-BEAM SPUTTER ETCHING

Themost useful system for sputter etchingistheion-beam system.
The sputtering chamber is separated from the ion source, and the surface
of the specimen is not revealed to the plasma generated in the ion source.
The sputtering chamber is generally kept below 1 x 10 torr (1 x 10" Pa)
during sputter etching.

Several ion sources are possible, including hot cathodes, cold
cathodes, and plasmatrons.[¥ Typical models are shown in Fig. 7.3.

The hot-filament cathode type is called a “Kaufman ion source”
andiswidely used for sputter-etching. Inthe Kaufmanion source, tungsten
and/or oxide cathodes are used for the hot cathode. The reactive gas often
damages the hot cathode so a hollow cathode ion source, where the hot
cathode is mounted outside of the plasma, is used for generating reactive
gas ions such as oxygen ions.

A typical Kaufman-type ion-beam etching system and a photo-
graph of anion-beam source are shownin Fig. 7.4. Theions are generated
in the chamber by electron impact ionization. Theion source comprises a
pair of parallel grids; one hasfloating potential and the other has negative
potential to repel the electrons. The grid with floating potential has contact
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G —=—_ c
= At
—_ 3 l— e
= N\ P
Legend: A = anode; B = magnetic field, C = cathc¢
(C)—l E = accelerating electrode; F = filament; G = gas

I = window; P = plasma

Figure 7.3. Typical models of ion sources; (a) filament cathode, (b) button cathode, (c)
hollow cathode, (d) Penning type, (e) plasmatron.!!

Target Discharge
chamber chamber

— | =

Vacuum .

Cathode

Neutralizer Anode

« Electron O Ar ion @ Ar molecule

@ (b)

Figure7.4. (a) Schematic diagram of anion-beam etching apparatuswith aneutralizer. lons
generated in adischarge chamber are collimated by gridsand collideto etch the samplein
the target chamber. (b) Photograph of an ion source. (Courtesy of Veeco.)
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with the plasma. The negative grid extracts the ions from the chamber. In
this configuration, the ion-current density, J,, of the Kaufman-type ion
source is limited by a Child-Langmuir equation. The Child-Langmuir
equation is expressed by

2,32
_Ha
Eq. (7.1) J, —K%Er %%

where g and m denote the electronic charge and mass of the ion, respec-
tively; V, denotes the voltage difference between the parallel grids; Sisthe
spacing of the parallel grids; and K is a constant. For the parallel grids
construction, K is expressed by

Eq. (7.2) K = 4@%@

where e, denotes the transmission rate of the grids.®) The acceleration
voltage governsV,. Small values of Sgiveahighion-current density under
agiven acceleration voltage. Since Sshowsalimitation in the reduction of
spacing, the ion-current density shows an upper limit. The typical beam
energy is 50 to 2000 eV, theion beam current is 25 to 200 mA for abeam
diameter of 5 cm, and the ion-current density is 1 to 10 mA/cm?2. Theion-
beam etching system has several good points:

1. Samples are not in plasma
2. Theincident angle of ionsis controllable
3. lon energy is controlled independent of working pressure

4. lon-current density is controlled by either ion energy or
gas pressure

TheKaufman-typeion sourceisessential for uniformly etching or
directionally etching avariety of material sincluding non-reactivematerials
and multilayered stacks.

The ion-beam sputter process achieves an anisotropic etching
pattern, while the chemical etching process produces isotropic etching.
Typical etchingrates of theion-beam sputteringarelistedin Table7.2. The
ion-beam sputtering process achieves directional etching, including verti-
cal etching, in atrench structure. The etching rate strongly depends on the
incident angle of theion beam, asshownin Fig. 7.5. When photoresistsare
used for a mask pattern, suitable incident angles should be selected.
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Table 7.2. Etching Rates by lon Beam Sputtering at 500 eV, Ar*,
1 mA/cm? (Courtesy of Veeco)

Target Material Composition Etch Rate (A/min)
Silver Ag 1400
Aluminum Al 520
Alumina Al,O4 100
Gold Au 1400
Beryllium Be 180
Bismuth Bi 8500
Carbon C 50
Cadmium CdS (1010) 2100
Cobalt Co 510
Chromium Cr 530
Copper Cu 820
Dysprosium Dy 1050
Erbium Er 880
Iron Fe 380
Iron Oxide FeO 470
Gallium Arsenide GaAs (110) 1500
Gallium Gadolinium Garnet GaGd 280
Gallium Phosphide GaP (111) 1400
Gallium Antimonide GaSb (111) 1700
Gadolinium Gd 1000
Hafnium Hf 590
Indium Antimonide InSb 1300
Iridium Ir 540
Lithium Niobate LiNbO; (Y -cat.) 400
Manganese Mn 870
Molybdenum Mo 230
Niobium Nb 390
Nickle Ni 500

(cont’d.)
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Target Material Composition Etch Rate (A/min)
Nickle Iron NiFe 500
Osmium Os 450
Lead Pb 3100
Lead Telluride PbTe(111) 3000
Palladium Pd 1100
Platinum Pt 780
Rubidium Rb 4000
Rhenium Re 470
Rhodium Rh 650
Ruthenium Ru 580
Antimony Sb 3200
Silicon S 370
Silicon Carbide SiC(0001) 320
Silicon Dioxide SO, 400
Samarium Sm 960
Tin Sn 1200
Tantalum Ta 380
Thorium Th 740
Titanium Ti 320
Uranium U 660
Vanadium \% 340
Tungsten W 340
Yttrium Y 840
Zirconium Zr 570
Resists AZ 1350 300

COP 800

PBS 900

KTFR 290

PMMA 560

Riston 14 250

Kodak 809 320

Glass(Na,Ca) 200
Stainless Steel 250
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Figure 7.5. Etching rate vsincident angle of an argon ion beam. (Courtesy of Veeco.)

Photoresist mask patterns are often eroded, and an ideal vertical
etching is not achieved. The sputter-etched structure may show tapered
edges. In some cases, a trenching structure appears at the bottom of the
etched pattern, as shown in Fig. 7.6.[81 The formation of the trenching
structure results from the deposited materials being sputtered from the
sidewall of the etched groove.

lon-beam sputter etching is useful for microfabrication of thin
films of alloys or compounds. Thin-film compounds of PLZT described
in Ch. 5, for instance, are etched by the ion-beam sputtering system, and
thin-film optical-channel waveguides are successfully fabricated. Typical
constructions of optical-channel waveguides are shown in Fig. 7.7.l"]

The channel waveguides are classified into four types:

1. Raised-strip
2. Ridge

3. Embedded

4 Strip-loaded

The optical index at theinside of the optical channelsis designed to have
higher values than the optical index at the outside of the optical channels.
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@ AR = Mask

Vertical etching -+ 1 - .. " Thin film

Eroded region

(b)
Taper
Tapered etching
(©)
Trenching
Trenching

Figure 7.6. Typica cross-sections of etched grooves; (a) vertical etching, (b) tapered
etching, (c) trenching.[®

N,

)0 /)

(@

Figure7.7. Cross-sectional view of four kindsof channel waveguides; (a) rai sed-striptype,
(b) ridge type, (c) embedded type, and (d) strip-loaded type; n,, n,, ng, n, are refractive
indices of waveguide, substrate, environments, and loaded strip, respectively.[”]
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Thinfilmsof PLZT areepitaxially grown on sapphire substratesby
sputtering deposition. These epitaxial PLZT thin films exhibit both excel-
lent optical transparency and strong electrooptic effects.

Theridge-type channel waveguide patternisdrawn on PLZT thin
films covered with a 0.4-um-thick photoresist. The ion-beam etching
conditionsare shown in Table 7.3. The etching rate for PLZT thin filmsis
130 A/min in an argon atmosphere. The ratio of the etching rate PLZT/
photoresist (AZ1400) isaround 1.2 at an ion-beam accel eration voltage of
550 V, whereas the photoresist pattern is deformed at an ion-beam
accel eration voltage beyond 750 V. The waveguide patterns are etched at
incident ion-beam angles of 30° to obtain tapered ridge walls. The
waveguide fabrication process does not influence the atomic ratio of lead
to titanium.

Figure 7.8a shows a cross-sectional view of atypical PLZT thin-
film channel waveguide. The ion-beam sputtering process also success-
fully provides a curved optical channel waveguide. A typical curved
waveguideisshownin Fig. 7.8b. These channel waveguidesare useful for
making thin-film integrated optical devices.

| on-beam sputter etching isal so useful for making the microstruc-
tures of the high-T, superconducting thin films.[8ll®l The sampleisheld on
a sample table and tilted with respect to the direction of the incident ion
beam. Typical etching conditions are shown in Table 7.4.

Table 7.3. lon Beam Etching Conditions for PLZT Thin Films

Ar ion current 600 pA/cm?
Acceleration voltage 550 V
Incident angle 30°

Argon pressure 1 x 10 torr
Etching rate of PLZT thin films 130 A/min
Etching rate ratio PLZT thin 1.2
films/AZ1400
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Waveguide

Inclination

Ridge wall angle

PLZT

(@ (b)

Figure 7.8. (a) Cross-sectional view of thin-film optical waveguide. (b) Photograph of
curved optical channel waveguide: linewidth is10 um, curvaturer =1 mm.

Table 7.4. lon Beam Etching Conditions for High-T, Superconducting
Thin Films

Applied voltage/current 550 V/600 uA/cm?
Argon pressure 1% 10" Pa
Incident angle 45°—90°
Sample table Water cooling (10°C)
High-T, superconducting films
gy (Er-Ba-Cu-O, Ga-Ba-Cu-O)
OMRS87 (negative)
Photoresists
MP1400 (positive)
Superconductors; = 250-300 A/min
Etching rates

Resists; = 200-300 A/min
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High-T, Gd-Ba-Cu-O thin films are prepared by rf magnetron
sputtering on (100) MgO single-crystal substrates. The film thickness is
around 5,000 A. Figure 7.9 shows typical etching rates by argon ion
bombardments for a high-T, superconducting film and photoresist. The
etching rates of high T, superconducting films are higher than those of
photoresists at incident angles over 45 degrees. This suggeststhat high T,
superconducting films can be patterned by argon ion-beam etching with a
photoresist etching mask of about the same thickness as the high-T, thin
film.

The procedure for patterning the film is as follows: The OMR87
resist is spin-coated onto the high-T_ thin film and prebaked at 95°C for 30
minutes. The resist, about 1 um thick, isirradiated with UV light by the
contact printing method and then developed. After the resist is postbaked
at 95°C for 1 hour, the high-T, thin film is etched by argon ion beams for
25 minutes at a 60° incident angle with the patterned resist serving as the
mask. The resist is finally removed by dissolving it in the organic liquid,
1,1,1-trichloroethane.

Figure 7.10 shows typical resistivity-temperature curves for the
microstrip lines patterned by theion-beam etching process. Theresistance
of the 10-um strip shows approximately the same temperature dependence
as that of the film before ion-beam etching, although the zero-resistance
temperature sightly decreases for the 2-pum strip, high-T thin films. This
suggests that the patterning of the high-T, superconducting thin film is
achieved by ion-beam etching without any post—heat-treatment. Generaly,
post—heat-treatments are necessary after microfabrication of high-T, su-
perconducting thin films when wet etching is conducted for pattern
formation.

A Kaufman-type ion source is useful for ion-beam etching using
an inert gas. For reactive ion-beam etching, a filamentless discharge is
preferable. The electron cyclotron resonance-type cold cathode discharge
isused for the high-current filamentlession source. Theelectron cyclotron
resonance (ECR) discharge is sustained in an rf electric field with a static
magnetic field. The ECR conditions are given by

_1e

Eq. (7.3) i —

where f denotes the frequency of the rf electric field, B the magnetic field
strength, e and m, the electron charge and mass. For f = 2.45 GHz, B
becomes 874 G.
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Figure7.9. Etching ratesasafunction of incident angle of (e) Gd-Ba-Cu-O superconduct-
ing film and (o) negative-type photoresist, OMR87.
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Figure7.10. Temperature dependence of the resistance of Gd-Ba-Cu-O film before being
patterned (solid line), and of the 2 pm wide strip line (broken line). The resistance is
normalizedto 300°K.
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A typical ion-beam etching system is shown in Fig. 7.11. The
system is not compact since it requires large water-cooled magnets. The
operating pressureis as low as 10°° torr, so the ions sputter the surface of
thetest pieceswithout any gas-phase collisions. Thisachievesthe vertical
etching and/or directional etching. A typical vertical etching structure is
shown in Fig. 7.12.[10]

The inductively coupled rf ion-beam source is another type of
filamentless ion-beam system. Figure 7.13 shows a diagram of and a
photograph of an rf ion-beam source. This type of ion sourceis stablein
areactive gas. The diameter of theion sourcerangesfrom5to 16 cm, ion-
beam currentisupto 1000 A, and thebeam energy rangesfrom 50to 1500
V for commercially availableion sources. Thelinear ion sourceisal so used
for uniform processing of large-scal e substrates. A photograph of atypical
linear ion source is shown in Fig. 7.14.

The ion-beam sputtering system is also used for low-pressure
sputter deposition, ion-assisted deposition, ion-beam deposition, and
direct ion-beam deposition.®

~ |F——=Water cooling

:

_;__ Microwave
(2.45 GHz)

Etching room

Sample
’
s

Ion source

Y4
Holder /

~— Etching
gas

—— -+ Water

_|_ U J_L - N cooling

Solenoid coil

Figure7.11. Diagram of atypical ECR ion-beam etching system.
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Figure7.12. Typical vertical structuresof SiO, on Si, etched by an ECR ion-beam system.
(Courtesy of Anelva.)
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Figure 7.13. (a) Diagram of an rf ion source, and (b) a photograph of an ion source.
(Courtesy of Veeco.)
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Figure 7.14. Photograph of alinear ion source. (Courtesy of Veeco.)

7.3 DIODE SPUTTER ETCHING

When the test samples are placed on the surface of the cathodein
a diode sputtering system, the surfaces of the samples are etched by the
incidentions. Thiskind of sputter etching systemisvery compact, although
there are some drawbacks such as contamination of the samples due to
residual gasand the temperaturerise of the samples during sputter etching.

The diode sputter etching system is useful for RIE since a chemi-
cally reactive gas, such as oxygen or a halogen gas, can be used as the
sputter gas. The current density of the Kaufman-type ion source is
governed by the Child-Langmuir equation (space charge limited current,
SCLC) asdescribed in sec.7.2. Inthe diode sputter system, theion-current
density is more than 10 mA/cm?.

Table7.5showstypical etching ratesfor variousmaterialsin diode
RIE systems.[*!! These etching systems are widely used for LS| microfab-
rication. Figure 7.15 shows a cross-sectional view of the submicron holes
patterned by the diode etching system.

The RIE process produces microetching of chemically stable
materials such as diamonds. Diamond is stable at temperatures as high as
1700°C invacuum, and 600°C in air. The surfaceis conventionally etched
by a molten potassium nitrate around 700°C—800°C. Reactive ion etching
with oxygen results in surface etching even at room temperature. Figure
7.16 shows atypical etched surface of diamond (110) crystals.[12[13]
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In the dry-etching process, the reacted products on the surface of
the sampl e arevaporized. However, the products may remain on the etched
surface when the reacted product is not volatile at the temperature of the
sample. A critical example of this effect isthe etching of Cu by CCI F,.[*4

Low-temperature interdiffusion is often observed in a multilay-
ered system during the plasma-etching process. Figure 7.17 showsatypical
thickness distribution of compositions in a layered thin-film structure of
Cu-thin-film/Cr-thin-film/glass-substrate after plasmaetching by CC1,F,.
Cr and/or Si out-diffuse onto the surface of the Cu even at a temperature
of 120°C. Si may out-diffuse from the glass substrates.

Table 7.5. Diode RIE Etching Rates for Various Material 11

Etching Etching ratio
Matenials ( Ar/ﬁ]?n) Poyp?ltgtr(i)?gi s Materials/SiO, Etching gas
Al 1,000 6 13 BCl; + CCl,
Poly-Si 1,700 4 18 CCl;+ He+ 0O,
Cr 200 1 CCl; + O,
Mo 4,000 4 100 CCl, + O,
GaAs 6,000 6 CCl, + O,
SO, 600 3 o* CHF;
SiN; 600 3 o* CHF;
PSG** 1,200 6 18* CHF;
TaN 120 0.5 CF;+ O,
TaS 1,000 1 CFR+ 0O,
Ti 500 1 10 CF,
WS 2,000 2 SFe + O,
InSb 300 1 Ar
Polyimide | 2,000 100 O,
* OnSi (etching power 0.25 W/cm?)
** 8 mol% P doped PSG
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Canter Middle Edge (3 mm)

BPEG 3 pm

Figure 7.15. Narrow contact hole structures etched in SiO, on poly-Si using RIE in a 2-
frequency diode sputter system with high density plasma.[??

(110)DIAMOND
ETCHED SURFACE

Figure 7.16. Surface of (110) diamond crystal etched by oxygen sputtering.
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Figure 7.17. Depth profile of Cu/Cr/glass surface etched by CCl,F, plasma

ECR ion sources supply high-density plasmas. ECR discharge is
also useful for highion-current etching. However, the operating properties
of the ECR system arestrongly governed by theapplied magneticfield. The
stable operation of magnetically assisted plasma is guaranteed by the
helicon plasmaion source. A helicon wave is present in the magnetically
assisted plasma. The helicon wave propagates along the line of magnetic
flux when electromagnetic energy is supplied to the magnetically assisted
plasma. The helicon wave is observed in the plasma surrounding the
ground. The electromagnetic energy of the helicon wave is transferred to
electrons with high efficiency, and highly energetic electrons are gener-
ated. The highly energetic electrons generate a high-density plasmacalled


http://cuuduongthancong.com?src=pdf
https://fb.com/tailieudientucntt

486  ThinFilmMaterials Technology

helicon plasma. A diagram of the helicon plasma system is shown in Fig.
7.18. The antenna supplies 13.56 MHz of electromagnetic rf power. The
magnetic field is needed to propagate the helicon wave in the plasma
chamber. The cusp magnetic fields are superposed in order to confine the
plasma. In the plasma chamber, the highly energetic electrons effectively
ionize the reactive gas accompanied by radicals of the reactive gas. The
highly ionized reactive gas and radicals enhance selectivity in the sputter-
etching process. The typical ion-current density is 30 mA/cm? at a source
power of 1 kW for an Ar plasma. The helicon plasmasource also keepsthe
beam-like properties. The beam-like properties create sharp directional

etching in the stack structure. The etching profile of the stack structure can
be seenin Fig. 7.19.

Source chamber
Antenna

@ , Source power

F

Cusp magnet

[T TR

| = | Chamber
Holder
Bias voltage

Figure 7.18. Construction of a helicon plasma system.[®!
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Figure 7.19. Structure of TiN/AI-Si-0.5%Cu/TiN/Ti stack etched by helicon plasma.
(Courtesy of Anelva.)

7.4 DEPOSITIONINTO DEEP-TRENCH
STRUCTURES

Magnetron sputtering is widely used for the deposition of metal
layers onto semiconductor wafers. The deposition process using amagne-
tron results in a very broad angular distribution of the depositing atoms,
which is very useful for making planar films, but inappropriate for
depositing films into deep structure. To overcome this fundamental
problem, several directional sputtering technologies have been studied
including collimated sputter deposition,!'® elevated temperature/reflow
deposition,!® long-throw sputter deposition,[*”) and ionized magnetron
sputter deposition.[18]

Among these sputtering technol ogies, long-throw sputter deposi-
tion is the leading candidate to overcome this fundamental problem.
Typical step coverage deposited by thelong-throw sputter processinto the
deep trench structureis shown in Fig. 7.20. Uniform step coverage can be
seen at the center of the wafer in Fig. 7.20a. Nonuniform step coverage at
thewafer edgeisobservedinFig. 7.20b. Rossnagel proposed ionized long-
throw magnetron sputtering to improve nonuniformity at the edge of the
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wafer.9 |f asmall biasvoltageisimposed on the wafer, theionized metal
ions from the plasma accelerate at normal incidence to the wafer surface
resulting in the reduction of nonsymmetric deposition at the edge of the
wafer. The results of a numerical model using the ssmulator SHADE are
shown in Fig. 7.21.[20121]

The nonuniformity at the wafer edge can also be improved by
using amultitarget system. Figure 7.22 showsamaodel of one. Figure 7.23
showsthe real structures of step coverage of Nb thin films deposited by a
rotational target system and asingletarget system. The multitarget system
shows potential for 0.1-mm Si technology with 300-mm Si wafers.

At present, the CVD processiswidely used for depositioninto the
deep trench structure. However, a heavy environmental load is a by-
product of the CVD process. The sputtering process, on the other hand, is
essentially an environmentally benign production process.

(@) (b)

Figure 7.20. A schematic construction of the step coverage of adeep trench structure by
athin film deposited using along-throw sputter system (a) at the center and (b) at the edge
of thewafer.[23]
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||

(@ (b)

Figure 7.21. A schematic construction of the step coverage on a deep trench structure
deposited by (a) conventional long-throw sputtering, and (b) anionized long-throw sputter

system.[20]
C) Rotation

Figure7.22. A schematic structure of a9-multitarget |ong-throw sputtering systemfor 200
mmwafers.[23
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{a)

1]

Coamar Middle

Figure7.23. Cross-sectional images of the step coverage on deep trench structures by Nb
thinfilmsdeposited using (a) conventional singlelong-throw sputtering cathode, and (b) a
9-multitarget long-throw sputter cathode.[23]
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Appendix

Table A.1. Electric Units, Their Symbols and Conversion Factors

Name of

MKS unit

493

Name of MKS unit
Physical quantity electro- practical Name of MKS (eletro- (practical
magnetic . unit magnetic -
. unit - unit*)
unit unit*)
Force dyn joulelem | newton (joule/m) 10° 110
Energy erg joule joule 107 1
Power erg/s watt watt 107 1
Potential (V) volt volt 1
Electromotive force (E) volt/cm volt/m 1/10?
Current (1) ampere ampere 1
Resistance (R) ohm ohm 1
Resistivity (p) ohm-cm | ohm-m 107
Conductance (G) mho mho (Siemens) 1
Conductivity (k) mho/cm | mho/m 1/10?
Electric charge, (g, Q) coulomb | coulomb 1
Electric displacement coulomb/m? 4mnot
(D)
Electric coulomb/m? 110
polarization (P)
Capacitance (C) farad farad 1
Permitivity of farad/m 4mino°
free space (&o)
(cont’d.)
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Table A.1. (cont'd.)

Thin FilmMaterials Technology

Physical quantity Nameof | Name of Name of MKS MKS unit MKS unit
electro- practical unit (electro- (practical
magnetic unit magnetic unit*)
unit unit*)

M agnetomotive gilbert ampere- | ampere-turn 4110 1
force turn

Magnetic field oersted ampere- | ampere-turn/m 41/10° 110°
strength (H) turn/cm

Magnetic maxwell | maxwell | weber 10° 10°
flux ()

Magnetic gauss gauss weber/m? (tesla) 10* 10*
flux density (B)

Intensity of weber/m? 10%4m 10%4m
magnetization

Magnetic weber 10%4m 10%4m
charge (M)

Magnetic weber-m 1047t 10"%4m
moment (1)

Inductance (L) henry henry 10° 1

M agnetoresistance ampere- 4m10° 4110°

turn/weber

Permeability of henry/m 107/41t 107/41t
free space (o)

Magnetic henry/m 107/(4my 107/(4my

susceptibility (x)

* Example (force): 1 dyn = 10° N = 10% joule/lcm
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Table A.2. Fundamental Physical Constants

Velocity of light

€=2.998 x 10° m- sec %, — x 10 cm -sec?

Electron rest mass

m.=9.11x 10* kg, —x 10% g

Proton rest mass

m, = 1.67 x 10% kg, —x 10* g

Charge of electron

e=1.602 x 10%° C, 4.8 x 10 esu, 1.602 x 10% emu

Charge-to-mass ratio of
electron

e/m.=1.76 x 10" Ckg?, 5.27 x 10" esu-g™, 1.76 x 10" emu-g*

Planck’s constant

h=6.626 x 10% Jsec, — x 107 erg-sec, h/2m= /i = 1.055 x 10°%
Jsec, — x 107 erg-sec

Bohr radius

=529x 10" m,—x10°cm

Bohr magneton

=927 x 10% Jtesla®, — x 10% erg-gauss™

M agnetic moment
Electron

Proton

=9.28 x 10% Jtedla®’, — x 10% erg-gauss™*
=1.41 x 10% Jteda®’, — x 10% erg-gauss™*

Boltzmann's constant

k=1.38x 102 JK™, —x 10" ergK?, = 8.615 x 10° eV K™

Avogadro’s number

=6.02 x 10®moale?

Volume of 1 mole of an
ideal gas

=224 %102 m*mole?, — x 10* cm*mole?

Loschmidt’s constant

=269 % 10®°m? —x 10 cm®

Gas constant

R=8.31Jmole* K™, — x 10" erg-mole™K™, 1.99 cal-mole*.K™*

Faraday’ s constant

=9.65 x 10* C:mole?, 2.89 x 10" esu-mole *, 9.65 x 10° emu-mole™

Permittivity of free space

£ =8.854x 102 C.vim?

Permeability of free space

Ho = 1.26 x 10 H-m*
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Table A.2. (cont'd.)

Standard value of the g =6.67 x 10" N-m*kg?, — x 10® dyn-cm?g
acceleration of gravity

Length 1p=10°m, 10%cm
1A=10"m, 10%cm
1 mil =254 x10°m, - x 10°cm
Work 1dyn=10°N
1gwt=9.81x10°N,—x 10?dyn
Atmospheric pressure 1 torr = 1 mm Hg, 1.33 mbar, 1.33 x 10° Pa
1 atm = 760 torr, 1013 mbar

Temperature 0°C=273.15K
Energy lerg=107J
lca =4.18J
lev Wavelength = 1.24 x 10 m, —x 10* cm

Frequency = 2.42 x 10" sec

Wave number = 8.07 x 10° m™*, —x 10° cm™*
Energy = 1.60 x 10™° J, — x 10 erg
Temperature = 1.16 x 10* K
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List of Acronyms

ADP
AES
AF
AFM
ALOS
ARE
aSi
BAW
bce
BCS
BLO
BGO
BT
BTO
CvD
DLC
DP
DRAM
ECR
EDX (EDAX)

NH,H,PO,

Auger electron spectroscopy
antiferro

atomic force microscope
artificially made layered-oxide superconductor
activated reactive evaporation
amorphous silicon

bulk acoustic wave
body-centered cubic
Bardeen-Cooper-Schrieffer
BilZPbC)lQ

BilZGeOZO

BaTliO,

Bi ,TiO,,

chemical vapor deposition
diamond-like carbon

diffusion pump

dynamic random access memory
electron cyclotron resonance
energy dispersive x-ray analysis
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EELS

B

EO

EOT
EPMA
ESCA
EXFAS
fcc
FEDRAM
FEM
FEMFET
FESRAM
FET

FM
FWHM

GMR
hcp
HSP
IBE
IBS
ICBD
ICP
IDE
IDT
IP
KDP
LA
LAN
LCD
LD
LED
LFS
LN

electron energy |oss spectroscopy

el ectroluminescence

electro-optical

equivalent oxide thickness

electron probe microanalysis

electron spectroscopy for chemical analysis
extended x-ray absorption fine structure
face-centered cubic

ferroel ectric dynamic random access memory
finite element method

ferroelectric memory field effect transistor
ferroelectric static random access memory
field effect transistor

ferromagnetic

full-width, half maximum (full width at one-
half maximum height)

giant magnetoresistance

hexagonal close packed

hemispherical sputtering

ion beam etching

ion beam sputter

ionized cluster beam deposition
inductively coupled plasma spectroscopy
interdigital electrodes

interdigital transducer

ion plating

KH,PO,

laser ablation

local area network

liquid crystal display

laser diode

light-emitting diode

laser-induced fluorescence spectroscopy
LiNbO,
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LSl

LT

MBE
MEMS
MF
MOCVD
MOD

MOS

MR

MPRI
MRDRAM

MSP
NSC
NTSC
PACVD

P-CVD
PDP
PIXE

PZT
QCOM
RBS
RED

List of Acronyms

large-scaleintegration

LiTaO;

molecular beam epitaxy

microel ectromechanical system

medium frequency

metal -organic chemical vapor deposition
metal-organic deposition (chemical solvent
deposition)

metal oxide semiconductor

magnetoresi stance

multiphoton resonance ionization

magnetoresistance dynamic random access
memory

magnetron sputtering

negative space-charge

National Television System Committee
plasma-assisted chemical vapor deposition
polycrystal; polycrystalline
plasmaCVD

plasma display

proton-induced x-ray emission
photoluminescence

(Pb, La) TiOg

pulsed laser deposition

(Pb, La)(Zr, Ti)O4

Po(Mgys, Nbys) O3

spontaneous polarization

positive space-charge

PbTiO,

physical vapor deposition

Pb (Zr, Ti) Og

quartz crystal oscillator microbalance
Rutherford backscattering spectroscopy
reflection electron diffraction
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scLC
SEM
SIMS
sP
SQUID
SRO
ST
ST™
TCD
TCR
TEM
TFT
TIR
TMR
TSP
uLsl
VE
VIF
VLS
XMA
XPS
XRD

reactive evaporation method
reflection high-energy electron diffraction
reactive ion-beam etching

reactive ion etching

selected area diffraction

surface acoustic wave

SrBi,Ta,0q

singlecrysta

space-charge-limited current
scanning electron microscope
secondary ion mass spectroscopy
sputter; diode sputtering
superconducting quantum interference device
SrRuQO4

SITiO,

scanning tunneling microscope
temperature coefficient of delay time
temperature coeffiecient of resistance
transmission electron microscope
thin film transistor

total internal reflection

tunneling magnetoresistance

triode sputtering

ultralarge scaleintegration

vacuum evaporation

video intermediate frequency

very large scale integration

X-ray microanalysis

X-ray photoel ectron spectroscopy
x-ray diffraction
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Index Terms

A

ABOs
Absorption spectrum
Acceleration voltage
Acoustic properties

of substrate
Acousto-optic Bragg diffractor
Activated reactive evaporation (ARE)
Adatoms

diffusion of

energy of

mean residence time
Adhesion
Adhesion layers
ADP (NH4H2PO4)
Adsorption energy
AES. See Auger electron spectroscopy
Agglomeration
Alloy targets
Alloys

composition of

deposition of

sputtering
Aluminacrucibles
Aluminawafers
Amorphous ABO3
Amorphous Si-N
Amorphoussilicon (aSi)
Amorphous sillenites
Amorphous substrates
Amorphous thin films

Analysistechniques
Angle effect
Angular distribution
non-uniform
of sputtered atoms
vscrystal structure
Anisotropic etching
Annealing
crystallization
low temperature

406
251
126

241
247
42

23
371
22
29
350
406
29

18
87

87
35
87
34
353
371

10
249
25
10
368
72
79

84
83
84
469
324
305
325

471

107

32
371

471

372

249
374

501
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Index Terms

modifies crystal structure
temperature
treatment
Anode
disappearing
self-cleaning
Anodefall
Applications
electronic devices
semiconductor industry
Arc discharge
ARE. See Activated reactive evaporation
Argonions
incident angle
on DLCfilms
Artificially made layered-oxide
superconductors
Atoms
energy of
sputtered
Auger electron spectroscopy (AES)
Auxiliary cathode

B

Backing plate
water-cooled
Balanced magnetron
Band-passfilters
Bandgap
Bean'sformula
Beryllia
crucibles
BGO (Bi12GeO20)
crystal properties
Bi systems
Binary alloys
Binary compound target
Bipolar pulse
Birefringence shift
Blue laser
diodes
Blue-light-emitting diodes
Body-centered cubic (bcc) structures
Bohr excitation diameter
Bohr radius
Bonds
broken

329
308
25

154
154
121

12

118

478
364
363

332

91
90
72
161

157
148
245

33
333

34

252
327

89
160
155
290
248

367
32

98

364

130

329

104

10

11
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Index Terms

Born-Mayer potential
Born's approximation
Boron-nitride

crucibles
Bragg diffractor
Bravais empirical law
Broad-beam ion sources
Broken bonds

in diamond regions
Brownian movement
BSCC (Bi-Sr-Ca-Cu-0O)

sputtering conditions
BT (BaTiOg)
BTO (Bi2TiOz0)
crystal properties
Buffer layers
graded
Bulk acoustic wave (BAW)
devices
resonators
Bulk materials
Vs sputtered
Burgers vector
Button cathode

C

Calorimetric method
Capacitance

across the dark space
Capacitance monitoring
Capacitor
Carbide formation
Carbon atoms

in nondiamond regions
Carbon ions

energetic
Cascade collision

theory
Cathode configurations
Cathode dark space
Cathode disintegration
Cathode fall
Cathode glow

circular
Cathode sputtering
Cathode targets

104
100

34
247
222
151

364

22
303
333
322
174

252
302
428

10
238

411
470

91

134
184
137
357

363

103
143
119

39
119

143
141
195

224

307

406

428

360

104

123

130

380

311

107
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Index Terms

Cathodes

twin magnetron
Ceramic composites

nanostructures
Ceramic targets

of perovskites
Ceramics

of complex compounds

superconducting
Channel waveguide
Channel waveguides
Channeling model
Characterizing temperature
Charge-up phenomenon
Charged particles

irradiation
Chemical composition

goverened by

off-stoichiometry
Chemical etching
Chemical vapor deposition
Child-Langmuir equation
Close-packed atoms
Co

fcc
Col/Cu

fcc
Coalescence

binding energy
Coarse-grained rough films
Cobalt

in WC coatings
Codeposition

solubility effect
Cold cathodes

discharge tubes
Cold plasma
Collision cascades
Collision radius
Collision rate
Callision theory
Collisions

between irradiated particles

Colorlessfilms
Column growth
Columnar structure

Commensurate strained system

Complex compounds

155

221
303

193
295
474
293
85
50
41

219

47
415
466

471
85

32

32
18
23
26

355

33
153
78
44
98
102
133
100

219
372

22
417
410
193

504

475

33 44 191

482

22

469

133

101
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Index Terms Links
Composite target 157
Composition
measurement 60
of aloys 88 89
of thin films 286
and substrate temperature 275
Compound deposition methods 191
Compound materials
complex 185
Compound targets 157
Compound thin films 191
deposition processes 195
Compressive stress 445
Computer simulation 111
Conducting films
transparent 340 341
Cooling 429
and lattice constants 429
by water 139
Cooling systems 370
Copper
oxidation 308
sputtering 103
Copper oxide superconductors 296
Copper thin films
deposition parameters 50
Cospuittering 382
Coulomb collisions 98
Coupling
electromechanical 241
Coupling constant 287
Coupling energy 44
Coupling factors 237
electromechanical 236
Cr/Ni
fcc 32
Critical currents 310 325
Bi-S-Ca-Cu-O 327 333
Critical field (superconductors) 301
Critical film thickness 31
Critical miscut angle 434
Critical strain 411
Critical thickness 410 411 412
of PT thin films 441
Crookes' dark space 119 127
Crucibles 34
Crystal oscillation 184
Crystal phase 3
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Index Terms Links
control of 420
of perovskite 418
of PMN 419
Crystal properties 194
Crystal structure 185
vsangular distribution 84
Crydtal substrates 305
Crystal twins 305
Crystalline structures
and substrate temperature 275
Crystallinity
and Pb/Ti ratios 265
Crystallization temperatures 368 371 372
of metals 369
PbTiO3 film 266
rare-earth oxides 308
of SiCthinfilms 374
Crystallizing temperature
Bi system 331
perovskite-type oxides 302
YBC 309
Crystallographic orientation 20 225 228 229
Crystas
cubic 305
fcc 85
Curie temperature 283 286
elevated by stress 4
Current
ion-beam 152
Current probe 179
Current transport 325
Current-voltage curve 179
Cutoff field 124 125
CVD. See Chemical vapor deposition
Cycloidal motion 124
Cyclotron frequency 129
D
d-doping 11
Dark space 119 123 127
capacitance 134
shield 157
DC bias 139
DC diode
sputtering 39 135 136
DC sputtering 41
De Broglie wavelength 5
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Index Terms

Deep trenches
Defects
point and line
structural
Degree of ionization
Density
of film
Deposition
layer-by-layer
Deposition conditions
Deposition methods
superconductors
Deposition parameters
effect on grain size
Deposition period
and modulation wavelength
Deposition processes
compound thin films
low-temperature
steps
YBC system
Deposition rate
Deuterons
Devices
thin-film
Diamagnetic hysteresisloops
Diamond
crystallites
crystalson DLC
hexagonal
Diamond thin films
Diamond-like carbon
graphite composition
Dielectric anomaly in PbTiO3
Dielectric constant
measurement
perovskite thin
films

PT/PLT solid solution
PT/PLT superlattice
temperature dependence
Dielectric materials
deposition of
Dielectric properties
of PMN
Dielectrics
sputtering of

20
20
133

28

331
195
33
302
47
25

280

195
310

17
305
163
103

10
332

219
363
364

360
361
268

60

254
406
455
406
283

156
455
420

154

488

332

14

224

482

359

283

267

360

268

285
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Index Terms Links

Diffraction patterns

hal o-type 25

ZnO 233
Diffractor

acousto-optic 247
Diffused temperature anomaly 444
Diffusion

mutual 301
Diffusion energy 22
Diffusion length

adatoms 23
Diode etching 466
Diode sputter etching 482
Directional sputtering technologies 487
Disappearing anode 154
Discharge

initiation 116

modes 116 141

parameters 123 179

self-sustained 118
Discharge parameters 469
Discharge tube 73
Discharge voltage

minimum 129
Disk cathode target 168
Dislocation lines 20
Didlocation loops 20
Dislocation spacing 410
Dislocations 21

density 20

DLC. See Diamond-like carbon
Domain formation

of epitaxial PT 429
Domain growth 414
Doping 33 382
Drift motion 182
Drift velocity 40
Dry etching 465 483
Dua-anode sputtering 155
Dummy substrates 184
Duoplasmatron 151
E
EBC 310
ECR. See Electron cyclotron resonance
ECR conditions 153
ECR ion sources 485
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Index Terms Links
ECR plasmaionization 95
Elastic collision cross section 116
Elastic energy density 30
Electrical admittance
frequency dependence 237
Electrical properties
Mo-Si films 359
Electrical resistivity
epitaxial ZnO 235
Electro-optic effect 290
Electrodes 136
asymmetric 139
configuration 229
thin-film 282
Electromechanical coupling 245 287
Electron beam evaporation 191
Electron clouds 98 99
Electron cyclotron resonance 45 153 478
Electron energy 133
inPACVD 44
Electron impact ionization 469
Electron motions
equation 127
Electron screening 98
Electron temperature
in plasma 44
inPACVD 44
Electron trapping effect 40
Electron velocity 130
Electronic devices 10 191
active 47
fabrication 465
Ellipsometric monitoring 185
Emission intensity 178
Emissivity
of the substrate 183
Energetic atoms 3
Energetic electrons 118
Energy
of electrons 133
of incident ions 121 122 90
of sputtered atoms 91
of sputtered ions 95
Energy dispersive x-ray analysis (EDAX) 451
Epitaxia films 20 233 305
Epitaxial growth 25 51
52 53 54
Epitaxial PbTiOs 414
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Index Terms Links
Epitaxial perovskite 275
Epitaxial PLZT 285
on sapphire 272
Epitaxial temperature 51 302
Epitaxial thin films 185 410 432
Epitaxial ZnO 236
Equivalent oxide thickness (EOT) 457
Er-Ba-Cu-O (EBC) thin films 310 325
superconducting transition 317
Erosion rings 169 171
Etched grooves 475
Etching
depth 465
of semiconducting devices 152
Etching processes 466
Etching rates 471 482
for PLZT 476
typica 478
Evaporation 35
Evaporation of thin films 33 35 42
Expansion mismatch 28
F
Face-centered cubic (fcc) structures 32
Facing targets 174
Fe/Cu
bcc 32
Ferroelectric correlation length 445
Ferroelectric materials 12 406
PMN 418
Ferroelectric perovskite 266
superlattice 454
Ferroelectric properties
and strain 444
Ferroelectric superlattice 277
Ferroelectric thin films 405
Ferroelectric ZnO 248
Ferromagnetic thin films 174
FETs 359
Filament cathode 469 470
Filamentless discharge 478
Filamentlession-beam system 480
Film growth
control 219
Flow rates 166
Forbidden gap width 383
Foreign atoms 228
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Index Terms

doping
Frank-van der Merwe growth

G

Gasflow system

Gas molecules
included in films
inclusions

Gas pressure
sputtering

Gate oxides

GBC (Gd-Ba-Cu-0O)
films

GBC films
crystalline properties

Gd-Ba-Cu-O thin films

Ge
amorphous

Giant magnetoresistance (GMR)

Glow discharge

abnormal
mode
normal
plasma
sputtering
systems
Graded interface
Graded layer
Grain boundaries
Grain size
remains constant
Grain structure
PLT
Graphite
crucibles
Grids
Ground shield
Growth
laterd
Growth conditions
control of
Growth modes
Growth process
heteroepitaxial
step-by-step
Growth rate

162

47
151
124
152
457

308

314
320

32
11
39
118
118
141
118
133
121
41
422
426
20
24
25

412

34
471
157
432

420
417

410
17
47

28

140

314

40
129
122

122

151

436
19

417

177

320

44
137

195

115

o1l
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Index Terms Links

of thin films 50
Growth temperature 195 418

epitaxial films 235

perovskite 254
H
Hairpin resonators 339
Halides 303
Halo-type diffraction patterns 25
Hard coating 350

optical 360
Hard-sphere collisions 104
Hard-sphere model 99 103
Hardness

SiCfilms 349
Heat of sublimation 73 75
Heat treatment 25
Heating

for thermal deposition 34
Helicon plasma source 485 486
Hemispherical system 231
Heteroepitaxia film 28 410 432
Heteroepitaxial growth 410 432
Heteroepitaxial microstructures 412
Heteroepitaxial perovskite 442
Heteroepitaxial thin film structure 410
Heterojunction photodiodes 367

ZnO/Si 383
Hexagonal close packed (hcp) structures 32
Hexagona structure

ZnO 219
High-energy particles 174
High-frequency discharges 123
High-K materias 457
Hofer's sputtering theory 107
Hollow cathode 469 470
Hot cathodes 469
Hot electrons 44
Hot plasma 133
Hydrogen concentration 344 345
Hydrogen ions 361

on DLCfilms 363
Hydrogenation 33
Hysteresis curves 163
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Index Terms

IBE. See lon beam etching
Impact evaporation
Impedance matching
I mpedance measurements
of PbTiO3
In-situ deposition
Incident ion energy
Indium tin oxide targets
Inductively coupled RF ion beam source
Inert gas etching
InSh/GaSh superlattice structures
Insulating film
Insulator target
Integrated circuits
Interdiffusion
Interdigital transducer (IDT)
Interface layers
Interfaces
control of
graded
Interferometric monitoring
lon beam etching
lon beam sputtering
current
diamond films
systems
lon current density
lon density
lon energy
critical value
lon plating
ZnO
lon sheath
lon sources
lon velacity
lonization
degree of
efficiency
energy
process
|onization coefficient
lonized cluster beam deposition (ICBD)
Irradiation damage
by sputtering
Irradiation effects

39
137

269
309

75
341
480
478
376
154
137

415
246
415

422
422
184
466
151
152
361

41
148
179

75

73

42
232
179
151
130

44
132
118
118
119

42

455
458

121

191
483
286
424
457

471
185

482

469

133

126

480

480

469
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Index Terms

Irradiation with charged particles
Island growth

Island structure

Idands

I sotropic etching

J

Junction
S/N/Stype

K

Kaufman ion sources
KDP (KH2PO4)
Kinetic energy
of impinging species
of sputtered atoms
Knock-on atoms
Knudsen's cosine emission distribution
Knudsen's cosine law
KrF excimer laser irradiation
KTaOs3 substrates

L

Langmuir probes
Laser deposition
L aser-assisted chemical vapor deposition
Laser-induced fluorescence spectroscopy
(LFS)
Lateral growth
Lattice
pseudocubic
L attice constants

and cooling

| attice constants

L attice defects
density

L attice distortion
tetragonal

L attice misfit

L attice mismatch
BTO and BGO
PLZT

L attice parameters

219
19
417
18
466

339

151
406

24
92
103
98
83
35
414

179
35
47

95

285
31
56

429
31

376

437

21
447
252
272

23

471

182

54
411

432

469

55

471

ol4
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Index Terms Links
GBC films 308
superconductors 296
Lattice vibration
of SiIC 375
Layer growth 19 23
Layer-by-layer deposition 331 332
Layered oxides
superconductors 329
Layered perovskites 193
Layered structures 453
Lead components
deficiency of 271
L ead-titanium cathode 255 256
Leakage current 457
Lenz Law 332
Lichteneker’smixing rule 256
LiNbOs
amorphous 371 372
Linear cascade collision 109
Linear cascade theory 108
Linear ion source 480
Liquid crystal display 341
LiTaOs
amorphous 371
LN (LiNbOg) 406
Long-throw sputter deposition 487
L ow temperature deposition process 310
L ow-pressure sputtering 132 139
LSC (La-Sr-Cu-0O) system 307
LSC (La-S-Cu-0O) thin films 308
epitaxial 315
LT (LiTaOg) 406
M
Magnetic core 169
Magnetic field
quadrupole 140
strong 380
Magnetic gap 11
Magnetic heads 11
Magnetic lines of force 124
Magnetic materials
deposition 146
Magnetization properties 332
Magnetron
cathodes 148
cylindrica 140
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Index Terms

inverted
medium frequency
planar
targets
Magnetron sputtering

PLZT

strong magnetic field
Mason equivalent circuit
Mass analyzer
Mass-flow controller
Mass-flow rate
Maxwellian rule
Mean collision frequency
Mean free path
Medium frequency sputtering
Meissner effect
Mercury discharge tube
Metal nitride

deposition
Metal oxides

deposition
M etal -organic compounds
Metallic mode
Metals

deposition of
Metastable structures
Methane

organic vapor
MgO lattice
MgO single-crystal substrates
Microcrystallites
Microetching
Microfabrication

process
Microhardness

SiC films
Microstructures

controlled

heteroepitaxial

perovskite
Microtwins
Microwave-based plasmas
Miscut angle
Misfit dislocations
Mo

fcc
Mo-Si thin films

140
156

40
143

40
357
272
380
268
177
166
166
182

97

41
333
78

155

47
155
303
163

162
31

228
415
478
412

465

347
24
417
412
409
20
45

410

32
359

141
140
487

269
178

97
155

436
411

154

103

248
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Index Terms

Mobility

of adatoms
Modulation wavelength

and deposition period
Molecular beam epitaxy
Molecular dynamic method
Momentum-transfer theory
Monitoring

insitu

sputtering conditions

substrate temperature

thickness
Monocrystalline target
MOS devices
Multidomain structure
Multilayered PLT/PT
Multilayered structures

Multiphoton resonance ionization (MPRI)

Multisource deposition
Multitarget sputtering

of Bi
Multitarget systems
Mutual diffusion

N

N-type superconductors
NaCl structures
Nanofabrication process
Nanomaterials

defined
Nanometer composites
Nanometer materials
Nanometer structures
Nanometer superlattice
Nanostructures
Narrow-gap technology
Nb/NbN

alternating layers
Negative bias
Negative glow
Negative space-charge
Ni-Cr
Nitrides

compound families

deposition
Nitrogen

280
36
111
98

148
177
183
184

85
193
414
453
452

95
191
261
422
338
488
301

337
31

409

455

11

376
133
122
130

87
342

148

191

277
452

317

329

350

ol7

375
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Index Terms Links
reactive gas species 41
Nitrogen doping 248
Nitrogen equivaent value 166
Noncrystalline diffraction patterns 20 25
Nonuniform films 415
Normal orientation 225
NSC mode 130 131 132
Nuclear fusion 141
Nucleation 18
Nucleation and growth stages 2
Nuclegation barrier 26
Nucleation density 21
saturation 18
Nucleation sites 448 451
Nucleation time 436
O
Off-axis sputtering 174
Operating pressure 132 137
Optical absorption 383
Optical absorption constant 36
Optical absorption depth 35
Optical absorption edge 251
Optical bandgap 33
Optical integrated circuits 252
Optical monitoring 184
Optical spectrometric analysis 178
Optical-channel waveguides 474
Orbital motion 124
Organic polymer films 378
Orientations 225
crystallographic 225
Oriented films 25
Orthorhombic phase 313
Orthorhombic superconductors 305
Oxidation
of copper 308
degree of 226
promoter 307
of superconductors 303
Oxide mode 163
Oxide superconductors 295
Oxides
of cathode metals 258
deposition 148
Oxygen
partial pressure 225 264 341
reactive gas species 41
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Index Terms

Oxygen partial pressure
Oxygen pressure
critical

P
P-E hysteresis
P-E hysteresis curve
P-type superconductors
Parallel orientation
Partial pressure
oxygen
Particles
ultrafine
Paschen’s Law
Passivation films
deposition conditions
Passivation layer
Pb content
Pb crystallites
Pb deficiency
Pb-rich PbTiO3
Pb/Ti ratios
PbO (red) crystallites
PbTiO3
amorphous
dielectric properties
diffraction pattern
epitaxially grown
ferroelectric perovskite
temperature dependence
Penning type ion source
Penning-type ion source
Permalloy
magnetic circuit
sheets
Perovskite
crystal phase
crystal structure
diffraction peaks
ferroelectric
heteroepitaxial
layered
microstructure
structure
superconducting
superlattice

temperature dependence
Phase control

163

283

337
225

225

3
116
334
335
302
275
258
271
451
265
374
258
371
256
259
261
266
266
470
470

87
171
169
185
418
254
260
266
442
193
409
275
295
454

266
331

119

259

372
372

260

174

171
405

279

123

414

406

519

This page has been reformatted by Knovel to provide easier navigation.



http://cuuduongthancong.com?src=pdf
https://fb.com/tailieudientucntt

520

Index Terms Links
Phase retardation shift 289
Phase velocity 241
SAW 241
Photoresist pattern 476
Photoresists 478
Physical etching 466
Physical vapor deposition (PV D) 33
Piezoelectric materials 11
ZnO 219 233 238
Piezod ectric properties
epitaxial ZnO 235
measurement 268
of PbTiO3 268
PIXE. See Proton-induced x-ray emission
Planar magnetron 41
Planar magnetron sputtering 141
Planar sputtering system 168
Plasma 133
inductively coupled 148
Plasmainstability 141
Plasmaionization
secondary 148
Plasma parameters 179
Plasmaplume 35 36
Plasma-assisted chemical vapor
deposition (PACVD) 44
Plasma-assisted deposition 133
Plasmatron 470
Plasmatrons 469
PLT ([Pb, La]TiOg) thin films 406 412 415
PLT-PT structure
ferroelectric superlattice 277
PLT/PT 453
on ST substrates 455
PLZT([Pb,La][Zr,Ti]Os) 423 474 476
crystallites 424
dielectric properties 285
el ectro-optic properties 289
| attice parameters 428
magnetron sputtering 272
phase diagram 271
piezoelectric properties 285
on sapphire 426
stoichiometric composition 277
transmission spectrum 280
PMN (Pb[Mgu3,Nb2/3] O3)
ferroelectric material 418
Point defects 20
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Index Terms Links
Poisson’sratio 31
Poisson’ s relationship 121
Poling 285
Polycrystalline diffraction pattern 20
Polycrystalline SiC films 347
Polycrystalline sillenites 249
Polycrystaline ZnO 221 242 380
Post-ionization

by ECR plasma 95

by electron beam 95
Potential distribution 119 132
Powder targets 160
Power density 178
Presputtering 303
Pressure

ECR 153

sputtering system 148

working 195
Pressure range

CVD process 44
Probe characteristics 181 182
Probe current 181 182
Propagation loss

for SAW 242
Proton beam

irradiation 219
Proton-induced x-ray emission 72 79
Proximity junction tunneling

model 328
PSC mode 130 131 132
Pseudomorphic strained system 410
PT (PbTiOg) 406

crystallites 438

epitaxial temperature 429

| attice parameters 429 437

lattices 415
Pt electrodes 353
Pulsed laser ablation 191
Pulsed laser deposition

(PLD) 35 302
Pulsed magnetron 156
Pyrochlore diffraction
peaks 259 260

Pyrochlore phase 302 419
Pyrochlore structure 275
Pyroelectrics materials 270
Pyrometer 183
PZT (Pb[zr,Ti]O3) 406
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Index Terms Links
Q
QCOM. See Quartz crystal oscillator

microbalance
Quadrupole mass analyzer 177
Quantum confinement 5
Quantum dots 448 451
Quantum wires 448
Quartz

crucibles 34
Quartz balance method 91
Quartz crystal oscillator microbalance 72
Quenching 3 368

rate 371
R
Radial velocity 132
Radiation resistance 11
Radicals 466
Rare-earth-free superconductors 311 327 328

deposition 320
Rare-earth superconductors

deposition 311
Rare-earth thin films 308
RBS. See Rutherford back scattering

spectroscopy

Reactive evaporation method (REM) 334
Reactive gas density

nonuniformity 166
Reactive gas species 41
Reactive gases 153 466
Reactiveion etching 466 478
Reactive sputtering 41 154 163
Recapture

of electrons 132
Recrystallization 22
Reflection electron diffraction (RED)

patterns 221
Refractory metals 375 376
Relaxation 33
Relaxor ferroelectrics 418 420
REM . See Reactive evaporation method (REM)
Resistance monitoring 184
Resistive heating 34
Resistivity

Gd-Ba-Cu-O film 336
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Index Terms Links
SiCfilms 350
temperature dependence 317
TiN films 343
transparent conductive films 341

Resistivity-temperature curves 478

Resistors 359

Resputter 174

RF diode sputtering 40 221

RF discharge 129 133

RF ion-beam source 480

RF magnetron sputtering 154 478

RF sputtering system 137

RF-SQUID susceptometer 332

RHEED analysis 185

RHEED monitoring 148

RIBE. See Reactive ion-beam etching
RIE. See Reactive ion etching

Ring cathode target 168
Rochell salt 406
Roller-quenched aPbTiO3 267
Rough surface 185
Roughness
of the surface 26
Roughness factor 28
Rutherford back scattering spectroscopy (RBS) 72
Rutherford scattering 99 103
S
S-gun 141
Sapphire substrates 476
PLZT thinfilms 422
Satellite peaks
perovskite 279
SAW (surface acoustic wave)
high-frequency 246
properties 244 288
SAW coupling factors 244
SAW devices 10 242 245
for UHF 246
ZnO 242
Sawyer-Tower circuit 283
Scanning electron microscope (SEM) 72
Schottky gate materials 359
SCLC. See Space charge limited current
Se
amorphous 32
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Index Terms

Secondary electron coefficient
Secondary electrons

Secondary ion mass spectrometry (SIMS)

Secondary phase
Selenides

Self-bias voltage
Self-cleaning anode

SEM. See Scanning electron microscope

Semiconducting devices
Semiconductive properties
ZnOthinfilms
Semiconductors
narrow-bandgap
wide-bandgap
Shadowing
Shapiro steps
Shield effect
S
amorphous
S-0O/Gd-Ba-Cu-O system
SiCsinglecrysta
SiC thin films
crystallization temperature
SiC transistors
Sigmund’ stheory
Silicides
Silicon
amorphous
Silicon carbide (SIC)
Sillenites
sputtering conditions
SIMS. See Secondary ion mass
spectrometry
SiN film formation
SN thin films
Single-crystal films
epitaxial
Single-crystal targets
Sintered
Zn0O powder
Sintered target
Sintering
Smith’ s relationship
Smoothness
of the surface
Solar cells
Solar energy conversion
Solubility relaxation

119
118

83
415
365
135
154

47

248

36
36
27
339
333

10
336
354

374

108
359

10
11
248
249

337

252
302
85

221
157
305
287

26
10
341
33
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32

346

32

307

367
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Index Terms

Space charge
dominated
mode
Space charge limited current (SCLC)
Spark voltage
Specific charge
Spectrum analyzer
Spluttering
Sputter etching
depth
Sputter rate
Sputter yields
fcc crystals
of hep crystals
vsangle of incidence
Vs atomic number
Sputtered species
Sputtering

atmosphere

chamber

current

defined

ECR

facing targets

low-pressure

medium frequency

multitarget

reactive

rf

superlattice structures

systems

targets

theory
Sputtering conditions

monitoring

optimum
Sputtering parameters
Sputtering rate

and oxygen partial pressure
Sputtering threshold
Sputtering threshold energy
Sputtering yield
SRO (SrRuGs)

on ST substrates
ST (S'TiOg) substrates
Stability

long-term

118
130
130
121
116
126
247
39
42
465
75
71-75
84
85
79
79

39
191
228
469
179

153
173
139

41
261

41
137
455
135
139
107

177
224
194
131
264

73

74
109

441
414

442

367
126

466

78

87
195

174

155

221

156
157

195

109

432

79

100

224

525
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Index Terms

Stacking faults
Step bunching
Step height
ST substrates
Step-flow growth
Strain
critical
Strained structure
Stranski-Krastanov growth
Strength of thin films
Stress
internal
measurement
Stress-free growth
perovskite
Structural properties of thin films
Structures
multidomain
not found in bulk
Stylus techniques
Sublimation
heat of
Substrate holder
Substrate location
and composition
Substrate position
affects orientation
Substrate temperature

and composition

and crystalline structures

effect on grain size
Substrates

emissivity

vicinal
Superconducting ceramics

| attice parameters
Superconducting films
Superconducting orthorhombic phase
Superconducting properties
Superconducting thin films

physical properties
Superconducting transition

temperatures
Superconductors

deposition methods

| attice parameters

layered oxides

432
432

411
410
19

N

63

267
195

414
31
72

73
231

303

231
173
224
275
275

24

183
432
295
296
476
327
314
140
337
317
310

302
296
329
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30 31

183 184
418

478

428

338
193
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Index Terms Links
perovskite 296
rare-earth-free 311
synthesis 301
thin films 301
thin-film processes 324

Superlattice films 277 278

Superlattice structures 376
perovskite 279
PLT-PT 277

Superlattices 452 453
ferroelectric perovskite 454

Supersaturation 26

Surface acoustic wave. See SAW

Surface analysis techniques 72 107

Surface charge 137

Surface diffusion coefficient 436

Surface diffusion energy 22

Surface layer enrichment 89

Surface migration 259

Surface mobility 24
of adatoms 434 436

Surface roughness 26 28 185

Switching diodes
ZnO/Si 383

Synthesis temperature 308 325

T

Ta
fcc 32

Tapered etching 474 475

Target bias 153

Target heating 157

Targets 168
ceramic 221
for sputtering 195
single crystal 84
sintered powder 160
for sputtering 157

TBCC (TI-Ba-Ca-Cu-0O) systems 307 311

Te
amorphous 32

Teflonfilms 378

Temperature
evaporation 50
growth 195 418
of substrate 173 221
superconductor synthesis 308
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Index Terms Links

synthesis 301

zero resistance (superconductor) 321
Temperature anomaly 445 447
Temperature range

CVD process 44
Temperature sensors 11
Terrace length

ST substrates 432
Tetragonal phase 313
Thermal diffusion depth 36
Thermal equilibrium 133
Thermal evaporation 33 191
Thermal expansion coefficients

sapphire 234

ZnO 234
Thermal lattice vibration 371
Thermal printer heads 343 359
Thermistors 353

SC 354
Thermocouple 183 184
Thermodynamic theory of ferroelectrics 445
Thick films

defined 1
Thickness

critical 31 410
Thickness distribution 168 171 174
Thickness monitoring 184
Thickness variation

wafer 232
Thinfilms

chemical composition 194

crystal properties 194

defined 1

properties 2

structural properties 195

transistors 10
Thin-film compounds 474
Thinfilm deposition 140 143

process 17

sputtering 135
Thin-film devices 10 139
Thin-film resonators 238
Thomas-Fermi potential 98 104
Thomson’slinear cascade theory 108
Time-of -flight measurement 92
TiN thin films 342
TiOzfilm 163
Titanium nitride (TiN) 342
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Tl2BaeCaCu20x structure 324
Townsend discharge 118
Transducer
ZnO 236
Transistors 10
Transition temperature 338
tetra/ortho 308
Transparency 476
model 85
Transparent films 341 372 415
conduction 340
resistive 360
Transverse magnetic
field 126 129 139
Traveling distance
of adatoms 22
Trench structures 474 487 488
Trenching 474 475
TRIM simulation software 111
TRIMSP 219
Tungsten carbide films 355
sputtering conditions 355
Tunnel junction 339
Tunneling-magnetoresistance (TMR) 11
Twin boundaries 20
Twin magnetron cathode 155
Twins 430 438
U
UHF SAW devices 246
Ultrasonic microscope 239
Ultraviolet laser 35
Unbalanced magnetron 148
Unstrained structure 410
\Y
V apor-phase epitaxy 307
Vapor quenching 368
Variable-leak valves 166
Velocity
of sputtered atoms 91
of sputtered particles 95
of vacuum-evaporated particles 91
Vertical etching 475 480
Vicinal substrates 432
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Index Terms Links
Video intermediate frequency (VIF) filters 245
Volmer-Weber growth 19 23 28 417
Von Ardene type
ion sources 151
W
w
fcc 32
Water-cooled backing plate
Waveguides 252
curved 476 477
optical channel 477
optical-channel 474
ridge type 475
ridge-type 476
switches 293
Wear resistance
SiC films 349
Wehner’ s sputtering stand 78
Weight loss experiments 72
Windows
reflective coatings 3
Working gas pressure 195
Working pressure
of sputtering system 148
Wurtzite compounds 31
Wurtzite hexagonal structure 219
Y
YBC 308
YBC (Y-Ba-Cu-O) system
deposition processes 305
YBC films 303 308 313
ceramics 305
crystallizing temperature 325
diamagnetization 332
epitaxial 315
sputtering conditions 311
Y oung’s modulus 30
Z
Zero-resistance temperature (superconductor) 310
Zinc cathode
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Index Terms

oxidation
Zinc oxide
Zirconia
crucibles
ZnO
BAW resonator
conductivity
crystals
devices
growth mechanism
highly oriented
polycrystalline
SAW acousto-optic devices
SAW Bragg diffractor
SAW devices
SAW filters
SAW resonators
sputtering conditions
transducer
ZnO films
conductivity
deposition
hexagonal structure
physical properties
semiconductive properties
Zn0O targets
Li-doped
ZnSe
synthesis temperature
Zr films
ZrOz layer

34
174
238
383
219

10
232
231
221
247
247
245
245
245
235
236

383
219
380
244
248
228
235
365
367

32
422

246

231
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