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ABSTRACT OF THE DISSERTATION

PROPERTIES OF EPITAXIAL ZnO THIN FILMS GROWN ON R-PLANE Al;0O3
BY METAL ORGANIC CHEMICAL VAPOR DEPOSITION

By Chandrasekhar R. Gorla

Dissertation Directors
Professor Yicheng Lu
and

Professor William E. Mayo

High-quality ZnO films are desired for applications such as buffer layers for [i-nitride
growth, low-loss high-frequency surface acoustic wave devices, and UV lasers. In this
project, ZnO thin films were epitaxially grown on R-plane sapphire substrates by
metalorganic chemical vapor deposition at temperatures between 350 to 500 °C. The
MOCVD reactor was redesigned by introducing separate injectors for DiEthyl Zinc and
O,, which reduced the gas-phase reactions between the reactants. The orientation

relationship between the ZnO films and the R-plane sapphire substrates was determined
tobe (1120) ZnO // (0112) AL,O3, and [0001]ZnO // [0111] ALO;. The films had a

smooth surface morphology without showing grain boundaries. The ZnO/ALO; interface
was investigated by high resolution transmission electron microscopy and it was found to

be atomically sharp and semicoherent. The strain due to the 18.3% lattice mismatch along

i
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the [1T00] direction of ZnO was relieved by a regular array of misfit dislocations. On
average, the misfit dislocations had a separation of 1.4 nm, which corresponds to five
(1100) ZnO planes.

The surface acoustic wave (SAW) properties of the piezoelectric ZnO films were
studied by fabricating SAW testing devices with the propagation direction parallel to the

c-axis of ZnO. A maximum effective electromechanical coupling coefficient (k f,, ) of 6

% was obtained for a 10 um wavelength device fabricated on a 1.5 um thick ZnO film.
which is close to the kfﬂ value for bulk single crystal ZnO, indicating the high quality of

the film. The achieved results are promising for the fabrication of low-loss surface
acoustic wave devices operating in the giga hertz (GHz) frequency range. The low
temperature (11 K) photoluminescence spectra consisted of a sharp excitonic peak at
3.363 eV with a full width at half maximum of about 6 meV, which is comparable to the
values for bulk ZnO. The anisotropic absorption characteristics for light polarized parallel
to and perpendicular to the c-axis of ZnO were also evaluated.

In order to investigate the thermal stability of the as-grown ZnO films, annealing
in an O>+N> atmosphere was conducted. While the crystal quality of the films improved
on high temperature annealing, ZnO reacted with Al;O; forming a spinel (ZnAl>Os) layer
at the interface. The thickness of the spinel layer formed was 15 nm and 35 nm on
annealing the films for 30 min at 850°C and 1000°C respectively. Since this layer is
confined to the interface between sapphire and ZnO, it is not expected to affect the use of
ZnO as a buffer layer for the deposition of III-Nitrides. The kinetics of the solid state
reaction between ZnO and Al,O; was also investigated and the structures of the

ZnO/ZnALO; and ZnAl,O4/Al,O; interfaces were evaluated. It was found that the

iii
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reaction was interface-controlled. It was determined that the ZnO/Al,O: interface is

stable if annealing is carried out below 750°C.

iv
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Chapter 1 : Introduction

1.1 Motivation

ZnO as a multifunctional material has been intensively investigated for many
years in applications such as. surface acoustic wave (SAW)' and bulk acoustic wave
(BAW)" devices (utilizing its piezoelectric properties) and. as transparent electrodes in
solar cells” and displays® (as it can be made conducting by appropriate doping). Recently,
there has been increasing interest in high quality epitaxial ZnO films for several new
applications.

The III-Nitride family of direct wide-band-gap semiconducting materials (GaN.
InGaN etc.,) are of great technological importance as they can be used in optoelectronic
devices (LEDs, lasers, detectors) which operate in the blue and UV regions of the optical
spectrum. ZnO is a promising substrate material for GaN since it has small lattice
mismatch with GaN. Hamdani et al., have grown high-quality GaN films on ZnO single
crystal substrates by reactive MBE”, They reported that the structural properties of GaN
thin films grown on ZnO were better compared to those grown on SiC and Sapphire.
However, the cost of ZnO substrates is very high and large-area ZnO substrates are not
commercially available at the present time. Hence, high-quality ZnO films grown on
sapphire and other substrates are highly desirable. For the growth of III-Nitride films on a
Zn0O buffer layer, defects (such as threading dislocation) in the ZnO buffer layer will be
transmitted into the growing nitride film; therefore, the defect density has to be

minimized.
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There has been an explosive development in wireless communication. The
advance in communication technology would require a large bandwidth to deliver data,
voice and images. The future communication systems, therefore, must operate at much
higher frequencies (GHz range), correspondingly it will increasingly rely on research and
development of materials and devices. Low-loss hig-frequency filters are key devices for
the transceiver modules of these communication systems When high quality piezoelectric
ZnO thin films with high electromechanical coupling coefficient are deposited on
substrates possessing high acoustic velocity, such as sapphire or diamond. the structure
can be used as high frequency and low loss surface acoustic wave (SAW) filters. Two
important parameters for SAW devices are the insertion loss and the electromechanical
coupling coefficient. Insertion loss is a combination of the losses at the interdigital
transducer (IDT)/ZnO interface and the attenuation loss which occurs while the SAW
travels from the input IDT to the receiving [DT. Attenuation loss can be caused by poor
transfer of acoustic energy from one grain to another or between ZnO and the substrate
(sapphire). Scattering can also occur at defects and grain boundaries, and by conversion
of the SAW to bulk modes and other SAW modes at irregularities on the surface. The
reduction in the electromechanical coupling coefficient is due to mis-aligned grains and
to the presence of Inversion Domain Boundaries (IDB), which are adjoining grains with
opposite polarity. As a result, good structural and epitaxial quality, and a sharp
ZnO/sapphire interface are thus found to be essential for developing low loss SAW
operating at high frequencies.

Another driving force for this research comes from the promising application of

ZnO for UV lasers. A new type of ZnO based laser that generates UV light has been
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reported recently. If such optically pumped experimental lasers can be turned into a
practical device. it would find many important applications in this information age. The
significant advantage of ZnO over the most popular wide band-gap material, GaN. is that
ZnO can be grown on various substrates at about 500°C, hundreds of degrees lower that
GaN. ZnO has a direct band gap of 3.37 eV at room temperature, and an exciton binding
energy (Es) of 60 meV which is 2.4 times the thermal energy at room temperature. The
large E implies that electron-hole pairs are well bound even at room temperature. Hence.
efficient radiative recombination is possible if the non-radiative recombination sites, such
as point defects and dislocations, can be reduced and the structural quality of the film
improved. Optically pumped stimulated emission has been observed at room temperature,
but only at high excitation rates. Improvements in the stimuiated emission characteristics
will directly mirror the improvements made to the structure of ZnO films.

In all the above mentioned emerging application areas. there is a need for
epitaxial ZnO films of good structural quality. To date. Pulsed Laser Ablation (PLD) and
sputtering (DC. RF. Magnetron, ECR etc..) have been the popular growth techniques for
growing ZnO films. PLD is a simple process. but due to the formation and incorporation
of macroparticles into the film, it is not a very attractive growth technique for depositing
high quality films. The sputtering systems have one main drawback due to the oxygen ion
and neutral atom bombardment that generates point defects and local stresses, which
degrades the film properties. Hence. the full potential of ZnO might not be achievable

through sputtering.
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1.2 Objectives

This thesis addresses the Metal-organic Chemical Vapor Deposition (MOCVD) of
high-quality ZnO films grown on R-plane sapphire substrates. The structural properties
will be studied in detail in order to correlate them to the piezoelectric and optical
propertics. The unique SAW properties and optical anisotropy in the ZnO/R-Al-O;
structure will be investigated for device applications.

Our first goal is to grow high-quality ZnO films on R-plane sapphire substrates by
MOCVD and to evaluate their structural properties. In MOCVD, the sources. DiEthyl
Zinc (DEZn) and O, diffuse through a boundary layer, adsorb on to the surface of the
substrate. and then react with each other, forming ZnO while the organic groups are
eliminated. The effect of energetic species is limited while thermodynamics plays a major
role, and hence under optimum growth conditions. films of high structural quality are
expected. These aspects of growth made us chose Metal Organic Chemical Vapor
Deposition (MOCVD. DEZn and Os react even at room temperature, which makes it
imperative to design the reactor such that pre-reaction in the gaseous phase does not
occur. Conventional MOCVD reactor designs are not suitable for the present system.
hence we will choose a more suitable design for the DEZn + O, system. The optimum
growth conditions. epitaxial relationships between ZnO and R-sapphire, and the structure
of the ZnO/Al-Os interface will be evaluated.

Our second goal is to study and correlate the SAW and optical properties of
ZnO/R-sapphire with the structural properties. Prototype SAW devices will be fabricated
and the device parameters such as, center frequency, insertion loss and electromechanical

coupling coefficient, will be evaluated. The optical properties of ZnO/R-sapphire, such as
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the photo-luminescence (PL) spectra at room temperature and at |1 K, and the
anisotropic absorption spectra of ZnO when light is polarized with E//c-axis and with
Elc-axis of ZnO. will be evaluated. These properties will be correlated with the
structural properties.

Our third goal is to study the thermal stability of ZnO/sapphire films. Annealing
ZnO is one way of further improving the structural quality of the film. Unfortunately, at
high temperatures. ZnO reacts with Al,Os. forming a spinel, ZnAl;O,. Hence an upper
temperature limit for annealing has to be established which on one hand improves the
crystal quality. while at the same time maintains the integrity of the ZnO/Al,O; interface.
The kinetics of the solid state reaction between ZnO and Al-Os, along with the structure
of the ZnO/ZnAl-O, and ZnAlLO4/AlOs interfaces will be studied in detail, and the limits

for thermal stability will be established.

1.3 Dissertation Organization

After establishing the motivation and goals for the present dissertation (Chapter
1), background information regarding the properties and corresponding applications of
ZnO are reviewed in Chapter 2. The main topics covered are: crystal structure, non-
stoichiometry and doping, optical properties, surface acoustic wave properties, and the
basic growth techniques that can be used for depositing ZnO thin films. In Chapter 3 the
MOCVD growth technique is reviewed. followed by our design and modifications of the
MOCVD system in order to limit the gas phase reactions. In Chapter 4, we evaluate the
optimum growth conditions, surface morphology. epitaxial relationships between ZnO
and R-plane sapphire, and the interfacial structure between ZnO and the AlLOs

substrates. In Chapter S, prototype SAW devices are fabricated and the device
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characteristics (SAW velocity. clectromechanical coupling coefficient, and insertion loss)
are. measured. The anisotropic absorption spectrum of the ZnO film. and the
photoluminescence spectra at low temperature and at room temperature are also
evaluated in this chapter. In Chapter 6. the thermal stability of the films and the kinetics
of the solid state reaction between ZnO and R-plane sapphire are studied in more detail.
An upper annealing temperature limit. below which the integrity of the ZnO/sapphire
interface is maintained, is determined. Finally. conclusions and recommendations for

future work are presented in Chapter 7.
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Chapter 2 : Technical Background

Zn0O as a multifunctional material has been extensively investigated in diverse
applications such as. surface acoustic wave (SAW) and bulk acoustic wave (BAW)
devices (utilizing its piezoelectric properties) and, as transparent electrodes in solar cells
and displays (as it can be made conducting by appropriate doping), as a wave guide
(transparent at visible wavelengths), as an acousto-optic Bragg reflector (combining the
acoustic and optical properties), as a substrate for GaN (due to a low lattice mismatch),
and as the active layer in UV lasers (3.37 eV bandgap and a 60 meV exciton binding
energy). In this chapter the important properties of ZnO are reviewed with the emphasis

on understanding the materials parameters which affect and control it's properties.

2.1 Crystal Structure

ZnO is on the border between a semiconductor and an ionic material. It has a
Waurtzite structure (hexagonal symmetry). Under most growth conditions, it displays an
n-type semiconducting behavior. Even though it is tetrahedrally bonded, similar to other
semiconductors, the bonds have a partial ionic character. It has been proposed that a
formal charge distribution of Zn'~*0'*" be assigned to ZnO.%7 It belongs to the P63mc
space group with lattice parameters, a = 0.324982 nm and ¢ = 0.520661 nm. The ¢/a ratio
is 1.602, which is slightly less than the ideal value of 1.633 for the ideal hexagonal close
packed structures. The Zn-O distance is 0.1992 nm parallel to the c-axis and 0.1973 nm
in the other three directions of the tetrahedral arrangement of nearest neighbors. The

lattice consists of two interpenetrating hexagonal-close-packed lattices, separated along
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the c-axis by 0.3825 (fractional coordinates). While oxygen (by convention) occupies the
(0 0 0y and (0.6667.0.3333.0.5) positions. zinc occupies the  (0.0.0.3825) and
(0.6667.0.3333.0.8825) pos;lionsa‘(’. The crystal structure and its projection along the
[1120] direction are shown in Figure 2-1.

The close-packed (0001) planes are made up of two subplanes ( A & a). each
consisting of either the cationic (Zn) or the anionic (O) species. The crystal can be
considered to have the stacking sequence ....AaBbAaBb. ... (Figure 2-1(b)) as compared
to ....AaBbCcAaBbCec.... in diamond cubic (such as silicon) and sphalerite (such as
GaAs) crystal structures. This results in marked differences in the properties between the
(0001) and (000T) planes. the former being Zn terminated and the later being O
terminated. This structure does not possess a center of symmetry. These two
characteristics are responsible for some of the most important properties of ZnQ. The
lack of inversion symmetry leads to ZnO being a piezoelectric material and the polarity
of the c-axis causes the Zn-terminated and O-terminated planes to display vastly different
properties.

For Si. a non-polar semiconductor with the diamond cubic structure, the close
packed (I11) planes have the lowest surface energy since only one bond per atom is
broken when a surface is created. Other factors (mentioned below) play an important role

in the case of ionic or partially ionic crystals such as NiO, ZnO, MgO, and Al,O;.

CuuDuongThanCong.com https://fb.com/tailieudientucntt
uuDu .


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

9

[000 1]

a
A
b
B
a
A
(b)
Figure 2-1 Schematic diagrams of (a). Crystal structure of ZnO (Wurtzite) and (b).

The projection of the wurtzite structure along the [ 2110 ] direction. It can

be seen that the ZnO can be constructed by arranging close packed planes

of Zn (A and B) and O (a and b) in the sequence ....... AaBbAaBb..........
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There are three types of planes in ionic crystals (Figure 2-2). In a Type I surface.
the cations and anions are in their stoichiometric ratio, resulting in a zero net charge on
the surface. Type Il surfaces occur when the crystal is cut in such a way that the
subplanes have a repeat unit, B-A-B. An example for such a surface is the (0001) plane of
Al:O-. If the surface is cleaved between the B atomic layers. a B-A-B arrangement is
generated resulting in a zero dipole moment. If cleaved in any other way, such as B-B-A
or A-B-B. a net dipole is created. Type I surfaces. such as the (1'11) planes in NiO, and
the (0001) planes in ZnO have alternating layers of cations and anions. which result in a
dipole moment perpendicular to the surface. In the event that the surface has a net dipole
moment, the surface energy diverges and is infinite'™"", which in turn makes the surface
unstable.The (0001) plane in ZnO is a polar plane and hence, with no reconstruction or
passivation, should have the maximum surface energy amongst the low-index planes.
This is in fact observed under most conditions during vapor phase growth. Crystals
grown via the vapor phase method are usually needle shaped with a hexagonal cross-
section. The crystals are elongated in the [0001] direction and the prismatic sides of the
crystals are usually the {1010} or {1120 }planes. This implies that the (0001) plane
has the highest energy. as a result of which, the growth rate along the c-direction is the
highest. Thus. it is very easy to obtain c-axis oriented films on almost any substrate. even
under non-epitaxial conditions. Under certain growth conditions, whiskers have been

observed to grow along the c-axis. This results in a rough surface morphology.
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Figure 2-2:  Schematic representation of three types of surfaces in ionic crystals.

(a) type L. (b) Type II and (c) Type III surfaces (see text for explanation).
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Recent developments in III-V Nitride thin film technology have produced
significant advances in high-performance optoelectronic devices operating in the blue-
green range of the visible spectrum.'>'*"* GaN films are usually grown by Molecular
Beam Epitaxy (MBE)'™'® or Metalorganic Chemical Vapor Deposition (MOCVD).'” To
date. nonisomorphic substrates such as Al.O: and 6H=SiC have been the most popular
substrates for the growth of GaN films since AlO; is available in large sizes (75 mm
diam.), while SiC has a very small lattice mismatch with GaN. However, when using 6H
SiC as the substrate material. stacking mismatch boundaries (SMBs)'® and Double
Positioning Boundaries (DPBs)'? arise due to steps on the substrate surface. GaN growth
on Al:O- is more complex because it has a different coordination of atoms than GaN as
indicated by their different space groups. If the top surface of Al,Ox is nitrided., i.e. the
first layer of nitrogen atoms (in GaN) attach in the same way to each uppermost Al atom
of the substrate, there is a high probability that every step on the substrate also produces a
SMB due to the position change of Al atoms in successive basal planes of the Al-O-
lattice. Hence. the use of isomorphic substrates such as ZnO has been suggested. Some
of the material parameters of ZnO are given in table 1. along with those for GaN and
Al-O:. As indicated from the table, the lattice mismatch between GaN and ZnO is
relatively small, which suggests that high quality films may be possible. ZnO has a 2.2 %

lattice mismatch with GaN and is perfectly matched for Ing 2Gag 7gN.%°
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Table 2-1: Crystal structure, lattice constants and thermal expansion coefficients of

Zn0, GaN, and ALO;.

ZnO GaN a—ALOs
Crystal Structure Wurtzite Wurtzite Corundum
(space group) (Pe3mc) (Ps3mc) (R3c)
Lattice Constants a =0.3249 a=03186 a=04758
(nm) ¢ =0.5206 c=5.178 c=1.299
Thermal Expansion 6.5l (Lc) 5.59(Lc) 7.5(Lc)
Coefficient (107 /°K) 3.02 W/ c) 7.75 (U ¢) 8.5/l c)

Recently, the role of a ZnO buffer layer (grown on C-Al,04) on III-Nitride growth
has been investigated,?! and ZnO/GaN heterostructures that can be used for fabrication of
hybrid opto-electronic devices were successfully grown.” InGaN grown by MOVPE on
the Zn-terminated (0001) surface of ZnO substrates was shown to have a better
structural quality than films grown on sapphire™®. X-ray diffraction line widths of InGaN
grown on ZnO were 20 % smaliler than that of films grown on sapphire. However, under
reducing conditions (H- and NH=) surface damage of the ZnO substrate was observed and
hence care has to be taken to keep the substrate in a non reducing atmosphere until
growth.

The effect of ZnO substrates on the properties of III-V nitrides grown by Reactive
Molecular Beam Epitaxy® has been studied. It has been found that the best quality GaN

films obtained were the ones grown on the O-terminated (000 1) surface. The

characteristic yellow photoluminescence peak normally observed in GaN on Al.Os,
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which is produced due to defects in the film, was absent or was very weak in the GaN
films grown on ZnO.

As mentioned earlier, improvements in the crystalline quality of III-V nitrides
have been observed when they are grown on ZnO substrates. At the present time. large
area ZnO substrates are not available. and hence growth on ZnO substrates is not very
cost-effective. Hence. the use of ZnO buffer layers on other substrates is a viable
alternative as described below.

Hydride VPE grown GaN also showed considerable improvement when grown on
sapphire with an RF sputtered ZnO buffer layer compared to a bare sapphire

23.24.25.26

substrate. Sputtering of ZnO in an O- atmosphere instead of an Ar atmosphere

was also shown to improve the quality of the GaN films. GaN films were grown on
(0001 (C-oriented) and (1120) (A- oriented) sapphire substrates with ZnO bufter
layers. It was suggested that thin ZnO buffer layers should be used since this will reduce
the amount of Zn that diffuses into GaN. ZnO buffer layers have also been shown to
improve the quality of GaN grown by liquid-target pulsed laser deposition on sapphire™’
and fused SiO~*".

Zn0O buffer layers have been shown to be a promising candidate for III-Nitride
epitaxy. But to further improve the quality of the nitride films, even higher quality ZnO
buffer layers are required. Otherwise, there is a likelihood that defects (such as threading

dislocations) in the ZnO buffer layers can grow into the deposited nitride fiim.
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2.2 Non-stoichiometry and Resistivity

Binary or ternary oxides are usually non-st~ichiometric compounds. For example.
Zn0 is obtained under most growth conditions with an excess of Zn. which can vary with
the oxygen and/or Zn partial pressure. Since the atio of Zn and O lattice sites is the same
whether the compound is stoichiometric or not. any compositional variation implies a
change in the concentration of point defects in one of the sublattices.

Note that in the following discussion. the defect notation SY. of Kroger and
Vink™ is employed. wherein ‘'S” represents the species occupying the lattice site M. The
superscript represents the charge of the species relative to normal site occupancy with a
prime (') indicating a negative charge, and a dot representing a positive charge. For
example Liz, represents a Li atom in the position which would normally be occupied by
Zn. and V|, represents a vacancy in the oxygen sublattice. The subscript ‘i’ represents an
interstitial position.

Excess Zn in ZnO i.e., Zn,,40. can be accommodated by forming zinc interstitials
or by forming compensating oxygen vacancies. In the presence of Zn vapor. the process
can take place according to

Zn(g)—>2Zn, (2-1)
The interstitial Zn has a very low activation energy (0.04 eV)* for ionization, and acts as
a donor resulting in

Zn, —>27Zn’ +¢' (2-2)
Alternately. we can write an equation wherein a pair of Zn and O lattice sites are added,

but only the Zn site is filled resulting in an oxygen vacancy.
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Zn(gy—2n, +V, +e (2-3)
Metal excess can also be obtained by a loss of oxygen resulting in activated oxygen

vacancies.
! .
o, —);O:(gH-V“ +e (2-4)

or by a loss of one pair of Zn and O lattice sites with Zn going into the interstitial site and

vaporization of oxygen.

Zn, +O,,—~>jl’-0:+Zn.'+e (2-5)

-

The activation energy for both Zn interstitials and O vacancies is 0.05 eV*'~** and hence
there is some controversy over whether Zn, (equations 2 and 5) or V), (equations 3 and 4)
are responsible for the observed conductivities in un-doped ZnO. While Harrison™
assumed the existence of oxygen vacancies, Thomas™ attributed the high conductivity of
Zn-pretreated samples to Zn,. Hagemark® discussed the coexistence of two different
donors in the form of Zn interstitials and frozen-in oxygen vacancies. These concepts
have been reviewed by Hirschwald et.al >
A metal deficit Zn;.sO composition can be accommodated by the formation of

oxygen interstitials according to,

éO:(g)-—>0,+h' (2-6)

Zn, +0,—-2Zn(g)+0 +h" (2-7)

or by the formation of Zn vacancies according to,

%O:(g)—>0,;-+-VZ',I +h° (2-8)
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Zn, —>Zn(g)+V, +h° (2-9)

[t is seen that semiconducting oxides with metal excess contain free electrons, i.e..
they are n-type. whereas a metal deficiency is associated with the presence of positive
holes, i.e.. with p-type behavior. While Zn deficiency is expected to produce p-type ZnO,
it has not been achieved experimentally. This has been attributed to the requirement of
extremely high pressures of O. necessary to produce an O-rich material. The n-type
conductivity of ZnO heated at 1400—1700°C in oxyvgen pressures varying from 0—40 atm
was found to decrease with increasing pressure. but never became p-type in the measured
range.'” An alternate method for introducing excess oxygen was studied by Nikitenko et.

18.39 They implanted oxygen ions into a ZnO crystal grown hydrothermally and doped

al.
with Li. followed by annealing under a protective film of gold, which effectively extracts
Zn. Annealing at 670 K reduces but does not eliminate the damage caused by ion-
implantation. and p-type doping was achieved under specific annealing treatments.
Another technique is to dope the sample with a mono-valent ion such as Li* from
Li-O. Li is amphoteric i.e.. it can act as a donor or as an acceptor. Li acts as a donor when

it occupies the interstitial sites (Li,). and acts as an acceptor when it occupies a lattice Zn

site (Liz,). The addition of Li-O to n-type ZnO results in

Li,O+e->2Li, +0,+V, (2-10)
or

Li,O+Zn, +e—2Li, +0,+2Zn" (2-11)
resulting in a decrease in the conductivity. Interstitial Li, introduced by heating a LiOH-

. . .. Kl ..
covered crystal in Zn vapor, was found to increase the conductivity.*® The conductivity
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was observed to reach a maximum and then decrease as a function of time. The decrease
was associated with the conversion of interstitial Li to substitutional Li. according to

Li"+2Zn, +e—Li, +Zn’ (2-12)
Thus it was concluded that occupation of the substitutional sites is the equilibrium
position of Li ions. Consequently, during diffusion. sufficient time has to be given for
equilibriation of the Li ions.

The typical range of resistivities observed are (a) 1-100 Q-cm for undoped n-type
ZnO. (b) 10° Q-cm for Li doped ZnO in an oxygen atmosphere, and (c) 10'' Q-cm for O
ton-implanted Li-doped ZnO. Even though the resistivity is high in (c), structural damage
is introduced, which is deleterious for other properties such as SAW velocity, SAW
attenuation (eg.. in Ar” implantated LiNbO-)*' and optical properties. Alternate doping
schemes. such as N incorporation by the addition of NH; during growth,* have been used
to produce p-type films of resistivity in the 100 Q-cm range.

Higher n-conductivities are also required for some applications, for example as a
transparent conductor in solar cells and flat panel display technology. In order to achieve
higher conductivities in the range of 10° - 10® (Q-cm)”', ZnO is doped with a trivalent
metal ( Al In. Ga etc.,). The reactions involving incorporation of the dopant (In form

[n-O-) can be written as

In,0, —2In, +20(,+%01(g)+2e (2-13)

-

and
In,0,—2In; +30,+V, +e (2-14)

There are probably other reactions which occur, such as
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In,0.+2Zn’ -2In; +30, +Zn, +e (2-15)

Thus, the resistivity (or conductivity) of ZnO can be controlled over a very wide
range by doping with appropriate dopants, thus permitting use in applications requiring
either insulating properties (piezolectric devices) or conductive properties (transparent
conductor). Limited success has been achieved in p-type doping. With further
improvements the use of ZnO in new applications which require p-n junctions (such as

bipolar junction transistors and UV photodetector) should be possible.

2.3 Optical Properties

The refractive index of ZnO varies (with wavelength below the band gap)
between 1.96 and 2.1*" and it has a direct band gap (= 3.37 eV at room temperature) at
the I position of the Brillouin Zone. The conduction band is predominantly s like, and
the valence band is p like (6 fold degenerate). Details of the band splitting, free excitons
and bound excitons in ZnO are given in Chapter 5. In brief, the valence band splits into
three doubly degenerate sub-bands (called A. B and C bands). Free excitons with a
binding energy of 63 meV, 50 meV and 49 meV are associated with the A, B and C
valence bands respectively. Optical anisotropy exists in the excitation of these excitons
by light polarized either parallel to or perpendicular to the c-axis of ZnO. The C-excitons
are preferentially excited when E // c-axis and the A and B excitons are preferentially
excited when E L c-axis. The high binding energy of the excitons and the optical
anisotropy can result in many useful applications.

Due to the large band gap of ZnO and its transparency at visible wave lengths,
and a large refractive index, it can be used as an optical wave-guide.™ Guided Optical

Wave (GOW) losses of 0.55 dB/cm (for a TE; mode of a 0.6328 um He-Ne laser) in
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sputtered films on sapphire.™ and as low as 0.01 - 0.03 dB/cm for sputtered ZnO films
on oxidized silicon followed by laser annealing™ have been reported. The material
parameters which contribute the most to the propagation loss have been identified as the
grain boundaries between adjacent ZnO grains and the interface between ZnO and the
substrate.” Hence. ZnO films with a high structural quality and a sharp film/substrate
interface are required to fabricate low loss optical wave-guides.

Acoustooptic Bragg Modulators*” are used as tunable filters and switches for
wavelength division multiplexing, spectrum analyzers. collinear and noncollinear
modulators. convolvers. and correlators. These Modulators, which reflect light at a so
called "thick” grating caused by acoustical wavefronts. can be fabricated utilizing the
piezoelectric properties of ZnO (to generate the surface acoustic wave) combined with it's
optical waveguiding ability.*" In certain cases where its refractive index is not suitable for
integration with glass fibers, ZnO can be deposited onto an SiO> waveguide. and used for
generating surface acoustic waves in the waveguide structure.” Design and analysis of a
ZnO/GaAs/AlGaAs based structure has also be carried out recently.*

Another type of optical modulator, an optically addressed normal incidence
ultraviolet light modulator. which exploits the optical anisotropy inherent in ZnO
epitaxially grown on R-plane sapphire has been demonstrated recently.’’ An ultrafast
dynamic polarization rotation of ~ [2° created by aniostropic bleaching of the anisotropic
absorption. and concomitant ultrafast polarization rotation near the lowest exciton
resonances produced by femtosecond ultraviolet pulses is employed in attaining a

contrast ratio of 70:1.
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Some of the more recent advances in ZnO film quality has led to stimulated
emission in the UV range. Optically pumped lasing from vapor phase grown platelets at 2
K was observed by Reynolds et. al.™> Room temperature optically pumped stimulated
emission (at 3.18 ¢V) from microwave plasma-enhanced Molecular Beam Epitaxially
grown™ " and laser assisted MBE grown™ ZnO films on sapphire substrates has been
observed recently. Lasing persisted up to a temperature of 550 K.** The 60 meV A-
exciton binding energy in ZnO. which corresponds to 2.4 times the effective thermal
energy at room temperature. results in the persistence of stimulated emission even above
room temperature. By reducing the dimensions of the active layer, the exciton binding
energy and the oscillator strength can be greatly enhanced, which should further improve
the lasing characteristics. The energy position of the stimulated emission was in
accordance with that expected from an inelastic collision between excitons.’® The result

of such a collision is an exciton in a higher state (n = 2.34.....00), and a photon (P,) with

energy given by

' -
n

P =E‘,,—Ef‘(l—#)—%kT (2-16)

where P, is the photon energy, E.. is the free exciton emission energy, E” is the binding

energy of the exciton, n is the quantum number of the envelope function, and &7 is the
thermal energy. While the above mentioned studies have shown the feasibility of
stimulated emission from ZnO, further improvements in the quality of the films,
realization of p-type ZnO layers, and quantum structures with ZnO active layers still have

to be accomplished in order to obtain laser diodes.
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2.4 Piezoelectricity and Surface Acoustic Wave devices

Piezoelectricity is a linear interaction between electrical and mechanical systems.
The direct piezoelectric effect involves the production of an electric polarization by
mechanical strains in the system. Closely related to it is the converse effect, whereby a
crystal becomes strained when an electric field is applied. Interaction processes possible
between any two of the three systems - electrical, mechanical, and thermal - are
illustrated in Figure 2-3.°” The constitutive equations relating the electric and mechanical
variables are:

Ty = cyut Sk/.- ewEr (2-17)

D, = e Sy + €4 (2-18)
where T, is the stress tensor (Nm™),

Su is the strain tensor.

Cyit 1S the stifness tensor (Nm™),

ew 1S the piezoelectric coefficient tensor (Cm™)

€ 1s the permitivity or dielectric constant tensor (Fm™")

D, is the electric displacement (Cm™), and

E, is the electric field intensity (Vm'')
Centrosymmetric classes are always inactive in piezoelectricity. Out of the 32 point
groups, only crystals belonging to 20 of them can show piezoelectricity. 6mm. the point
group of wurtzite (ZnO), is one of them. Crystals with the diamond cubic structure (Si,

diamond, Ge) do not show piezoelectricity.
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Figure 2-3:  Interaction processes between the electrical, mechanical and thermal

systems.[57]
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The electromechanical coupling in piezoelectric materials leads to a form of Newton’s
equation

c‘)"u_ 'r);‘u_* JE
p()!: —(()x: “ox

(2-19)

where « is the material displacement at position x and at time r. £ is the electric field and
e is the piezoelectric coefficient. Thus an alternating field will generate an elastic wave of
the same frequency and. conversely. the elastic wave will give rise to a varying

polarization.

2.4.1 Surface Acoustic Waves

Acoustic waves are of two main types: bulk acoustic waves, which travel through
the bulk of the specimen. and surface acoustic waves. which travel on a free surface with
a limited penetration depth into the specimen.

Surtace Elastic Waves.™ were first discovered by Lord Rayleigh,”® while studying
the properties of seismic waves which propagate along the crust of the earth. The
particles in the path of a Rayleigh wave have an eliptical motion in the saggital plane
(plane which includes the propagation direction and the surface normal), which is shown
in Figure 2-4(a) . The velocity of the particles in the mutually perpendicular directions is
also show in Figure 2-4(b). The Rayleigh wave motion reverses its sense at depths greater
than approximately one-fifth of a wave length, and the wave is limited to a depth of the
order of one to two wavelengths. There are other modes of waves — leaky SAWs,
surface-skimming bulk waves (SSBW) — which are not true surface waves and hence are

known as pseudo surface waves.
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Figure 2-4:  (a). Schematic representation of a Rayleigh wave.

(b). The variation with depth of the velocity components parallel to and

perpendicular to the propagation direction. [(60]
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Surface acoustic waves have one clear advantage over bulk waves in device
applications: they are always accessible as they travel along the surface. This geometrical
freedom for having access to the surface wave — for sampling it. modifying it. interacting
with it at the surface — permits one to realize a wider range of devices than with bulk
waves. This accessibility means that one can generate and detect surface waves with
surface structures. and with the development of planar processing techniques. a wide
variety of devices can be fabricated. The accessibility also means that any physical
process or signal (mass loading by absorption of gases, changes in the conductivity of the
surface, electromagnetic fields etc..) which interacts with and/or modifies the surface can
affect the propagation velocity and properties of the surface wave. Hence surface acoustic
wave devices can be used to detect and quantify the interacting physical process, for
example as chemical sensors.

The reason for the large interest in acoustic devices for electronic applications is
due to the low velocity of acoustic waves (10° times smaller) compared to
electromagnetic waves (most interested in Microwaves - frequencies between 300 MHz
and 300 GHz. with a corresponding electrical wave length between I m and | mm
respectively). Acoustic wave devices are extremely useful in microwave signal
processing because by converting the electromagnetic waves into acoustic waves (which
have a much smaller wave length), they can be manipulated and processed in devices
with manageable dimensions. Typical applications include delay lines in signal
processing, filters, resonators etc.

Coupling between surface waves and electrical signals is usually achieved by

metal interdigital transducers (IDT). In their simplest form, IDTs consist of many parallel
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fingers alternately connected to opposite electrodes to which the signal is applied (Figure
2-5(a)). The wavelength of the generated elastic wave is equal to the transducer
periodicity p. defined as the center to center distance between two consecutive fingers of
one comb of the IDT. Therefore the synchronous frequency of a given SAW device on a
given plate material is f = v/p. where v is the SAW velocity. A typical SAW filter
consists of two sets of IDTs. The input electrical signal is coupled to a surface acoustic
wave in the ZnO film through one IDT. The surface wave after reaching the second IDT
is transformed back into an electrical signal. The SAW filter acts as a band-pass filter.
with a typical response as shown in Figure 2-5(b). The response function can be
approximately represented by
(sin x / x)°

where x = Nrt(f-f.)/f. and N is the number of electrode pairs.

2.4.2 Piezoelectric Materials

Three of the most important parameters which determine the applicability of a
ptezoelectric material in acoustic devices are the Electromechanical Coupling Coefficient
(k). the Temperature Coefficient of Frequency (TCF), and the attenuation of acoustic
waves or loss mechanisms.

(i) Electromechanical Coupling Coefficient (k): Three definitions that are normally used

for k are given below.
| . . .
a. Mason®' defined the electromechanical coupling coefficient as

» _ Stored mechanical energy

k- =
supplied electrical energy
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Figure 2-5:  (a). Coupling of an electrical signal to the acoustic wave through the use
of Interdigital Transducers [60].

(b) Typical frequency response of a pass-band SAW filter.
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A similar definition. but one which is more easily applicable to practical devices has
been adopted by the IEEE.%*

As a consequence of equations 2—17 to 2—19, the wave velocity depends on the
elastic. piezoelectric and dielectric properties. The medium behaves as if it were more
stiff because of the additional potential energy resulting from the piezoelectric
coupling. and the velocities are higher than without the coupling as a result of the

“piezoelectric stiffening”. The effective elastic stiffness is increased to the value

€ onea =1+ k7 ) (2-21)
with
it
Cct

where the components of e, ¢, and € used depend on the propagation direction. The
term &. called the electromechanical coupling coefficient, is a convenient measure of
the strength of piezoelectric coupling.

The electromechanical coupling coefficient defined above is a material constant. For
Surface Acoustic Wave devices, £ is not always given on a theoretically basis. It is
given semi-empirically®? by determining the velocity (v,) of the surface wave when
the surface of the film between the two interdigital transducers (IDTs) is shorted by a
metallic coating, and the velocity (v,) in a bare device (no shorting). Then the

effective coupling coefficient (k.g) is given by
k‘,:ﬂ =2 (vp-v)/ Vh
Another method for evaluating the effective electromechanical coefficient of a

transducer is based on calculating the Radiation Conductance of the IDT and
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Coupling-of Modes (COM) simulations.™* This technique takes into account the
effect of energy transfer and conversion at the input and output IDTs in addition to

the material properties of the film and substrate.

(ii). Temperature Coefficient of Frequency (TCE): As the elastic, piezoelectric and

dielectric constants of a material vary with temperature. the frequency response of
practival resonators and filters also changes with temperature. For practical devices. the
variation in frequency with temperature, which is given by the TCF, should be as low as

possibie.

(iii). Attenuation: Surface wave attenuation in a crystal may result due to a number of
different causes: lattice attenuation due to the intrinsic loss (phonons) in the crystal;
scattering of energy and mode conversion at surface cracks, surface roughness. and
elastic discontinuities at grain boundaries: and electronic loss in a conducting or
semiconducting crystal. These effects contribute to the “Insertion Loss" in practical
devices.

The most commonly used piezoelectric materials for SAW devices are LiNbOa,
LiTaO;, Quartz and ZnO. The ST cut of Quartz has a very low TCF, but has a very small
electromechanical coupling coefficient. There are other cuts with 0.3 % k. but
unfortunately their TCF is not zero. Hence the ST cut is almost exclusively used in quartz
devices. LiNbO; and LiTaO; crystals have a higher &°, but have inferior temperature
characteristics. In addition, the attenuation constants are high for these cuts as the wave

mode is leaky SAW or surface-skimming bulk waves. (SSBW). Hence these substrates
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are not suitable for low-loss SAW filters as they have substantial propagation losses
{attenuation).

While ZnO substrates are not widely available. c-axis oriented ZnO films can be
deposited onto almost any substrate, which makes it the preferred piezoelectric layer
wherever integration with other devices is necessary. The feasibility of using ZnO films
deposited on GaAs® and InP® substrates for SAW device applications have been
investigated recently. Such devices will create the opportunity for integrating SAW
devices with GaAs electronics or with InP based optical devices. The SAW properties of

ZnO films are examined in greater detail in the next section.

2.4.3 ZnO based Acoustic Devices

Piezoelectric thin films of ZnO were first used as the transducer material for
driving bulk acoustic waves into any propagating medium.®®®’ The reason for the
increasing popularity of ZnO films were that it had a high coupling coefficient and that c-
axis oriented films could easily be deposited. Bulk acoustic wave devices are typically
used as oscillators, filters and delay lines.

Thin Film Bulk Acoustic Wave resonators were later developed due to the
advantages it provided in terms of monolithic integration with semiconductor devices
leading to small size and low cost., and because they could be used up to 2 GHz

*™7! The basic structure involves ZnO deposition onto a metal coated

frequencies.
membrane (Si etc.,) that has been formed by anisotropic etching of the substrate.
SAW devices with operating frequencies in the | — 4 GHz range are required for

wireless communications in the present and the future. The inter-electrode spacing for a

SAW device operating at 2.5 GHz is close to 0.5 um (SAW velocity is close to 2600
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m/sec). This results in a line width of (.25 pm. which is close to the fabrication limit for
ZnO devices. Hence the SAW velocity has to be increased in order to obtain higher
operating frequencies. This is possible by depositing ZnO on to a substrate with a much
higher SAW velocity.

Rayleigh wave velocity on a layered structure i.e. a piezoelectric film on a
substrate. is modified due to the different elastic stiffness constants of the film and
substrate. For films with thickness less than the wavelength of the Rayleigh wave, a
portion of the wave penetrates or is transferred into the substrate and travels along the
substrate surface. thus affecting the velocity of the Rayleigh wave.” If the substrate has a
higher shear wave velocity (higher stiffness). the coupling increases the velocity of the
Rayleigh-like wave is increased in contrast to a decrease if the substrate has a lower shear
wave velocity. The phase velocity of the first Rayleigh-like mode is equal to the Rayleigh
velocity of the substrate for small *k#’ (i.e. either small ZnO thickness or large A). As 'kh'
increases. the phase velocity continues to decrease (Figure 2-6), until for layer thickness
large compared to the wavelength (kh >> |), it becomes asymptotic to the Rayleigh
velocity appropriate to a free surface of the layer material i.e. ZnO. Consequently, for
high frequency SAW filters, the thickness of the ZnO films has to be as small as possible.
But the efficiency of electromechanical coupling between the input electrical signal and
the generated surface acosutic wave decreases with decreasing ZnO film thickness
(volume of piezoelectric material decreases). For a high-frequency and low-loss SAW
device design, a trade-off between operating frequency and coupling coefficient has to be

taken into account.
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Figure 2-6: Effect of 'kh’ on the SAW velocity in a layered medium (thin film on

substrate). 'k is the wave number and ' is the film thickness. [72]
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The electromechanical coupling coefficient for the (0001) plane of ZnO is much lower

than that of the (1120 plane. Hence for high efficiency devices. the (1120) plane has to

be used. ZnO/R-sapphire SAW devices have been fabricated with a coupled velocity of
5200 ms'. Another approach is to use the higher order Rayleigh wave, also known as the

73.74.75.76.77
Sezawa wave, "’

The Sezawa wave also has a higher electromechanical coupling
coefficient. and hence devices operating at higher frequencies can be fabricated with a

low insertion loss. The Sezawa wave properties in a (1120)ZnO film on (0112) AlLO;

have been studied in more detail.” and it has been established that the optimum direction
for SAW propagation is along the {0001 | direction of ZnO. where the phase velocity is

high and there is strong electromechanical coupling.

Diamond. which docs not show piezo=lectricity has amongst the highest elastic
stiffness constants. and hence the acousitc velocities are very high (11000 ms™). Thus by
depositing ZnO on diamond films, the SAW can be coupled from the ZnO film to the
diamond films. which will result in high frequency SAW devices.”

For low-loss high-frequency SAW devices. more stringent requirements are
placed on the electromechanical coupling coefficient, insertion loss, and attenuation or
transmission loss. All of these parameters are affected by the material properties of
ZnO.* 832 The quality of the film determines the insertion loss (loss in amplitude) of the
signal and the coupling coefficient between energy transfer between the electrical and the
mechanical signals. The coherency and structure of the interface between ZnO and the
substrate determines the efficiency of acoustic energy transfer to the substrate. Thus ZnO

films of high-quality are needed for such devices.
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2.5 Thin film growth techniques

Many growth techniques have been used to deposit ZnO films on various
substrates. Some of the mcre popular techniques — pulsed laser ablation 3*3*#3% pc.
sputtering,*” RF sputtering, ™ ¥ Magnetron sputtering,”” ECR plasma sputtering®-* _
will be discussed in this section. A brief introduction to each growth technique is given
below.
(i) Pulsed Laser Deposition (PLD): In PLD. a ZnO target (usually obtained by sintering
of ZnO powders) is irradiated with a pulsed laser, which results in local heating and
vaporization of the target. While the energy of the individual photons might not be
enough for evaporation, absorption of multiple photons (form a high intensity beam) by
the same atom can result in evaporation. The evaporant is directed in a narrow lobe.
called the plasma plume. oriented closely perpendicular to the target. The substrate onto
which the film has to be deposited is placed close to the target in the path of the plasma
plume, whereby the atoms and molecules deposit onto the substrate. The plasma plume
usually consists of macroparticles in addition to the vapor atoms or molecules. which
when incorporated into the growing film will degrade the film's properties. While certain
measures can be taken to limit macroparticle incorporation in to the film, it cannot be
completely eliminated. Other drawbacks such as lack of uniformity, difficulty in
controlled doping, difficulty in producing smooth multi-layer films etc., limit the

effectiveness of using PLD for the deposition of high-quality films on a large scale.

(ii) Sputtering Techniques: DC sputtering. RF sputtering, Magnetron sputtering and

ECR plasma sputtering have the same operating principle. The positive ions generated in
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the plasma (Ar” ions in an Ar plasma) are accelerated towards the cathode (which is the
source for the material to be deposited onto a substratc) and collide with the atoms of the
cathode. Momentum transfer results in the emission of the cathode atoms. which are then
transported across the plasma by diffusion, and are deposited onto the anode (substrate).
A fraction of the emitted atoms redeposit onto the cathode. Thus matter is constantly
transferred from the cathode to the substrate resulting in film growth. The main
difference between the different techniques is the way the plasma is generated. which has
an effect on some of the plasma and deposition parameters. Thus the quality of the film
depends on the deposition technique.

A plasma is a collection of free charged particles formed by the dissociation and
tonization of molecules or atoms either by sufficiently high thermal energy or electric
fields. It is a dynamic state of matter where the ionization process (of atoms) and the
recombination process (of ions with electrons forming neutral species) are constantly
occurring. In order to maintain a plasma, power has to be constantly input into the system
to ionize the neutral species. In almost all plasma deposition techniques. the ionization of
the gaseous species is carried out by either creating large electric fields in the chamber or
through coupling with electromagnetic radiation.

Plasmas, are joined to wall surfaces (or any other surface in contact with the
plasma) across thin positively charged layers called sheaths. Sheaths are formed due to a
net loss of electrons to the surface compared to positive ions, resulting in a local increase
in positive ion concentration. The potential drop across the sheath results in a retarding
force on electrons (in the plasma) moving towards the walls, and accelerates positive ions

towards the walls. Under the right conditions, sputtering of the walls (or cathode) can
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occur. When the energy of the ions is lower. they will not have enough momentum to
dislodge an atom from the cathode. instead the impinging ion will get implanted into the
surface. This process is known as ton-implantation.

In DC spurtering systems, the anode is at ground and a negative DC voltage is
applied to the cathode. The bulk of the plasma floats above ground by the plasma
potential, and has little voltage drop across it because of the high conductivity relative to
that of the sheaths. Hence. essentially all the applied voltage appears across the cathode
sheath. This voltage drop results in high-energy ion bombardment and sputtering of the
cathode. DC plasmas require the electrodes to be conducting, hence only metallic targets
have to be used. For the deposition of ZnO. a Zn target can be used in an Oxygen plasma.

In RF sputtering systems. an RF voltage is applied to the cathode. Insulating
materials can be used as the cathode and anode as power will be transmitted through the
material through capacitive coupling. In RF plasma systems, the sheath voltages are not
as high as in the DC systems, which results in lower ion damage.

In Magnetron sputtering, an additional magnetic field is introduced to trap the
electrons in orbits about the magnetic field lines. This increases the electron path lengths
before they escape to the anode by collisional scattering. Consequences of this is are —
much lower pressures can be used. deposition rate can be increased, lower voltages can
be used resulting in lower sheath voltages. and hence lower damage due to negative ions.

In Microwave plasma systems, the electric field generated by a resonant standing
microwave ionizes the atoms in the gaseous phase, forming a plasma.

In an Electron Cvclotron Resonance (ECR) plasma system, a magnetic field is

established parallel to the direction of the microwave beam and thus perpendicular to the
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electric field. Electrons accelerated perpendicular to B and E will orbit in a plane
perpendicular to B with a cyclotron radius. and at the right combination of B and E. the
electrons will always be in phase with E. resulting in high energy electrons. More
efficient transfer of power is possible in this system and lower pressures can be
employed.

In a compound target. when one element has a low ionization potential (zinc) and
the other has a high electron affinity (oxygen), it is likely that the later element will be
sputtered as a negative ion rather than as a neutral atom. Negative ions get accelerated
into the plasma by the cathode sheath field. Under low pressures, these ions can cross the
plasma to the depositing film and bombard it with enough energy to damage it or erode it.
Negative Oxygen ion bombardment effects during deposition have been to increase the
attenuation coefficient and decrease the SAW velocity of ZnO films.***! Similar effects
have been found after Ar” ion implantation in Lithium Niobate.*' Under typical growth
conditions. sputtering produces ZnO films with high resistivity while films grown by
MOCVD or bulk samples grown by vapor deposition techniques result in low resistivity.
[t has also been shown that oxygen ion-implantation results in an increase in resistivity.*
We can surmise that there is a connection between these two observations and say that
considerable oxygen ion-implantation or bombardment occurs during most sputtering
processes. SAW devices with good characteristics have been grown by ECR sputtering
techniques. but the effect of oxygen ion bombardment has not been evaluated. Emerging
new device applications, such as low-loss filters operating in the GHz range and ZnO
based UV lasers, need high quality epitaxial films, which cannot be achieved through

sputter deposition, and hence in the present work, we use MOCVD grown ZnO films.
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2.6 Summary

From a review of the properties of ZnO given in this section, we can see that ZnO
is a versatile material which has many important applications. For devices of improved
performance, films of high structural quality are required. Moreover a better
understanding and correlation between the properties (such as SAW and optical) and the
structure of the films is required. In this dissertation, we address some of these issues.
MOCVD will be used to deposit epitaxial ZnO films on R-sapphire and the unique SAW
properties and optical anisotropy in the ZnO/R-Al,Ox structure will be investigated for

device applications.
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Chapter 3 : MOCVD Growth of ZnO films on Al,O,

3.1 MOCVD Technology

Chemical Vapor Deposition (CVD) is defined as the formation of a nonvolatile
solid film on a substrate by the reaction of vapor-phase chemicals (reactants) that contain
the required constituents. Most elements can be converted to chemica! vapors by reacting
them with functional groups (H. CHs, C.H;s etc..) which have only one dangling bond.
The resulting molecules ((CH;)Ga. (C:Hs)Zn etc..), known as metal-organics, do not
chemically bond io each other and hence have a high vapor pressure. In Metal-Organic
CVD (MOCVD), one or more of the reactants is a metal-organic compound.

The main steps involved in MOCVD or CVD growth are

a. Convective transport of source gases/metalorganics from the injected or entry
point to the substrate.

b. Diffusional transport of the gases through the relatively stationary "boundary
layer” formed at the substrate surface due to viscous friction to gaseous flow
close to the substrate surface.

C. Adsorption of the gaseous species onto the substrate surface.

d. Diffusion and chemical reaction of the various species on the surface resulting
in deposition

e. Desorption of product organic species such as CHs, Hs etc.,

There can be two rate limiting steps based on the above sequence of events. At low

temperatures, the rate of the surface reactions is reduced and the deposition is surface-
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reaction-rate-limited. At higher temperatures, transport of the gascous species through
the boundary layer is rate limiting, and hence deposition is mass-transport-limited.

An advantage of using metal-organics instead of metal vapors is that they do not
condense on the chamber walls at room temperatures. Hence the "line-of-sight” geometry
that is required for metal vapors (i.e. the substrate should be in the direct line of sight of
the vapor source) is not necessary when using metalorganics. Moreover, while direct
condensation is the growth method when using metal vapors, in MOCVD the reactants
adsorb on to the substrate surface and chemically react with one another. Thus additional
control of the growth process is possible through the chemical interactions amongst the
sources as well as due to interaction between the sources and the substrate.

Di-Methyl Zinc [DMZn : (CH3)2Zn] and Di-Ethyl Zinc [DEZn : (C:Hs)Zn] are
the most commonly used zinc metalorganic sources. CO,, O, N-O, and H,O have been
used as the oxygen source. A brief review of the relevant properties of the metalorganic
compounds is given below.”> In the organozinc compounds the Zn—C bond is
predominantly covalent and the C—Zn—C group is linear as a result of sp—hybridization.
In agreement with their non-polar character, these compounds are among the most
volatile organometallic compounds. The melting point of DEZn is —28°C, and it's boiling
point is 117°C and 30°C at pressures of 760 mm Hg and 27 mm Hg respectively. The
strongly electrophilic (accepts an electron) character of zinc largely determines the
chemical behavior of these compounds. They are electron deficient compounds in that the
number of low lying orbitals available for bonding (four) is greater than the number of
bonding electron pairs (two). This presence of vacant orbitals for bonding explains the

tendency of DEZn to form complexes with compounds containing hetero atoms with free
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electron pairs (O. N. P, S etc..). At the same time this serves to explain the great chemical
reactivity of DEZn. DEZn is highly susceptible to attack by oxygen and water. The
reaction with water is
Zn(C,H;), +2 H,0—-Zn(OH),+2C.H,
Zn(OH), 5ZnO+H .0
while the reaction with oxygen is more complicated. A probable path is”*
(C,H),Zn+0, - (C,H, -Zn0O, - C,H,)—(C,H, -Zn00 -C .H.)
(C,H.-ZnOO-C,H, H(C.H:),Zn-2C,H,-ZnO~-C,H,)
(C.H; -ZnO-C,H)+0,—(C.H, ~00ZnO-C,.H;)
(C,H, -00ZnO-C.H, HC.H(),Zn—>Zn(OC,H.),+C,H, -ZnO-C,H,)
Zn(OC,H;), »ZnO+otherproducts

While a higher growth rate can be obtained by using DMZn instead of DEZn due

to the higher vapor pressure of DMZn. it has two main shortcomings,

a. Both DMZn and DEZn dissociatively adsorb™* onto most substrates at
temperatures above 400 K, resulting in zinc metal and adsorbed methyl and
ethyl groups respectively. Unlike methyl groups, the larger ethyl groups can
undergo B-hydride elimination reactions to produce ethene (C-H,), which then
desorbs. This results in lower rates of carbon contamination during MOCVD
film growth with DEZn.

b. Relative to DEZn, DMZn reacts much more vigorously with O- and H-O.
Hence, it is very difficult to limit gas phase reactions if DMZn is used.

As mentioned above, even DEZn reacts with O> and H.O at room temperature. Hence

alternate Zn metalorganic sources have been investigated.
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Most of the earlier work was carried out using DEZn and O-/CO»/H-O/N-O as the
reactants.”"*% Fiimg of good quality were obtained on 3.8 cm R-Al.O: wafers at
730°C and 400 torr by using N>O as the oxidizer and N.+H- as the carrier gas."7 SAW
filters were fabricated. and an electromechanical coupling coefficient of 0.61 % was
obtained for a tzyo/A ratio (film thickness to SAW wavelength ratio) of 0.08. It was also
observed that at higher growth rates. the quality of the films decreased dramatically.
which coincided with the growth of needle shaped crystals elongated along their c-axis
and growing out of the plane. Optimum growth temperatures were either 400° or 500°C
with H>O and CO- as the oxidizing agents respectively. Alternate oxydizing agents such
as tetrahydrofuran (C;HzO) have been found to reduce the gas phase reactions,'™ and
single source precursors which provide both the Zn and O atoms.'" such as MethylZinc
i1sopropoxide [CH3Zn(OCH(CHj3)»)| and Methyl Zinc tert-butoxide [CH3Zn(OC(CH-+)s)].
have also been used. Another technique which has been used is laser or photo-
CVD.'"'%% herein a UV laser beam either irradiates the substrate or passes parallel
to the substrate. The effect of the UV beam is to provide additional energy for the surface
reactions to proceed, and hence lower substrate temperatures can be used.

We have chosen DEZn and O- as the reactants since they are the most commonly
available sources One of the aims of the present work is to modify the MOCVD reactor
geometry in order to reduce or limit the gas phase reactions between DEZn and 0., and

to obtain high-quality ZnO films on large area (75 mm diameter) sapphire substrates.
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3.2 MOCVD System

A schematic of our MOCVD system is shown in Figure 3-1. An IBM-compatible
PC fitted with Data Acquisition (DAQ) boards is used to control and monitor all mass
flow controllers (MFC) and pneumatic vaives. and to obtain temperature in the reactor
and the pressure in the reactor and the metalorganic bubblers. Na is used as the carrier
gas. which is introduced into the MOCVD reactor from the top. Ultrahigh purity Ar is
passed through the DEZn bubbler maintained at temperatures in the 0 to 20 °C range
(vapor pressure 3.6 — [2.2 mm Hg). The Ar flowing through the bubbler becomes
saturated with DEZn vapor, which is then transported to the growth chamber. In order to
reduce the transit time for DEZn to reach the growth chamber, additional Ar flow of 1000
sccm was added to the DEZn line at the exit side of the bubbler. High purity O is
introduced into the growth chamber through a separate line. The vacuum system consists
of two stages, the first stage is a roots blower which allows a high volume of gas to flow.,
and the second stage is a roughing pump. The best vacuum that can be achieved by this
system (with no gas flow) is 10" to 10 torr.

We have chosen an axisymmetric reactor with the gases flowing vertically. also

103196 Gince it provides the best

known as the rotating-disk vertical flow reactor.
uniformity compared with other reactor designs. The basic version of this reactor consists
of a horizontally placed wafer susceptor which can be rotated at high speeds, and can be
heated (through radiation) by a resistive heater placed below the susceptor. Gases flow

from the top and exit through an exhaust at the bottom. A schematic of the flow pattern

over a rotating susceptor is shown in Figure 3-2.
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Figure 3-2: A schematic diagram of the flow patterns in a Rotating-disc vertical flow

MOCVD reactor. [107]
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The vertical velocity of gas flowing downward is reduced as it approaches the susceptor
and s redirected radially, reaching a stagnation point of zero vertical velocity at the
susceptor surface. The flow pattern is characterized by a boundary layer of fluid being
dragged around with the disk and thrown outward by centrifugal force. This centrifugal
pumping action also sucks gas down toward the disk. When the susceptor is heated. the
gas above the susceptor is heated and rises up due to buoyancy. and then falls again after
being recooled. This instability develops into circulating flow patterns. Circulation can
result in undesirably long residence time and can degrade the uniformity. In the case of
ZnO growth, such flow patterns have to be avoided since small particles which form due
to gas-phase reactions will stay in the reactor and grow, and will degrade the growing
film if they deposit on to the wafer. These circulating flow patterns can be avoided by
maintaining a large downward flow. Hence a large volume of carrier gas has to be
constantly introduced from the top.

As mentioned earlier, DEZn reacts with O~ even at room temperature. Therefore.
care has to taken while introducing the gases into the growth chamber to minimize gas
phase reactions. We modified the high speed rotating disk-vertical flow reactor
mentioned in the previous paragraph in order to reduce the pre-reaction. DEZn and O-
were introduced through separate injectors into the growth chamber (Figure 3-3). The
injectors which have a series of small holes facing the substrate, are placed horizontally
at a distance of 2.5 ¢m from the wafer carrier. The two injectors are positioned such that

the gases from each injector reach the substrate at different regions at any instant.
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Figure 3-3: A schematic diagram of our MOCVD reactor. (a) Side view and (b) Top

view. The figures show the position of the injectors relative to the substrate holder.
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This system configuration provides the separation of DEZn from O, and a small transit
time for the gaseous species due to the high speed of gases coming out of the holes in the
injectors and the short distance from the injectors to the substrate. resulting in a reduction
of gas phase reactions. At the same time. rotation of the substrate leads to uniform
growth.

A substrate is loaded onto the susceptor. following which the chamber is
evacuated to the minimum pressure possible and maintained at this pressure for 10 to 15
minutes. The susceptor is rotated at a speed of 500 to 1000 rpm, and is heated by
applying a dc voltage across (passing a dc current through) the resistive heater placed
below the susceptor. Meanwhile, the N- flow is increased to the required value and the
chamber pressure also increased to the set point. Ar is passed through the bubbler but is
not introduced into the growth chamber at this time. It bypasses the growth chamber
through a bypass line and is transferred directly to the exhaust system. Once the susceptor
is heated up to the required temperature (measured by a thermocouple placed very close
to the sussceptor but not in contact with it), O is introduced through one of the injector
tubes mentioned in the previous paragraph, and the DEZn saturated Ar is introduced

through the other injector.

3.3 Substrate Selection

The ZnO/(0112) Al-O; system possesses anisotropic properties for various important
applications, such as acousto-optic,™ and surface acoustic wave devices.”” This structure
is chosen instead of ZnO/(0001) Al-O; for SAW devices, as the ZnO/(0001) Al-O;
structure offers a low electromechanical coupling coefficient (1 %) compared to a value

of 6 % for ZnO/(0112) Al.Os. In addition, higher order Rayleigh waves, known as
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Sezawa waves. which have a higher acoustic velocity can be excited on ZnO/ 011 2)
Al:0s. Hence ZnO films grown on R-Al-Ox are preferable for high-performance. high-
trequency SAW devices. Very recently, an optically addressed normal incidence UV
light modulator that uses the anisotropic absorption and concomitant ultrafast polarization
rotation near the lowest exciton to achieve high contrast. Due to these important
applications. we have concentrated our efforts to grow ZnO films on (011 2) Al.Os (R-

plane sapphire). The lattice parameters of ZnO and Al-Os are given in Table 2-1.

3.4 Growth Optimization

The optimum growth temperature were determined by depositing ZnO films on C-
sapphire and Si substrates. The x-ray diffraction 6—28 scans from the samples grown on
St are shown in Figure 3-4. It can be seen that the most crystalline films are obtained at
around 450° C. At lower temperatures, the temperature is not high enough for the
formation of highly crystalline films. At higher temperatures, gas phase reactions are
predominant which results in poorer quality films. This is also observed in Figure 3-5.
which shows SEM images of ZnO films deposited on C-sapphire at (a) 585°C and (b)
480°C. The samples were annealed at 850°C for | hr after growth. Parucle like
deposition is seen in Figure 3-5(a). which is due to the dominant gas phase reactions at
high temperatures. Hence a temperature between 400°C to 450°C has been chosen as the

optimum growth temperature.
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Figure 3-4:

CuuDuongThanCong.com

v

Intensity (a.u.)

!

|

|

I
%aLc_
ml

'LL L hd r D
/‘ 35 40 45 . 50
T~ x 10
(0002) ZnO 20 (degrees)

Effect of growth temperature on the x-ray 8-20 intensities of ZnO films

grown on { 100) Si.

https://fb.com/tailieudientucntt


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

Figure 3-5:

et
SHO UN E-al F0)
D1 4030

(a)

30000
BIDT 2
H1Z2 x 430

LOQHm - .

i Sk U A amm
SN ON C—-fl 7 OD

010D
HB10835C12.T1F

(b)
SEM images of ZnO films grown on C-sapphire at (a) 585°C and (b)

400°C. Particle like deposition is seen in (a) due to predominant gas phase reactions.
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Under optimum conditions. growth occurs by the coalescence of multiple grains
via surface diffusion and Step movement. resulting in smooth films. At high growth rates.
more material is deposited on these grains before coalescence and step movement occurs.
which results in a rough surface morphology. SEM images of films grown on R-plane
Al:Ox with different growth rates are shown in Figure 3-6. The film grown under high
growth rates is observed to have a very rough surface morphology compared with the
film grown under lower growth rates.

Typical growth conditions that were used for the growth of smooth films on R-
plane Al,Os are as follows: chamber pressure of 20 to 50 torr: an optimum growth
temperature of 400 to 450 °C; a total carrier gas flow from the top of 5000 to 15000
sccm: Ar flow through the bubbler of 100 sccm; and an O: flow of 1000 to 3000 sccm.
An additional flow of 1000 sccm of Ar was introduced into the DEZn line immediately at
the exit of the bubbler to reduce the transit time of DEZn to the reactor. The DEZn
bubbler was maintained at a temperature between 0° and 20°C, and the pressure at the
outlet of the bubbler was maintained at 500 torr. The rotation speed of the susceptor was
between 500 and 1000 rpm. The growth rates obtained were between 1 to 2 micron/hour.

Other growth morphologies observed under un-optimized growth conditions are
shown in Figure 3-7. Figure 3-7(a) shows a film grown on C-plane Al>Os, (b) shows

whisker like growth on (100) Si. and (c) shows a film on R-plane Al,Ox.
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Figure 3-6: SEM images of ZnO film on R-plane Al,O3 grown under different growth

rates. The film in (a), grown at a higher growth rate, has a rough morphology compared

to the film in (b), which was grown with a lower growth rate.
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(a)
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(c)

Figure 3-7: SEM images of other surface morphologies obtained under un-optimized

growth conditions. (a) on C-plane Al,0s, (b) on (100) Si, and (¢) on R-plane AlLOs.
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Spurious growth due to DEZn condensation and leaks

Spurious whisker like growth was observed initially in ZnO samples grown on
(100) Si and on (0112) Al-:O;. The whiskers observed on Si were studied in more

detail through TEM.

These whiskers have a tip with a different structure than the base or body of the
whisker From the TEM images of the whiskers (Figure 3-8). it can be seen that the
interface between the tip and the body is extremely flat, and is parallel to the (0001)
planes of the ZnO body. The shape of the tip is approximately hemispherical. with facets
appearing in some cases. The tip consists of multiple crystalline regions.

Amongst the mechanisms for whisker growth, the Vapor-Liquid-Solid (VLS)
mechanism is the most widely accepted mechanism. Based on this mechanism. a liquid
phase is formed due to one of the following reasons: the formation of a eutectic phase
between the condensed phase and the substrate. or due to impurities present on the
surface, or if a phase with a low melting point is present in the system. Once the liquid
phase is formed, the reactant gaseous species will adsorb onto the liquid much more
efficiently than onto a solid surface. Then these reactants are transported through the
liquid to the solid-liquid interface, where growth of the solid phase proceeds. Due to the
much larger accommodation coefficient of the reactant species in the liquid. growth is
much faster at the liquid-solid interface than at the solid-vapor interface. Usually, the
solid-liquid interface is the close packed plane. Detailed investigations of whisker growth

. . . . - 109
have been carried out to establish the kinetics of the VLS mechanism'®'®.
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(a) (b)

(c) (d)
Figure 3-8:  TEM images of whiskers observed under spurious growth conditions. (b)
and (d) are dark field images corresponding to (a) and (c) respectively. It can be seen

from (b) and (d) that the tip consists of multiple crystalline regions.
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[n the present case, the growth temperature was between 450 - 500°C. which is greater
than the melting point of Zn. We suggest that these whiskers were grown by the VLS
mechanism. with liquid Zn or a Zn rich phase at the tip. The Zn rich region could have
formed by condensation of DEZn onto some impurity particle and could melt when it
enters the hot zone in the reactor. The tip consists of multiple crystalline regions. These
samples were cooled down in an oxygen atmosphere and hence it is reasonable to assume

that the Zn at the tip was oxidized during the cool down stage.
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Chapter 4 : Structural Characterization

[n this chapter. the surface morphology. epitaxial relationship between ZnO films
and the R-plane sapphire substrates, and the structure of the ZnO/R-Al>Ox interface are
evaluated for the films deposited by MOCVD under optimum growth conditions. A

description of the X-ray 6-20 and ¢-scan techniques is given in Appendix C.

4.1 Epitaxial Relationships

The x-ray 6-20 scans obtained from a ZnO film deposited on an R-plane sapphire
substrate is shown in Figure 4-1(a). For comparison, the scan from ZnO grown on C-

sapphire is shown in Figure 4-1(b). From these scans we observed that ZnO grows on R-
sapphire with a (1120) orientation. while (0001) ZnO grows on C-sapphire. The in-plane
crystallinity was analyzed by the XRD ¢-scans. The X-ray ¢-scans from the {2131} and
{2130} family of planes from ZnO and the {1235 } set of planes from Al-O; are shown
in Figure 4-2(a). [n a ¢-scan, the number of planes of a certain {h k e [} family which
make the same angle with the plane parallel to the surface is determined. In a Zn0 single
crystal, there are four planes of the {2 131} type which are at an angle of 15.8°. and two
planes of the {2130} type which are at angle of 10.9° with the (1120) ZnO plane. The
¢-scans of the corresponding sets of planes show that there is only one set of four
{2131 } planes and one set of two { 2130 } planes present in the ZnO film. The indices

of the corresponding planes based on their relative positions are marked in the figure.
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Figure 4-1 X-ray 8-20 scans of ZnO grown on (a) R-plane Al,O; and (b) C-plane

sapphire.
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Figure 4-2

(llil) _—
(1237, (a)
(2131 ___(2131)
;° 2 5%
9 85 95
R (1325) 1235)
=]
S - _
- (1230) J (2130)
2 { L 2131} ZnO
2 L7 L /.0
= TS {2130} ZnO
- Is0° 7 x0.1 /—
as 7~ (1235} ALO;
0 60 120 180 240 300 360
¢ (degrees)
(b)
60°
3
8
P
.g J’ 1
9 Py i L—....—JL»%.L-..,—J{ {1154}Zno
£ o 120° ]
Ve {10110} ALO,

60 120 180 240 300 360
¢ (degrees)

(a). x-ray ¢-scans of the { 2131} and { 2130} family of planes from
(1120)ZnO and the { 1235 }family of planes from (01T 2 ) Al:Ox.
(b).x-ray ¢-scans from the {1124} family of planes from (0001) ZnO

and the | 101 10} family of planes from (0001) Al,Oj; are shown. The

three-fold symmetry about the c-axis of Al.Os and the six-fold symmetry

about the c-axis of ZnO are seen.
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The expected separation between the (1231) plane and the (1237) plane is
94.5%and that between the (1237) and (2137) planes is 85.5°. These angles
correspond to the separation between the projections of the normals to the planes on to
the (1120) plane. The values obtained are within experimental error. Hence. the films
that are obtained are epitaxial. with all the grains having the same orientation.

There are two planes of the (1235) type in sapphire which make an angle of
[6.31° with the (0112) plane: the (1235) and (13335) planes. Both these reflections
are allowed based on the extinction condition (-h+k+1=3n for sapphire®). The o-scan from
this family of planes is also shown. These two peaks coincide with the {2130} peaks
from ZnO. Hence from the relative positions. the epitaxial relationship between ZnO and
sapphire can be evaluated. The zone axis corresponding to (1120) and (2130)
reflections of ZnO is [0001], while the zone axis corresponding to (0 | T12)and (1325 )
of Al:Oxis [ 121] in the three-axis systemor [0 11 } in the four-axis system. These two
directions coincide. Hence the epitaxial relationship was determined to be

(1120)ZnO // (01T2) AOsand [0001 ] ZnO /I [OT11] Al-Ox.

The positions of the peaks form the {2131 }x-ray @-scans confirms this relationship.
Based on this epitaxial relationship, the c-axis of ZnO lies in the plane of the ZnO film,
with a lattice mismatch along the [ 0001 | direction of ZnO of 1.53 %. and that along the
[1T00] direction of ZnO of 18.3%.'""

For comparison, the ¢-scans from ZnO grown on C-sapphire are presented in

Figure 4-2(b). The {1124} family of planes from (0001) ZnO and the {10110}
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family of planes from (000 1) AlLOs are shown. In these scans. six peaks corresponding
to the six-fold symmetry of ZnO and three peaks corresponding to the three-fold
symmetry of Al-Os about their corresponding c-axes are observed. Here we consider the
hexagonal unit cell of Al.Ox. As we can see. there is a 30° rotation between the two
lattices. The epitaxial relationship for ZnO films grown on C-plane sapphire is:
(0001)ZnO//(0001)ALO: and [10T0}ZnO/[2T110] ALO-.

This rotation results in a continuation of the oxygen sublattices in the two materials.
Based upon these considerations, the lattice misfit along the [ 2 1 1 0 | direction of ZnO is

found to be 18.3%. The epitaxial relationships are tabulated in Table 4-1.

Table 4-1: Epitaxial relationships between ZnO and R- and C- sapphire

Sapphire substrate | Parallel ZnO plane | Directions. ZnO // sapphire

R(OIT12) (1120) [000L]/[0T11]

C0001) (0001) (010172110

4.2 Surface Morphology

The ZnO films on R-sapphire are very smooth and dense. as seen in the SEM
image shown in Figure 4-3(a). In contrast, the films on C-sapphire have a columnar

structure, and the grains are elongated along their c-axis (Figure 4-3 (b)). ZnO has a
wurtzite structure, with the (000 1) planes being Zn-terminated and its (000 1) planes
being O-terminated. ZnO has a partial ionic character, which results in a partial and

opposite charge on the [0001]}and [000 1| planes. Thus, there is a net dipole moment
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when the crystal is terminated by the basal plane. which results in the surface energy to
diverge.'' On the other hand. the prismatic planes. i.e.. the (1120) and the (10 10)
planes are nonpolar as they have equal number of O and Zn atoms. and hence have a
lower surface energy compared to the basal plane. This results in a high growth rate along
the c-axis and a columnar morphology in the case of films grown on C-sapphire. Another
interesting feature seen in Figure 4-3(b) is that while most of the grains are either flat or
have a small depression. there are a few grains. which are elongated and have a pointed
tip. The Zn-terminated side of bulk grown needle shaped crystals has been observed to
end as a hexagonal pyramid pointing outward, while the O-terminated end has been
observed to have a depression. Compared with the shape of bulk crystals. the elongated
grains in Figure 4-3 (b) are expected to be Zn terminated. i.c. grow along the [0001]
direction. while the majority of the grains grow in the [0 00 1] direction. This can be
explained based on the relative positions between the first Zn sub-layer and the first O
sub-layer (Figure 4-4). Assuming that the first layer that is formed is the Zn sub-layer.
The O layer can occupy the valley positions in-between three Zn atoms or they can
occupy the positions exactly above the Zn atoms. O terminated cryvstals grow in the first
case as shown in Figure 4-4(a), while Zn terminated crystals grow in the second case as
shown in Figure 4-4(b). For the (112 0) ZnO films grown on R-sapphire. the c-axis is in
the plane of the film, which results in the absence of a columnar structure. On
investigation by transmission electron microscopy. grain boundaries are clearly visible in
the films grown on C-sapphire, while threading dislocations are the main defects

observed in the films grown on R-sapphire at low growth temperatures (400-450 °C).
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(b)
Figure 4-3 (a) SEM image showing the smooth surface morphology of ZnO on
R-AlLOs.
(b) SEM image showing the columnar structure of ZnO on C-Al-Os. Two
types of grains can be seen in this image. The majority of the grains are

flat while some of them are elongated.
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Figure 4-4 The possible origin of the two types of grains seen in Figure 4-3(b).
(2). O-terminated (000 T ) ZnO results if the oxygen atoms of the first O
sublayer occupies the valey positions between Zn atoms of the first Zn
sublayer
(b). Zn terminated (0001 ) ZnO results if the oxygen atoms of the first O

sublayer occupy positions directly above the Zn atoms of the first Zn

sublayer
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4.3 Structure of the ZnO/R-Al,0; interface

The interfacial structure between ZnO and sapphire is important in controlling
many properties such as adhesion and surface acoustic wave propagation. Therefore,
monitoring the structures and reactions at the interface is of utmost importance in studies
of this type. A cross-sectional TEM lattice image of the interface between ZnO and R-
sapphire is shown in Figure 4-5(a). The view is along the c-axis of ZnO (c-axis coming
out of the plane of the paper). The interface is observed to be atomically sharp and

semicoherent. The misfit dislocations can be seen more clearly in Figure 4-5(b), which is

a Fourier- filtered image (a) using the (2171 0) and (211 0) Al20O reflections, and the
(11T00) and (T100) ZnO reflections. The (211 0) planes in sapphire are continued by

the (1100) planes in ZnO. The 18.3% misfit along the [1100] direction of ZnO is
relieved by extra half planes on the sapphire side of the interface. On average. there is
one dislocation for every five (1100) planes. Assuming that the Burgers vector in
perpendicular to the dislocation line, the total misfit between the two lattices is
completely accommodated by the misfit dislocations.

In addition, there are locally strained regions at the interface. with a repeat
distance almost twice that of the misfit dislocations. The origin of these regions is not
understood at present. Due to the semicoherent nature of the interface. the adhesion of the
film to the substrate is strong. Moreover, a high efficiency of transfer (low loss) of

acoustic energy across the interface is expected for SAW devices with such an interface.
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Figure 4-5 (a). HR-TEM image of the interface between ZnO and R-sapphire. (b).
Fourier-Filtered image corresponding to image in (a). The view is along the c-axis of
ZnO. Highly strained regions with a repeat distance twice that of the misfit dislocations

are seen (white arrows).
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Chapter 5 : Surface Acoustic Wave And Optical Properties

In this chapter. the fabrication procedure and performance of prototype SAW
filters fabricated on (1120) ZnO/01T2) Al:O: are presented. Photoluminescence

spectra (PL) of the as-grown ZnO films, and the absorption characteristics to light

polarized parallel and perpendicular to the c-axis of ZnO are also presented.

5.1 Surface Acoustic Wave Devices

5.1.1 SAW Device Design

SAW filters have been fabricated on ZnO/R-Al-Os to evaluate the SAW velocity.
insertion loss, and electromechanical coupling coefficient of the films. The
(1120 ZnO/( 0112 JAL;Os structure is chosen instead of (0001) ZnO/AV OO | ) AlLOs
for SAW devices, since the (0001) ZnO/(0001) Al:Os structure offers low coupling
(1 %) on a ZnO surface. For high-performance SAW devices, ZnO films grown on R-
Al:Ox are preferred.'"' These surface waves are confined to a depth of a few wavelengths.
The effective electromechanical coupling coefficient of the Rayleigh wave exhibits its
maximum in the [000 1] direction, and the Love wave effective coupling coefficient
maximum is in the {1 1 00 | direction.''? The Rayleigh wave has a higher phase velocity
than the Love wave; therefore, the IDTs were placed along the c-axis of the ZnO film. as
shown in Figure 5-1. In the IDT structure, the center-to-center spacing between two
adjacent electrodes (d) determines the wavelength (A) of the surface wave generated (A =

2d for the simple case of single interpenetrating electrodes). Other waves are also
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generated. but the efficiency of energy transfer is very small. The center frequency (f; ) of
operation of a pass-band SAW filter is dependent on the velocity (v) of the surface
acoustic wave and its wavelength according to the relation f. = v/A.

The SAW filter consists of two interdigital transducers (IDT). one for converting
the microwave signal to a surface acoustic wave. and the second for receiving the SAW
i.e. for converting the SAW to a microwave signal. The device structure is shown in the
following figure. Two device structures were used in order to study the effect of h/A ratio
(ZnO thickness to SAW wavelength) on the SAW velocity (vsaw) and electromechanical
coupling coefficient ( k;,,, ). The main design parameters are given in Table 5-1.

The wavelength of the SAW generated in devices A and B is 10 pm and 16 um
respectively. These devices were fabricated on 0.5 um and 1.5 pm thick (hz0) ZnO films
so that device characteristics for four hz,/A values can be measured.

Surface acoustic waves generated at input IDT travel in both directions of the
propagation axis. Hence only half the input power is directed towards the receiving [DT.
This results in a 3 dB loss in power transmitted. Moreover. for maximum power transter
at the receiving IDT. the IDT and load impedences have to be matched. which results in

another 3 dB loss. Hence there is an inherent loss of 6 dB for this particular filter design.

Table 5-1: Design parameters for the fabricated SAW filters

Electrode Electrode Edge-to-Edge IDT |- # of electrodes
separation (A/2) | width (A/4) [IDT?2 spacing (20X) per IDT
Device A 5um 2.5 um 200 pm 81
Device B 8 um 4 um 320 um 81
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Figure 5-1:  (a).Schematic diagram of a SAW filter fabricated on ZnO/R-Al:0s. The

crystallographic directions in ZnO are shown. (b). Design parameters of

the IDT.
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5.1.2 SAW Device Fabrication

The as-grown ZnO films showed n-type conductivity with resistivity of the order
of 1 Q-cmto 10 Q-cm. and in order to achieve piezoelectricity (high resistivity), the films
were doped with Li. LiCOs solution was coated onto the ZnO film by spin coating and
allowed to dry. Then the wafer was annealed in an O atmosphere at 690°C for ten hours
so that Li could diffuse into the ZnO film and reach equilibrium. As suggested by Lander
[40]. initial diffusion of Li occurs through the interstitial sites. while under equilibrium
conditions, Li occupies the Zn site. It has also been suggested that Li acts as an acceptor
only when it substitutes for Zn in the Zn lattice (see section 2.2). and hence sufficient
time has to be given for equilibriation to occur in order to obtain high resistivities. The
resistivity after doping was greater than 10°, which is sufficient to observe piezoelectric
effects.

The IDTs were fabricated by a image reversal liftoff photolithographic technique.

The basic steps (shown schematically in Figure 5-2) were:

a. Spin coat negative photoresist and bake at 1 10°C
b. Expose to UV radiation through a mask, followed by a bake at 110°C.
C. Remove unexposed photoresist and expose to UV radiation a second time

in order to improve the cross-linking in the photoresist.
d. Depoist Al metal by e-beam evaporation.
e. Dissolve the remaining photoresist. This process lifts-off the metal

deposited on the photoresist.
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Figure 5-2: Schematic representation of the steps involved during the fabrication of the

= Substrate c

IDTs and the SAW devices. (a) deposit negative photoresist, (b) expose to UV radiation.,
(c) remove unexposed photoresist, (d) deposit metal, and (¢) remove the remaining

photoresist and the metal deposited on top of it.
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All that remains is the metal lodged between the photoresist tracks. This is possible only
if there is no continuity between the metal deposited on the surface of the ZnO film and
that deposited on top of the photoresist. The advantage of the liftoff technique is that the
ZnO fiim is not etched and hence there is no damage to the film. and any metal can be

deposited onto ZnO by this technique

5.1.3 SAW Device Characterization

The characteristics of the SAW devices were evaluated with a setup that included
a HP 8753D Vector Network Analyzer. a Cascade Microtech 9100 probe station. and
Cascade Microtech Air Coplanar Probes for on-wafer testing.

The effective electromechanical coupling coefficient, k°,;;. was obtained by fitting
Coupling-of Modes (COM) simulations®® to the measured frequency spectrum of the
SAW devices. The phase velocities are evaluated for SAW delay lines. The effective
electromechanical coupling coefficients were determined for two sets of devices (A=10
umand A = 16 pm) on ZnO films of thickness (hza0) 0.5 pm and 1.5 um. Figure 5-3
shows the frequency spectrum of the 10 pum devices on the ZnO films of thickness 1.5
um and 0.5 pum respectively. The center frequency is close to 420 MHz. resulting in
velocity of the surface wave to be close to 4200 m/sec. The SAW properties for the
devices are summarized in Table 5-2. The highest value of 6% for k°,, is obtained for the
10 pm device on the 1.5 pm ZnO film. Table 5-2 shows that for the same A, as hz

decreases, the coupling coefficient decreases but the acoustic velocity increases.
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Figure 5-3
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(a) Frequency spectra of 10 um device fabricated on 1.5 pm thick film

(b). Frequency spactra of 10 pm device fabricated on 0.5 pm thick film
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The observed maximum effective coupling coefficient of 6% is close to that of bulk
single crystal ZnO. The insertion loss of the devices fabricated on the 1.5 um film was 11
dB. which includes a 6 dB loss due to the device design. This high coupling coefficient
and low insertion loss result from the high crystal quality of the ZnO films. as well as a
semi-coherent ZnO/R-Al:Os interface. When a thin piezoelectric film. such as ZnO. is
deposited on a nonpiezoelectric substrate with a higher acoustic velocity. such as Al-Ox.
the velocity of the surface wave propagating through this layered structure (ZnO + Al-Os)
will lie between that of the individual surfaces of ZnO and Al:Os. The thickness-to-
wavelength ratio. #/A. is used to characterize the acoustic velocity. As A/A increases. the
velocity decreases. To obtain high frequency SAW filters. the thickness of the ZnO films
has to be as small as possible. But the efficiency of electromechanical coupling between
the input electrical signal and the generated surface acosutic wave decreases with
decreasing ZnO film thickness. For a high-frequency and low-loss SAW device design, a

trade-off between operating frequency and coupling coefficient has to be taken into

account.
Table 5-2. SAW properties of the tested devices
(hzao/Anomma~ Wavelength Acoustic velocity k™ (%) Zn0 film thickness
(Lm) (m/s) (um)
0.03125 16 5768 - 5804 <1 0.5
0.05 10 5562 - 5692 < 1 0.5
.09375 16 4745 - 4927 3 1.5
0.15 10 4050 - 4200 6 1.5

CuuDuongThanCong.com https://fb.com/tailieudientucntt


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

In Table 5-3.the SAW properties of the ZnO/Al:Ox system are compared with some of
the other material systems that are normally used. The ST cut of Quartz has a very low
TCF. but has a very small electromechanical coupling coefficient. There are other cuts
with 0.3 % &°. but unfortunately their TCF is not zero. Hence the ST cut is almost
exclusively used in quartz devices. LiNbO; and LiTaO- crystals have a higher &, but
have inferior temperature characteristics. In addition. the attenuation constants are high
for these cuts as the wave mode is leaky SAW or surface-skimming bulk waves. (SSBW).
Hence these substrates are not suitable for low-loss SAW filters as they have substantial
propagation losses (attenuation). ZnO/R-Al.O- displays a high electromechanical
coupling coefficient as well as a high acoustic velocity. In addition, higher order
Rayleigh waves, known as Sezawa waves, which have a higher acoustic velocity can be
generated (Figure 5-3(a)), thus further increasing the operation frequency of SAW
devices.

Table 5-3: Comparison of the SAW properties of various material systems

Crystal Cut k(%) TCF (ppm/°C) | vsaw (m/sec)

ZnO/R-Al,Ox (1120): plane, Z-prop 6 (-48) 4200
1 5680

LiNbO: (128°)Y cut - X prop 5.5 (-75) 3980
(64°)Y cut - X prop 1.3 (-70) 4742

LiTaO, Xcut- 112°Y prop 0.75 (-18) 3290
(36°)Y cut -X prop 50 (-32) 4160

Quartz (42.75°)Y cut - X prop 0.16 0 3158

(ST cut)
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5.2 Optical Properties

5.2.1 Introduction

The refractive index of ZnO varies (with wavelength below the band gap)
between 1.96 and 2.1*" and it has a direct band gap (= 3.37 eV at room temperature) at
the [ position of the Brillouin Zone. The conduction band is predominantly s like. and
the valence band is p like (6 fold degenerate). Splitting of the valence band (or removal
of degeneracy) occurs due to two effects: (i) spin-orbit coupling and (ii) crystal-field
splitting. The effect of the splitting on the band structure is shown in Figure 5-4.
(i) Spin-orbit coupling (As,): An electron moving through an electric field. such as that
of the periodic potential of the crystal lattice, experiences a potential proportional to the
scalar product of its velocity and the electric field. This additional interaction is referred
to as spin-orbit coupling. Spin-orbit coupling tends to remove the degeneracy of states
with the same wavefunction but opposite spin. Spin-orbit coupling leads to a partial
lifting of the valence band degeneracy by causing the formerly six fold degenerate
valence band to be split into fourfold (j = 3/2) and twofold (J = 1/2) bands. In ZnO. the
spin-orbit coupling is negative due to the negative contribution from the zinc d band in

113114115
the valence band ,''HHH

which results in the j = 172 band to be at a higher energy than
the j = 3/2 band.

(it) Crystal field splitting (Ay): Another type of perturbation occurs due to the interaction
of the inner electron shells (d-shell in Zn) with the non-negligible electric field of the
surrounding crystal lattice, which does not have a spherical symmetry but the symmetry

of the crystalline site at which the ion is located. This is known as the Crystal Field

Splitting, and results in the splitting of the valance band into I's and T states.''®
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A combination of these two effects gives rise to three twofold degenerate valence bands.
denoted as A (I'; symmetry). B (I'y) and C(T5). The energy gaps for these three bands are

given in terms of E, (the average band gap). A, and A, by the following expressions'' "

E (A) LN | [A. N 5|
=L, +—(A  +A )m— A+ T -TAA, 5-1)
E.(C) 6 "3y v3
I
EV(B)zE”—E(A‘” +A)) (5-2)

The values that have been reported (at 6 K) are'"®
Aw=-3.5meV. A =394 meV. E)=3.4553 eV

Eg(A) =3.441eV.E«B)=3.4434 eV.and E,C) =3.4817cV.

Free Excitons

A free hole in the valence band and a free electron in the conduction band can
experience a coulombic attraction due to their opposite charges. Hence the electron can
orbit about the hole as if this were a hydrogen-like atom. The ionization or binding

energy tor such a system is then

s, )
me e R(X) <
n i S, v 3 T == > (3-3)
32n°h'en” 8ner,n” n-
where
. mm, .
m =—=—"_ s the reduced effective mass
m,+m,
dne h*

= is the effective first Bohr radius of the exciton

v .

em
R(X) is the Rvdberg constant of the exciton,

n is the exciton main quantum number,
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e is the elementary charge of an electron
I is the planks constant,
€ is the dielectric constant, and
m, and my, are the effective masses of electrons and holes respectively.
Hence. the total energy for an excitonic transition is given by

Ec=E.,+E,=E,-Rin° (5-4)
Each valence band has a series of excitons (n = 1.2.3 etc..). The binding energy for the A.
B. and C free excitons in ZnO (6 K) have been found to be''®

En(A) =63 meV. E;(B) =50 meV., and E.(C) =49 meV.
The effective masses of the electron and holes have been estimated to be

me = 0.28 my and my, = 0.59 my,
where my is the free electron mass.

Figure 5-5 shows the reflectance spectra (R) of polarized light (E // c-axis and E
L c-axis) at 1.6 K from a ZnO single crystal which had its c-axis lying in the plane of the
surface."'” As seen from Figure 5-5. the C series of exciton (C1. C2. C3 correspond to n =
[. 2. 3 respectively) is strongly excited when E // ¢. while the A and B series of excitons
are excited when E L c. A consideration of the allowed optical transitions of the involved
bands and the respective electric field vector of the perturbing light shows'™ that
transitions with E L ¢ polarization are symmetry-allowed for the A, B and C bands. but
the oscillator strength of the C band is small. E // ¢ transition.s are forbidden for the B
band, while they have a small oscillator strength for the A band and a large oscillator for
the C band. Hence, the E L c spectrum is dominated by the A and B bands while the C

band dominates the E // ¢ spectrum.
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Figure 5-5 Reflectance spectra of ZnO at 1.6 K near the fundamental band gap.
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Bound Excitons

In the region of band-band transitions, the emission spectrum of ZnO s
dominated by the recombination of bound-excitons. while weak lines are also present due
to the free-excitons. Bound excitons are formed when a an isolated intrinsic or extrinsic
defect in the lattice facilitates the binding of an exciton via coulombic forces. For
example. a free hole can combine with a neutral donor to form a positively charged
excitonic ion. In this case, the electron bound to the donor still travels in a wide orbit
about the donor. while the associated hole moves in the electrostatic field of the donor-
electron dipole. Electrons bound to neutral acceptors can also form bound excitons. The
first type (hole-donor) are known as DX excitons, while the second type (electron-
acceptor) are known as AX excitons. Emission or photoluminescence is a result of the
collapse or recombination of excitons bound to the acceptors or donors. It has been
found'*""'** that optical transitions of bound excitons turn out to be preferentially
polarized with E L c. Under the assumption that the eigenstates involved can be treated
analogous to those of intrinsic excitons, the same relative oscillator strengths of
transitions can be expected. Hence, in the emission spectra of ZnO, the hole states behave
similarly to those of the A and B valence bands. Thus, strong anisotropy exists in the
absorption and emission spectra of light from ZnO. The position of the DX and AX
excitons has been found to be approximately 10 meV and 25-30 meV respectively below
the A free exciton position at 4 K.'*! Many lines due to excitons bound to impurities or

dopants. which lie close to the free exciton line, have also been found.
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5.2.2 Photoluminescence Characterization

Photoluminescence (PL) measurements were taken with I5 mW of excitation from an
Ar+ laser. Figure 5-6(a) shows the room-temperature PL spectrum. The feature at
3.28¢V is due to band-edge recombination. while the broad feature at 2.35eV (green
emission) has been attributed by various authors to the recombination of tree electrons
with holes via interstitial zinc.'™" or via defects at grain boundaries (in polycrystalline
ZnO investigated by cathodoluminescence).'>* Plasma hydrogenation has been found to
passivate the green emission and enhance the band-edge recombination.'>> From Figure
5-6(a), the ratio of the integrated intensities of the band-edge emission to the deep level
emission (broad band green emission) at room temperature is approximately 3:1. Similar
results were observed form ZnO grown by MBE.'®

The low-temperature PL spectrum collected at 11 K is shown Figure 5-6(b). The
peak at 3.363¢V is from donor-bonded exciton (D°X) transition. while the feature at
3.320eV is from the acceptor-bonded exciton transition. Note that the position of DX is
in good agreement with 4 K PL result from bulk ZnO® indicating that the thin film is
almost strain free. The full width at half maximum of this feature is about 6 meV,
compared to 3 meV (4.2 K) from bulk ZnO and 8.9 meV (4.2 K) from ZnO grown on

GaN/sic'*¢ by MBE, indicating a film of high quality.
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Figure 5-6 (a). Room temperature Photoluminescence from ZnO/R-sapphire and

PL intensity (a.u.)
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(b). Photoluminescence from ZnO/ R-sapphire at 11 K.
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5.2.3 Anisotropic Properties

In bulk single crystal ZnO, a strong optical anisotropy exists at near bandgap
photon energies due to the different selection rules for light polarized parallel and
perpendicular to the in-plane c-axis. In addition to PL. the anisotropic absorption
properties of ( 1120 ) oriented ZnO on (0112) sapphire have been investigated.

Figure 5-7 shows the transmission T and reflectivity R of the ZnO film measured
as a function of photon energy for light polarized parallel and perpendicular to the c-axis
with a xenon arc lamp and monochromator. Although the shape of the transmission and
reflectivity curves are similar for the two polarizations, the curves for p//c are shifted by
~20 meV to higher energy with respect to those for plc.

This phenomenon is primarily related to the anisotropy in absorption associated
with the polarization selection rules and the effect of a thermally induced in-plane
anisotropic strain, combined with the separation in energy of the C band from the A and
B bands. The energy separation of A and B bands is unresolved at room temperature.
From a linear fit to the square root singularity, we found that the separation between the
A (B) and C bands is about 21 meV, which is significantly smaller than the separation of
40 meV measured from bulk ZnO at low temperature (1.6 to 4 K).

In the spectral region near the bandgap. higher photon energy transitions from the
C-band to the conduction-band are preferred for light polarized parallel to the c-axis,
while lower photon energy transitions from the A and B bands to the conduction band

dominate for light polarized perpendicular to the c-axis.
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Figure 5-7 Transmission and Reflectivity of ZnO on R-plane sapphire as a function of
photon energy for light polarized parallel (solid lines) and perpendicular

(dashed lines) to the c-axis of the ZnO.
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For normal incident light linearly polarized at 45° with respect to the c-axis. this leads to
a polarization rotation toward the c-axis (Figure 5-8 (a)) given by the relation

8 =tan” [(T,/ T.)""| -45° (5-5)
where T, and T, are the transmission for p//c and p Lc. respectively. Figure 5-8(b) shows
this “static’ polarization rotation as a function of photon energy. A maximum rotation of
10° occurs at 3.335 e V. This rotation was used to demonstrate 2 high-contrast. high-speed

ultraviolet light modulator.™
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Figure 5-8 (a). Schematic diagram showing the effect of the anisotropic transmission

properties of ZnO on the polarization
(b) Polarization rotation as a function of photon energy for normal

incident light linearly polarized at 45° with respect to the c-axis.
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Chapter 6 : THERMAL STABILITY OF ZnO/R-AlLLO;

In applications involving high temperatures, such as in the use as buffer layers for
[II-Nitride growth by MBE, the thermal stability of the ZnO films is extremely
important. In addition, the chemical stability against etching and reaction with the
gaseous phase (with NHj, Triethyl Gallium etc..) is also important in the case of
II-Nitrides growth by reactive MBE'?’ or MOCVD.% High temperature annealing is
also a means of improving the crystalline quality of the films and hence the upper limits
for annealing, with out degradation of the film occurring, have to be established. The
ZnO/R—-Al;05 system was chosen as it possesses anisotropic properties for various
important  applications, such as acousto-optic, optical modulator,’' and
piezoelectric/surface acoustic wave (SAW) devices. 5% 77

In addition to the technological importance of the annealing characteristics of
ZnO, the reaction between ZnO and AlLOs is also important scientifically. Reactions
between oxides of the form AO and B-Os, resulting in the formation of BA»O,, have been
model systems for studying the mechanisms involved during reactions between ionic
solids. Utilizing irreversible thermodynamics and point defect theory, the basic
mechanism involved has been established'?® as one where the counter diffusion of cations
occurs to maintain charge neutrality, while the cations (oxygen ions) are immobile.
Three sequential steps are envisioned: (1) counter diffusion of cations through the
reaction product (AB;0y), (2) reaction of B ions with AO at the AO/AB-O, interface, and

(3) reaction of A ions with B,Oj3 at the B-O3/AB-Q; interface. When the diffusion of one
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or both cationic species is rate controlling, a parabolic growth rate is observed. while a
linear growth rate is observed if the reaction is interface controlled.'?’

As observed in the NiO/Al,O; system, the growth rate and mechanism is
dependent on the orientation relationship between the two reactants.'’® Thin film
reactions i.e. reactions between a substrate and a deposited epitaxial thin film are useful
as they reduce the number of variables such as presence of oxygen (gas) at the reaction
interfaces and multiple orientations of the reactants. Considerable work has been carried
out in the NiO/AL,03'*® and MgO/AL,O;"! systems and formation of other spinels such

as MgFezO4'3°, MgCr304'32. FeCr-0,'*?, and MgIn204'3 } have also been studied. It has

130

been shown ™ that while reaction between NiO on (0112) Al-Os is diffusion controlled,

the reaction between NiO on (0001 ) Al,O; is interface controlled. The interface control

of the growth rate can occur either due to the effect of step heights on growth fronts, as
has been found during the growth of NiS, on Si'**, or due to the glide or climb of misfit
dislocations at the interface.'**'3*

In the ZnO/Al,O; system, the oxygen sublattice has to rearrange itself from an
hcp to an fcc arrangement at each of the reaction fronts. By contrast.in the NiO/Al-Ox and
MgO/Al>O; systems, the rearrangement of the oxygen sublattice occurs only at a single
interface (spinel/sapphire). Thus, differences are expected in the behavior of the
ZnO/AL O3 system when compared with the other two systems. In addition to the
scientific interest in the ZnO/Al,O; system, Reaction between ZnO and Al,O; powders

has shown that the early stages of ZnAl,0,4 formation follows a linear rate law'*®, but at

later stages a parabolic rate law has been reported.”(’"”
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To ascertain the controlling mechanism, a thin film reaction couple, epitaxial
(1120) ZnO on (OIT?.) ALO; was used in the present study. The ZnO films were
deposited by MOCVD, and their structure and epitaxial relationship determined by x-ray
diffraction and cross sectional transmission electron microscopy. The epitaxial
relationships between the product phase (ZnAl,O,) and the reactants, and the structure of
the spinel layer is evaluated using cross sectional TEM. It was found that when
measuring growth rates, measurements have to be taken from grains of the same
orientation and far away from grain boundaries. The growth rate at the initial stages of
reaction is measured and the structures of the ZnO/ZnAlLOs and ZnALOJAILLO;

interfaces are investigated.

6.1 Introduction to solid state reaction kinetics

Heterogeneous solid state reactions occur when two phases, A and B, react to
form a product C. The characteristic feature of this type of reaction is that the product C
separates the reactants A and B, and that growth of C proceeds by the transport of A
and/or B through the product layer. The driving force for such a reaction is the difference
in the Gibbs free energy between the reactants and the reaction product. The kinetics of
the reaction are determined by

(a). the speed of diffusion of the reactant species through the product layer, and

(b). by the rate of reaction at the interfaces.
Some of the factors that affect the reaction rates at interfaces are discussed below.

Interfaces between dissimilar materials or phases involves either a change in
composition or a change in structure and symmetry across the boundary. There could be

additional effects such as coherency strains, misfit dislocations, and electrostatic effects
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in the case of ionic materials and semiconductors. All these aspects of an interface can
affect the dynamics of a moving boundary or the kinetics of a reaction occurring at the
boundary.

Interfaces are associated with an extra energy compared with the bulk since there
is symmetry breaking. Hence, there is a barrier or resistance for mass transport across the
interface, which has to be overcome by thermally activated processes.

In addition to a higher energy due to symmetry breaking as in the case of metallic
interfaces, interfaces in ionic crystals may also carry an electric charge resulting from the
presence of excess ions of one sign. This charge must then be compensated for by a
space-charge region of the opposite sign adjacent to the boundary, which can have a
significant effect in the transport of ionic species across the interface.

If misfit dislocations are present at an interface, the dislocations must move along
with the interface during the course of a reaction. The dislocations can move either by
glide or by climb. Whether the dislocations will glide depend on their Burgers vectors
and the presence of glide planes. Climb of dislocations involves the diffusional transport
of vacancies and ions, and is therefore slow and strongly temperature dependent.

Taking all these aspects into consideration, an interface/boundary acts as a series
resistance for the transport of matter perpendicular to the boundary, and can be rate
determining if it is greater than the bulk (diffusional) resistance. Interface-controlied
kinetics then means that if matter crosses the interface, there must occur thermally

activated processes which are definitely slower than diffusional transport in the bulk.
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Before we proceed to look at the theory behind diffusion- or interface-controlled
reactions, some of the basic concepts regarding diffuison in ionic solids and some of the
assumptions made for studying solid state reactions are discussed.

(a).  Diffusion or transport in solids occurs due to the presence of point defects
such as vacancies or interstitials wherein atoms (or ions) move by thermally activated
jumps into vacant sites. The equilibrium concentrations of these defects combined with
the frequency of the thermally activated jumps, both of which depend on the temperature.
will determine the diffusion rate.

(b).  The defect notation S, of Kroger and Vink® is employed, wherein the
principle symbol (S) represents the species occupying the site M (A for a site in the A
sublattice, i for an interstitial position etc.,). The superscript represents the charge of the
species relative to normal site occupancy with a prime indicating a negative, a dot
representing a positive, and a cross zero charge.

(c). A small fraction of atoms, by virtue of the entropy gain, dissociate from
their regular sites into the interstitial lattice. These are known as Frenkel defects'*®, and
their formation mechanism (species A in an ionic solid AO) can be written as

A, DA +V, (6-1)
Schottky defects'*® are matched anion and cation vacancies which are formed according
the mechanism

AL +0% -5 VI +V, +A0(g) (6-2)
In the absence of free carriers (electrons or holes), the interstitial cation and the vacancy

in the case of a Frenkel defect or the cation and anion vacancies in the case of a Schottky
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defect have to occur in pairs. The complications introduced by association (pairing) of

ions and vacancies have been discussed by Howard and Lidiard.'*°

141

(d).  Using the phenomenological theory of diffusion'*', the diffusional flux (j,)

of a species in the presence of a chemical potential gradient (V,) is given by:

diny N
j,=L,X,=-L,Vp, =_E°_'fih=_gicl amy.iy
RT dx dx
(6-3)
--D, l+dlnyi+dIan dc,
dinc; dinc, |dx

where L; is a transport coefficient,

Xi is a generalized driving force,

D, is the diffusion coefficient of species i,

c; is the concentration of species i,

Y: is the activity coefficient, and

Vi is the molar volume of the diffusing species '’
The driving force is the decrease in the Gibbs free energy, which for an isothermal and
adiabatic system is equal to the change in the chemical potential.
For ideal dilute solutions with constant activity coefficients y;, the above equation reduces
to Fick's first law:

j=-D, & (6
dx

In ionic systems which contain electrically charged particles with charge zeq, and in the
presence of an electrical potential ¢, the chemical potential has to be replaced by the
electrochemical potential

T\. =p’| -*-zi!:¢ (6-5)
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where F is the faraday constant.

Due to the close packed nature of the anions (0%) in ZnAlO, (and in most
oxides) and due to their larger size compared to the cations (Al** and Zn™"), the diffusion
rates for O” are very low. Hence during solid state reactions, we will consider the
diffusion of cations in a lattice with immobile anions. In the absence of any mobile
electrons or holes (insulator), the diffusion of A** and Zn®* will be coupled in order to
maintain local charge neutrality. Hence the reaction rate will be determined by the slower
diffusing species.

(e).  Transport across boundaries:

If a boundary or interface creates a resistance for mass transport across it, there
will be a drop in chemical potential or concentration across the interface. The structure of
the phase boundary is determined by the two bordering phases, and if these phases do not
change during the reaction, except to alter their dimensions, it can be seen that the
resistance of the phase boundary to the passage of particles is a constant. In such a
situation, a part of the Gibbs energy (AGag) available in a solid state reaction is
dissipated at the phase boundaries (AG®). The flux across an interface can be described

phenomenologically as

. o O,
C=A Sy =" =i (6-6
. Rttt RT )

where Oy; is the change in chemical potential across the boundary, and

A; is the interface conductance, and

ji is the equilibrium exchange flux.
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At equilibrium, there are equal fluxes of species i crossing the boundary in opposite
directions, resulting in a net zero flux. The equilibrium exchange flux is defined as this
value of flux in any one direction. The above equation is based on the assumption that the
interface conductance of an interface is a constant, which results in the potential drop
across the boundary to be proportional to the flux. This assumption is usually valid, since
the structure of the boundary remains a constant as the reaction proceeds, and so the
interface conductance can be assumed to be constant.
(h. Relaxation (rearrangement) of species after crossing the boundary:

As mentioned earlier, the species diffuse predominantly by interstitial diffusion.
Once the species cross the boundary they have to move from the interstitial positions into
the lattice sites which they would occupy in the reaction product at equilibrium. For
example. in the case of a reaction between A and B forming AB, the A species would
cross the AB/B boundary and occupy the interstitial sites in B. Subsequently, the A
species interact with B forming AB, during which A has to move from the interstitial
sites to the appropriate equilibrium sites in AB. This relaxation process can be rate
controlling if the relaxation time (1) is sufficiently slow. This effect can be grouped with
the boundary effects when discussing reaction kinetics.

Let us consider a simple example of two reactants A and B reacting to form AB.
For simplicity we will make the assumption that Dy >> Dg, and study the transport of A
tons across the product layer AB, and the interface reaction of these ions at the AB/B
interface. The total available driving force for any reaction is the change in Gibbs free

energy, AGag. AG® is the fraction of the Gibbs free energy is dissipated at the interface. If
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Aua(AB) and Ap, are the change in chemical potentials across the product layer and
across the boundary respectively (see Figure 6-1(c)), then

AGag = AHA(AB) + Apy (6-7)
The steady state condition requires that the diffusional flux entering the boundary, ja.
should be equal to the flux across the boundary. Hence

D,c, Au,(AB) _j Al

.= 6-8
T axaB) T RT M RT ©-8)
where Ax(AB) is the thickness of the product layer. Defining a length scale
D
Ax'=—A%A (6-9)
Ja
We obtain from the above equation
' A b A b
Ax - u’ A “’ A (6' l O)

AX'+Ax(AB) AG,, Au® +Ap,(AB)
For Ax(AB) — 0, Apu’, = AGag, and the reaction is interface controlied. If Ax(AB) >>

Ax', then A’ — 0, and the reaction is controlled by diffusion through the product AB.

For very small product layer thickness, the diffusional resistance of the product layer is
negligible, and the discontinuity in the activity at the phase boundary takes on the
maximum value that is thermodynamically possible (Figure 6-1(b)). As the thickness of
the product layer increases, the diffusional resistance of this layer continually increases
relative to the phase boundary resistance. The particle flux and the activity change across
the boundary become smaller until, finally, a state of local equilibrium is achieved at the

phase boundary and the discontinuity in activity virtually disappears(Figure 6-1(a)).
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A D
Figure 6-1:  Schematic representation of the variation of the chemical potential of A
during the solid state reaction A + B = AB. (a). Diffusion controlled (b).
Interface controlled (c). Simultaneous interface and diffusion controlled

(d) rate control by rearrangement (relaxation) of A in B. [129]
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Figure 6-1(d) corresponds to the situation when the relaxation of rearrangement of the
species determines the rate of the reaction

Let us derive a simplified equation for the growth rate of the product under mixed
control. Here we consider the concentration gradients in the product layer and across the
boundary instead of the chemical potential changes. Let the concentration of the diffusing
species (A ions) be Co at the A/AB interface, C; the concentration on the product side of
the AB/B interface and C; the concentration across the boundary. The diffusional flux
entering the boundary is

) de Ac (C,-C))
=D, —=D, = <p =0 >V’
Ja A ix A A A N

(6-11)
where x is the thickness of the product layer and a dilute solution is assumed.
Simultaneously, the flux crossing the boundary can be written as

jA =A‘(C|—Cz) (6‘12)

where A is the interface transfer coefficient or conductance. At steady state these fluxes

should be equal to each other, we can obtain

-1
X |

j, =(C, =C,)| — +— (6-13)

Ja=( “)[DA x]

by substituting (C,-C3) = (Co-C3) - (Co-C)) in equation (12) for the flux across the
boundary. If Vi, is the molar volume of the product AB is Vp, per ion of A, then the

growth rate is

& v, =v, L =G

I " " x 1
_—+_
D, A

Integrating, we get

(6-14)
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A

X X
+==V_(t—-t (6-15)
2D, A n(t=t)

The second term (linear rate constant) dominates when the thickness of the layer is small

and the first term (parabolic rate law) dominates at larger thickness.

6.2 RESULTS AND DISCUSSION

The films were annealed in a tube furnace in an O,+N, ambient at atmospheric
pressure. The epitaxial relationship between the as-grown ZnO film and R-sapphire was
evaluated using a combination of X-Ray diffraction 820 scans, ¢—scans and electron
diffraction. The ZnO/Al> Qs interface was also studied by cross-sectional High Resolution
Transmission Electron Microscopy (HR-TEM). A combination of High Resolution TEM
imaging, Selected Area Electron Diffraction and Convergent Beam Electron Diffraction
were used to characterize cross-sections of the films after annealing. Cross-sectional
samples were prepared by gluing two samples face to face using M-Bond 610 epoxy,
followed by mechanical thinning to < 10 um and ion-milling to electron transparency. A

Topcon 002B 200 kV electron microscope was used.

6.2.1 REACTION KINETICS
ORIENTATION RELATIONSHIPS
As shown in Section 4.1, the epitaxial relationship between ZnO grown on (011 2) plane
of sapphire is:
(1120) ZnO // (0112) Al;O3and [0001 | ZnO // [0111] AL,Os.
According to this epitaxial relationship, the c-axis of ZnQO lies in the plane of the film and

in a plane (perpendicular to the surface) which also contains the c-axis of Al,O3; (which
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makes an angle of 32° with the surface. From X-ray and cross-sectional TEM studies. no
other orientation relationships were observed.

The films were annealed in an O»+N, atmosphere at 1000°C for 30, 90 and 150
minutes. From cross-sectional TEM analysis, ZnAl,Os was observed to form along the
entire ZnO/AL;Os interface in all samples. A TEM image of the spinel layer from the
sample annealed for 150 min is shown in Figure 6-2.

Multiple epitaxial relationships were observed between the spinel grains formed
and the AlOs and ZnO layers. The epitaxial relationship of one type of grains that were
observed in all samples was studied in more detail. The diffraction patterns in mutually
perpendicular directions are shown in Figure 6-3(a) (from sample annealed for 150 min)
and Figure 6-3(b) (from sample annealed for 90 min). The diffraction pattern in Figure 6-

3(a) is taken while viewing along the c-axis of ZnO, i.e. in the [000! | zone axis of the
ZnO film. Figure 6-3(b) is taken along the [1 100] zone axis of ZnO. From Figure 6-
3(a). the (13 1) plane of ZnAl,O4 makes and angle of = 3.5° (clockwise rotation) with
the (1 100) plane of ZnO or the (2110) plane of Al,Os. Moreover the crystal is tilted by
= 2° as calculated from the radius of the laue circle of the [112 ] zone axis. In Figure 6-

3(b), the reflections from the First Order Laue Zone (FOLZ) of the [13 1] zone are
closest to the transmitted spot, and the center of the zone makes an angle = 3.5° with the
[ITOO] zone of ZnO. This confirms the tilt observed in Figure 6-3(a). Also, the (| 12)
plane makes an angle of = 2° with the (0001) plane of ZnO, again verifying the tilt

observed in Figure 6-3(a).
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R-sapphire

Figure 6-2:  Image of the spinel layer between ZnO and R-plane sapphire. The sample

was annealed at 1000°C for 150 min.
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Figure 6-3 (a). Diffraction pattern of ZnO + spinel viewed along the [0001] axis of ZnO.

(b). Diffraction pattern of ZnO + spinel viewed along the [l_l 00] axis of ZnO.
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Hence. the epitaxial relationship between this orientation of ZnAl-O; and ZnO is
(131) ZnALO,4 makes a 3.5° angle with (1T00) ZnO:; and [112 | ZnAl,O, makes a 2°
angle with [0001 ] ZnO.

We can also represent the epitaxial relationship between Al,ZnO,4 and AlLOs as
(131)ZnALOs makes a 3.5° angle with (2110) ALOs; [112 ]ZnALO, makes a 2°
angle with [0111]ALO;

In this orientation, the (220) plane in ZnAl,Oy is parallel to the (1101) plane in

Al;Os. This ult was consistently observed in different samples

Another orientation, similar to the above, with a = 5° rotation (counter clock wise)
about the [112] zone axis was observed. This rotation results in the (220) plane in
ZnAl>O4 to be parallel to the (TZTO) plane in ZnO, which is equivalent to the (111)
plane in ZnAlLO4 to be parallel to the (1010) plane in ZnO. As a comparison, NiAl,O4
on R-sapphire is observed to grow with its (131) plane parallel to the (2110) plane of

Al;Os, but with the [112] direction parallel to the [0001 ] direction of ALO;."*® The

epitaxial relationships mentioned above along with three others that were observed are
tabulated in Table 6-1.

The reaction couple ZnO/Al,O; has oxygen sublattices that are both h.c.p and
hence is different from the reaction couples NiO/Al,O3 and MgO/ Al,Os. When ZnAl,O4
is formed, rearrangement of the oxygen sublattices from hcp to fcc has to occur at both
the reaction fronts, as compared to only at the Al;Os reaction front in the other two
systems. In the later two systems, it has been found that the spinel follows the cube-on-

cube epitaxial relationship with respect to NiO or MgO, i.e. the orientation of the spinel
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lattice follows the orientation of NiO or MgO. Due to the different structures, this does

not occur in the present system. In the (0001) ZnO/(0001) Al.O; system, ZnAl-O,
grows with its close packed (111) planes parallel to the close packed (0001) planes of
Al05 and ZnO. There is no such simple relationship between the planes of ZnAl,O; and
(0112) AL Os or (1120) ZnO. Hence, the more than one epitaxial relationships observed

in this case can be expected because there is no simple template for the spinel to follow.

Table 6-1: Observed epitaxial relationships between ZnAl,O4 and Zn0/A1L,O5

A (131)ZnALO, makes a 3.5° angle with (2110)  [112 ]ZnALO, makes a 2° angle

i AL,0s (or) with [01 11 JAL,Os
(220) ZnAl,04 // (T101) Al,O4

B (131)ZnAl,0, makes a —1.5° angle with
(2110) AlLOs (or) (220) ZnALO, // (1270)
ZnO (or) (111)ZnALOs// (1010) ZnO

[112]ZnALOs // [01 11 JAL O+

C (111)ZnALO, // (1010) ZnO [213]ZnALO, // [0111 JALOs
[4331ZnAl,04 // [2110]ALLO; (or)
[322]ZnAl,04 // [01 11 ]ALLO;

E  (133)ZnALO; makes a 5° angle with (1120)  [0221ZnA1204 makes a 5° angle
700 with [O1 11 JAl-Os

D (011)ZnAl,04 // (1120) ZnO (or)
(011)ZnAlLO4 // (011 2)A1,04

As mentioned earlier, there are similarities between the orientation 'A' (in Table 6-
1) of ZnAl>O4 on R-Al;O3 and the orientation of NiAl,Os on R-Al,Os. Since the only
common factor in these two cases is the sapphire substrate, we can assume that the
substrate orientation plays an important part in determining the epitaxial relationship.

Therefore, we should take a closer look at the relationship between orientation ‘A’ of

ZnAlyO4 and R-Al;Os. Schematic diagrams of the spinel along its [1 12] direction, and
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that of R-Al,O; along its [Ofll] direction are shown in Figure 6-4. Only the oxygen
sublattice of ZnAl,O, is shown and the small tilts observed are neglected. Two planes are

shown: the (714 ) plane which is perpendicular to the (131) planes, and the (513 ) plane
which makes an angle of 87° with the (131) planes. The position of the bottom most
oxygen ions, viewed from the top (along the [ 7 14 ] direction) are also shown. As seen
from these figures, two adjacent rows of ions belonging to the (262) planes and along
the [112] direction have an arrangement similar to that of the row of ions along the

[Ofl I ]direction of Al,O;.

In addition to the similar arrangement of oxygen ions, the ridges (at an atomic
scale) on both the surfaces probably helps in the bonding and stabilization of this
epitaxial relationship. The above description was based on the arrangement of the anions.
This is a good first approximation. A more detailed description should include the
arrangement of the cations.

EFFECT OF GRAIN BOUNDARIES AND GRAIN ORIENTATION

Grain boundaries can have a considerable effect on the kinetics of solid state
reactions. For example, in the diffusion—controlled regime, grain boundary diffusion can
enhance the mobility of the various structure elements, thus increasing the growth rate.
At the same time, in the interface—controlled regime, there is a tendency for easier
accommodation at the junction between the two grains, which in turn increases the
reaction rate at the grain boundaries. Hence, when studying the growth rates of films
which are made up of multiple grains, the effect of the grain boundaries has to be

evaluated.
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Figure 6-4.  Schematic diagrams of the spinel and sapphire crystals which have the

epitaxial relationship 'A’ given in Table 6-1
(a). The side view along the [O111] direction of sapphire

(b). The arrangement of the bottom layer of spinel and the top layer of the

sapphire crystal
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In Figure 6-5(a), the region around a grain boundary between two spinel grains is
shown. This image was obtained from the sample annealed at 1000°C for 30 minutes and
enhanced growth is observed near the grain boundary. The orientation of grain I
corresponds to relationship 'D’ in Table 6-1, while that of grain II corresponds to
relationship 'E". A region (from the sample annealed for 90 min) where there are many
grains next to each other is shown in Figure 6-5 (b). As seen here, the area of the film
with many grains (of smaller width) next to each other is thicker than the area far away
from a grain boundary. We will see later that the growth rate also depends on the
orientation of the spinel layer. The faster growth rate seen in Figure 6-5 (b) is probably a
combination of the effect of grain boundaries and grain orientation. Hence, when
studying the kinetics of the solid state reaction between ZnO and Al,Os;, we have to
measure the thickness far away from grain boundaries. The higher growth at the grain
boundaries can be due to either enhanced diffusion at the grain boundaries or due to
easier accommodation of the reacting species at the interface close to grain boundaries.
We can identify the process if we establish the growth limiting step i.e. if we can
determine whether the reaction is diffusion controlled or interface controlled. The growth
rate for orientation A is evaluated in the next section. In this section the structure of the
grain boundary region is studied in more detail.

Regions Ia and IIa in Figure 6-5(a) are tilted with respect to regions I and II
respectively. Other grain boundaries with grains of other orientations were also observed

to have a similar structure. The regions Ia and IIa are tilted such that the bottom of the

grain moves towards the grain boundary i.e. Ia is tilted by 6.5-7° in the counter
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Figure 6-5. (a). Region near a grain boundary between two spinel grains. The
orientation of grain I corresponds to the diffraction pattern 4(a), and that
of grain II corresponds to the diffraction pattern 4(b). The overlaid
schematic shows the expected position of the initial ZnO/Al,O; interface
0-O0, and its position A—A after reaction. See text for explanation. Grain
Ia is rotated (by 6°) counterclockwise with respect to I while IIa is rotated
clockwise (by 10°) with respect to II.

(b). Another area which shows the effect of multiple grain boundaries
close to each other. There is an effective thickening of the layer i.e. the

growth rate appears to be larger.
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with respect to II.

Assuming that the mechanism involved in the formation of ZnAl;Os is the counter
diffusion of cations, according to which transport of oxygen ions is not involved, except

for the jump across the interface, the reactions at the two interfaces (Figure 6-6)can be

written as'2®
4ZnO + 2 AI** = ZnALOq4 + 3 Zn**, at the ZnO/ZnAl,O; interface and (6-16)
4 ALO; + 3 Zn** = 3 ZnALO, + 2 AI*, at the AL,OyYZnAl>Oy; interface. (6-17)

The Zn*" ions created at the ZnO/ZnAl,Q, interface diffuse across the spinel layer and
react at the Al;03/ZnAl,O4 while the AI** jons are transported in the opposite direction,
thus conserving the charge. In this case, the volume ratio of the ZnO consumed to the
Al>Os consumed is in the ratio 0.36 : 0.64 (i.e. 93.66 : 169.33) (see Table 6-2). As shown
in the schematic superimposed on the TEM image in Figure 6-5(a), the original
ZnO/Al,0; is expected to lie along the line O—O. However, the ratio of the volume of
spinel formed on the ZnO side of the original interface to the volume formed on the
Al,Os side of the original interface is 1:3. There is a net loss in volume (27.6 cubic
angstrom) when four ZnO formula units react to form one formula unit of ZnAlO,
according to reaction | and table 6-2, due to the closer packing of the oxygen atoms in
ZnAlO,. Similarly, there is a gain in volume (28.84 cubic angstrom) when four units of
AlO; reacts to form three units of ZnAl,O4 due to the closer packing in Al;O3. This
reduction in volume at the ZnO/ interface and gain of volume at the Al,O3/ ZnAl:Os4
results in the shift of the planes upward. The greater the thickness of the spinel layer, the

greater the shift.
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ZnALO, + 3Zn* « 2A1* +4ZnO (REACTION 1)

Counter
Diffusion of ZnAlLQO,

cations

(REACTION 2) 4ALO;+3Zn™ — 2A1* + 3ZnAlO,

Figure 6-6 Schematic representation of the mechanism invoived during the solid state

reaction between ZnO and Al;O;. Assuming that the anions are immobile,

there will be a counter flux of Zn** and Al** ions.
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If the thickness were uniform, the line A—A (which represents the position of the original
ZnO/Al2Os interface after reaction) would be parallel to O-O; however, due to the
non—uniform growth near the grain boundaries, the line A-A is curved. In the region
close to the grain boundary, the shift in the original interface is more pronounced than in
the region far away from the grain boundary. This is equivalent to straining or bending
the crystal planes into the shape A—A, causing stresses which result in the observed tilts.
In addition to the effect of enhanced growth at grain boundaries, the growth rate is
observed to be dependent on the orientation of the grains.

Two adjacent grains with different orientations are shown in Figure 6-7. Grain I
has an orientation 'C' (Table 6-1) while grain I is a twin (a 180° rotation about the
surface normal) of orientation B. The thickness of grain I is almost twice that of grain IL
Hence in addition to taking measurements far away from grain boundaries, measurements
from the grains with the same orientation have to be taken into consideration when
studying the solid state reaction kinetics of the ZnO/R—Al,0; system.

Table 6-2: Volume changes occurring during the formation of ZnAlL O, at the

ZnO/ALOQO; interface
Lattice Volume/unit . .o+ - V used V .3
parameters (A ) cell ( ,23) m "“:‘Z‘;) c:::;d avs)
ZnO a=3.2498 46.82 2 3.2498 -93.66 +66.06 -27.6
c=5.20661 (reaction 1)
AlLOs a=4.758 254696 6  2.747 -169.33  +198.17 +28.84
c=12.991] (reaction 2)
ZnALO,  a=8.0848 5284548 8  2.858

" n: number of formula units/unit cell
" d: oxygen—oxygen nearest neighbor distance
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Figure 6-7 TEM image of two adjacent grains with different growth rates. Grain I has

orientation 'C' and grain I is a twin of orientation 'B' given in Table 6-1.
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GROWTH KINETICS

In this section the kinetics of the reaction between ZnO and R-Al;O5 resulting in a spinel
layer with the orientation shown in (b)~(c) is studied (orientation A in Table 6-1). The
ZnO/R-ALO; film was annealed at 1000°C for 30, 90 and 150 min. Cross-section TEM
samples were made from the annealed samples and the thickness of the spinel grains with
orientation A was measured. Statistical sampling of measurements made by TEM is not
practical because of the limited area that is imaged and the time consuming process of
making cross-section samples. But in this case TEM measurements were necessary
because of the necessity to identify grain boundaries and the crystalline orientation of the
grains. The grains from which the thickness measurements were taken, were | to 10
microns wide. Care was taken to take measurements away from any grain boundaries.
The effect of nucleation has to be taken into consideration when measuring the growth
rate. We have observed that a 850°C anneal for 30 minutes results in a continuous spinel
layer of thickness between 15 and 20 nm, wherein the nucleated grains grow laterally and
join together at an early stage. At a temperature of 1000°C, the nucleation rate and the
lateral growth of the grains is expected to be faster, and hence we assume that the
incubation time is very short. The average thickness of the spinel grains (orientation A) in
the samples annealed for 30, 90 and 150 minutes were 35 nm, 95 nm and 150 nm
respectively. Variations in the thickness of the grains were observed, for example the
thickness varied between 135 nm and 170 nm for the samples annealed for 150 min. The
growth rate for this orientation is seen to follow a linear relationship, which suggests an

interface controlled reaction.
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The orientation relationship of grains A was discussed in the earlier sections. The lattice
misfits at the interfaces (perpendicular to the c-axis of ZnO) are:

(2) ZnO/ALO;3 ((dwpphie—dz00)/dza0 = ~15.38% or (dzno—dsapphire)/dsapphire = 18.3%)

(b) ZnAlLO4/ZnO interface, ((dspiner—dzn0)/dzno = —13.3 %) and the

(¢) ZnALOd Al;O3, ((dspiner—dsapphire)/dsapphire = 2.45 %).

The original ZnO/Al,Os interface was discussed in Chapter 4. It is atomically sharp and
planar. While misfit dislocations are present at an average repeat distance corresponding
to 5(1100) ZnO planes, there are highly strained regions, the origin of which we do not
understand at the moment, which are present with almost twice the average separation of
the misfit dislocations.

The ZnAl;04/ZnO interface on the other hand, is very rough. Two images from
adjoining grains (from the sample annealed for 150 min) with the same orientation are
shown in Figure 6-8(a) and (b). In both figures, the average repeat distance of the misfit
dislocations corresponds to 6 (1100) ZnO planes. In Figure 6-8(b), the misfit
dislocations (marked as '*'s) actually lie about | nm below the ZnO/ZnAl,O, interface
(marked by a '—' line). While in the region above the dislocations, the spinel forms a
coherent interface with ZnO. There is some additional contrast parallel to the (111)
planes. It is possible that the reaction proceeds ahead of the dislocations, but the reaction
zone is limited due to increasing strain energy. In Figure 6-8(b), a slightly out of focus
image of the ZnO/ZnAl;O, interface from an adjoining grain is shown. The misfit
dislocations in this case lie at the interface, and a coherent region as in Figure 6-8(b) is

not seen.
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(11-20)
- ZnO

(1-100)

(11-20)

{(1-100)

Figure 6-8:  Two types of ZnO/Al,ZnO, interfaces observed. The position of the extra
planes (misfit dislocations) in the spinel are marked with a '*'. In (a) there

is a thin (1 nm) spinel layer which is coherent with ZnO. The interface in

(b) appears to be locally pinned.
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At the same time, the interface is bowed locally as if it is being pinned. While the pinning
positions do not necessarily coincide with the misfit dislocations, there is a likelihood that
the strained regions observed at the ZnO/Al,O; interface act as the pinning sources. In
both type of interfaces mentioned above, the large misfit (dislocations) appears to
influence the progress of the reaction front. It should be mentioned that Figure 6-8 (b) is
from a very thin region and close to the edge of the sample where portions of the ZnO has
been ion-milled away. Even though ion milling was carried out using a liquid nitrogen
stage, we cannot categorically disregard the influence of any damage occurring during
sample preparation.

A few misfit dislocations were also observed at the ZnAl,O4/AlLOs interface
(from the sample annealed for 150 min), but the average repeat distance could not be
estimated as there were far fewer dislocations at this interface. Faceting was observed at
the ZnALO4/ALO;5 interface (Figure 6-9) for this particular orientation. As seen in the

figure, the facets of larger length were almost perpendicular (tilted by 2°-3°) to the
(131) planes of ZnAl;O4 (the (714 ) plane is perpendicular to the (TBI) plane and the

(513) plane makes an angle of 92.9° to the (131) plane). On the sapphire side of the

interface, single steps (corresponding to the d-spacing of the (0112) plane) were
observed. It should be noted that single steps in this case actually are made up of an
O-Al-0-AI-O arrangement of planes as shown in Figure 6-4.

While the climbing or gliding of the interfacial dislocations controls the reaction
at the ZnO/ZnAl,O; interface, growth at the ZnAl,04/Al,Os interface is controlled by the
reaction at the steps on the sapphire surface. At present, we cannot determine which of

these two interfaces is rate determining.
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Figure 6-9:  High resolution TEM image of the Al,ZnO4/Al,O; interface. The spinel

layer has the orientation 'A’ given in Table 6-1.
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6.2.2 THERMAL STABILITY

In our study, we observed the reaction rate at 1000 °C to be linear. Moreover, the rate

constants in other systems have been found to follow the Arrhenius law'3®

k=Aexp[-— E, J (3)
k,T

where E,, is the activation energy, and kg is the Boltzman's constant. We can extrapolate

the data available from samples A and B and calculate the thickness of the spinel layer to
be 3.0 to 7.5 nm for annealing between 650 °C to 750 °C for 30 min. Furthermore,
nucleation is also expected to be retarded at lower temperatures. The maximum
temperature of any process (growth, annealing, etc.,) has to be limited to around 750 °C
to prevent the formation of a spinel layer at the interface between ZnO and R-Al,Os. For
other applications where a thin spinel layer can be tolerated as long as it is confined to the
ZnO/R-ALO; interface, higher temperatures can be used. For example, a ZnO buffer
layer of appropriate thickness can be used for applications involving the growth of III-
Nitrides by MBE, so that the spinel layer, even if it forms, is confined to the ZnQ/Al:0x

interface and does not affect the top growth surface.
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Chapter 7 : CONCLUSIONS

1. MOCVD technique was successfully used to grow high quality epitaxial ZnO
films on (0112) AlLO; (R-plane sapphire). The limitations presented by the vigorous
gas-phase reaction between DEZn adn O, has been circumvented by incorporating
separate injectors for DEZn and O; in a vertical-flow rotating-disk reactor. The injectors
were placed at a short distance from the substrate and were positioned in such a way that
DEZn and O, entered different zones in the reactor, thereby reducing pre-reactions. An
optimum growth temperature of 450°C was obtained. Below 300°C, the quality of the
crystals was poor as the temperature is too low for sufficient surface diffusion of the
adsorbed species to occur; whereas above 550°C gas phase reactions were dominant
resulting in particle like deposition on the substrate.

The epitaxial relationship between ZnO and the R-plane sapphire was evaluated
by a combination of x-ray 6-260 and ¢—scan measurements, and cross-sectional electron
diffraction. The epitaxial relationship was determined to be:

(1120)ZnO//(01T2) ALOs and [0001]ZnO// [0111] AlLO;.
The c-axis of ZnO lies in the plane of the ZnO film. This leads to important device
application due to the anisotropy in physical properties perpendicular to and parallel to
the c-axis.
For comparison, the epitaxial relationship between ZnO and C-sapphire was determined
to be:

(0001)ZnO//(0001)AlLO; and [1010]ZnO/{2110] AlOs.
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This orientation relationship corresponds to a 30° rotation about the c-axis of the ZnO
unit cell with respect to the Al,Os unit cell, resulting in a continuation of the oxygen sub-
lattices across the Al,O+/ZnO interface.

The ZnO films on R-Al,O; had a very smooth surface morphology. and grain
boundaries were not observed by TEM. The predominant defects were threading

dislocations. On the other hand, columnar growth and grain boundaries were observed in

the ZnO films grown on C-Al>Os under similar growth conditions. The as-grown (112 0)
ZnO / (0112) Al,O; interface was atomically sharp and semi-coherent. The 18.3 %

lattice misfit along the [1T00] direction of ZnO was relieved by a regular array of misfit

dislocations with an average spacing of 1.4 nm.

2. To investigate the surface acoustic wave properties in the ZnO/R-Al,O;3 system,
prototype SAW delay lines were fabricated. The SAW propagation direction was chosen
along the c-axis of ZnO. The structures were designed to have SAW wavelengths

between 10 pm and 16 pm on 0.5 and 1.5 um thick ZnO films. An effective

electromechanical coupling coefficient (kfﬂ ) of 6 % was obtained for the 10 um device

fabricated on the 1.5 um thick ZnO film, which is close to the value for bulk single
crystal ZnO. A low insertion loss value of 5 dB was observed for the same device. The
smooth surface morphology and the absence of grain boundaries (low scattering of the
SAW into other acoustic modes), in conjunction with the sharp and semicoherent
ZnO/Al,O; interface provides efficient acoustic energy transfer in SAW devices,
resulting in the observed low insertion loss. A maximum SAW velocity of 5800 m/sec

was obtained for a 16 um device fabricated on a 0.5 um thick ZnO film.
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The low temperature (11 K) Photoluminescence spectra showed a sharp donor
bound excitonic peak at 3.363 eV with a full width at half maximum of 6 meV. In
comparision with the FWHM valus of 3 meV (4.2 K) from bulk ZnO and 8.9 meV (4.2
K) from ZnO grown on GaN/SiC by MBE. it clearly indicates the films high quality. The
anisotropic absorption characteristics for light polarized parallel to and perpendicular to
the c-axis of ZnO were also investigated. Although the shape of the transmission and
reflectivity curves are similar for the two polarizations, the curves for E//c are shifted by
~20 meV to higher energy with respect to those for ELc. This phenomenon is primarily

related to the anisotropy in absorption associated with the polarization selection rules for

different excitons in ZnO.

3. The thermal stability of the ZnO/R-AlLO; films was investigated by annealing
them in an O,+N, atmosphere at temperatures above 850°C. The crystalline quality of the
ZnO improved on annealing at 850°C for 30 minutes, resulting in a x-ray rocking curve
FWHM of 0.25°. Simultaneously, ZnO reacted with Al,O; forming a thin spinel layer
(ZnAlL0,) at the interface. The thickness of the spinel layer formed after annealing for 30
min at 850°C and 1000°C was 15 nm and 35 nm respectively. Based on an Arrehnius
type relationship for the growth, and considering that the nucleation rate decreases
exponentially with decreasing temperature, the interface would be stable for annealing
temperatures up to 700 - 750 °C. Beyond this temperature range, reaction at the interface
is expected. The kinetics of the spinel formation at 1000°C was investigated in detail. A
linear growth rate was observed for annealing up to 150 minutes, which suggests an

interface-controlled reaction, and the mechanism for growth was established as due to
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counter diffusion of Al* and Zn®* cations in a stationary oxygen anion lattice. The

structures of the ZnO/ZnAl,Oy interface and the ZnAl-O4/ Al O interface were evaluated.

Future Work

In this dissertation, we have solved some of the hurdles for using MOCVD grown
ZnO films for low-loss high-frequency SAW applications. Two important research topics
for future work are ZnO growth on diamond films, and p-type doping of ZnO films.

In order to further increase the operational frequency of SAW devices, ZnO has
to be deposited on to diamond, as diamond has a very high acoustic velocity. Hence, high
quality ZnO deposition on diamond is a very important research area for the future.

For practical SAW devices, the temperature coefficient of frequency (TCF) has to
be close to zero. By combining ZnO, (which has a negative TCF) with SiO, (which has a
positive TCF), a system with zero TCF can be obtained. Hence growth and fabrication
techniques have to be optimized for ZnO on SiO> and quartz.

One of the main technical barriers to using ZnO films in various electronic and
optoelectronic devices such as Laser Diodes and UV photodetectors, is the difficulty of
obtaining p-type doped films. Limited success has been obtained by doping the ZnO
films with nitrogen. The nitrogen source used for doping purposes is usually N> or NHs.
At the present MOCVD growth temperature (400 to 450 °C), the breakdown of these
gases, especially that of Ny, is very difficult. The optimum way to decompose these gases
is to create a N; or NH3; Remote Plasma in a quartz tube connected to the MOCVD
chamber, followed by the transport of the radical and ionized species to the growth

surface, which are then incorporated into the growing film.
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APPENDIX A

Elastic, piezoelectric, and dielectric constants of ZnO

Piezoelectricity is a linear interaction between electrical and mechanical systems. The
direct piezoelectric effect is that electric polarization is produced by mechanical stress.
Closely related to it is the converse effect, whereby a crystal becomes strained when an
electric field is applied. Centrosymmetric classes are always inactive in piezoelectricity.
Out of the 32 point groups, only crystals belonging to 20 of them can show
piezoelectricity. 6mm, the point group of wurtzite, is one of them. Crystals with the
diamond cubic structure (Si, diamond, Ge) do not show piezoelectricity. The constitutive
equation relating the electric and mechanical variables are:

T., =Cy Sy —€,. E,

D,=e,, S,+€,E,
where 7, is the stress tensor (Nm'z),

Sw is the strain tensor,

cyks 1S the stifness tensor (Nm'z),

eay is the piezoelectric coefficient (Cm™)

€, is the permitivity or dielectric constant (Fm')

D, is the electric displacement (Cm’l). and

E, is the electric field intensity (Vm™)
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a, b, ¢ - crystallographic axes
X, ¥, Z - rectangular axes used to
a, x define piezoelectric constants

Figure A-1:  Relationship between crystallographic axes and axes used in defining

physical constants in 6mm crtystals.

The relationship between the crystallographic axes of 6mm crystals with respect to those
used for defining the piezoelectric and other constants is shown in Figure A-1.9% The

piezoelectric tensor for a 6mm crystal has three independent constants, and is of the form:

0 0 0 0 e5; O
0 0 0 e 0 O
e, €5 €0 O 0 0

(enn = ek in actual tensor notation
= 11,2—-522,3-533,4-523,5513,6 -512)

The piezoelectric stress constants for ZnO are:%°

ers = -0.48 C/m?, e3; = -0.573 C/m?, and e3; = 1.32 C/m>
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Dielectric permittivity tensor for a 6mm crystal has two independent constants, and is of

the form
g, 0 0
0O g, O
0 0 g,

The permittivity constants (at constant strain) for ZnO are:

En= 855, and €33 = 10.2

Stiffness tensor for a 6mm crystal has five independent constants

(ch 6: ¢ 0 0 0
G: ¢, ¢ 0 0 0
cr 63 ¢ 0 O 0

0 0 0 ¢, O 0
0 0 0 0 cg 0

l
0 0 0 0 O E(Cn - Clz)
(cmn = cijas in actual tensor notation, same rules as above apply for conversion).

The elastic stiffness constants (10'° N/mz) for ZnO are:

Ccr; = 20.97, Ccr = 12.1 l. Ci3= 10.51. Ci33 = 21.09, Ce4 = 4.247.
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APPENDIX B

Basic Microwave Circuit Analysis and S-parameter model

Because of the high frequencies and small wavelengths, standard cricuit theory
cannot be used directly to solve microwave network problems. In general circuit theory,
due to the insignificant phase variation (of a voltage or current signal) across the
dimensions of a component (due to large A), lumped circuit elements are considered. In
contrast, microwave circuit analysis'*> involves distributed circuit elements as the phase
of a voltage or current signals changes significantly over the physical extent of the device
because the device dimensions are on the order of the microwave wavelength. Hence in a
strict sense, the theory of electromagnetics as described by the Maxwell's equations
should be used for solving such problems. Simplifications can be made by using the
transmission line theory, if we are only interested in the fields at the ends or terminals of
these components.

For a loss-less transmission line, the voltage and current along it's length (z) are

given by'*
V(2)=V, e ™ +V, e (B-1)
[(:):ﬁ.e-l& _E)_ela: (B_z)
[} 0
where

L
z, =‘E (B-3)

B=wvLC (B-4)

V.

N is the amplitude of the travelling wave (voltage) in the +z direction,
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Vo is the amplitude of the travelling wave in the ~z direction,

() is the frequency
L is the series inductance per unit length (H/m), and
C is the shunt capacitance per unit length (F/m).

Z, is called the characteristic impedence of the transmission line.

Figure B-1: Reflection and transmission at the junction of two transmission lines with

different characteristic impedances. [142]

Let us consider the case of two transmission line with characteristic load impedences Z,
and Z, respectively which are connected to each other. Let us assume a voltage signal

V(z)=V, e ™ (B-5)
is generated from a source at z < 0. If a signal

z.z2>0) =V, e (B-6)
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is transmitted into the line on the right, in order to match the voltage and current signals
at the junction, a wave of the form

V,e™ (B-7)
has to be reflected back into transmission line 1 (TL1). Hence the net voltage and current
relationships in TL1 Are given by equations (B-1) and (B-2). Matching the voltages and

currents at the junction (z = 0), we obtain

Vo 4V =V (B-8)
Vi Vi Vo 5.9
Zl) Z(l Zl

Dividing (23) by (24), we obtain

Yo +¥0_ (B-10)

Z,= S =
Vo —Vn

From this we obtain, the reflection coefficient (I'), which is the amplitude of the reflected

wave to that of the incident wave

I—=V”-=Zl -Z" (B'll)
V(l’ Zl +Z()
Equating the voltages at the junction, we obtain
Vi=(1+DV, =TV; (B-12)

where T is the transmission coefficient. Thus at any junction which joins two components
with different impedences, a reflected wave is generated, and hence only part of the
power is transmitted across. When Z, = Z; i.e. when the load is matched, there is no
reflected wave, and all the power is transmitted across the junction. Similar results can be

obtained for a load (Ry) terminating the transmission line.
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S-Parameter model

The behavior of a SAW device or a microwave network to an input signal is
evaluated by measuring certain parameters measured at the network terminals (ports)
without regard to the contents of the network. Once the parmeters of the network are
determined, its behavior in any external environment can be predicted, again without
regard to the contents of the network. The behavior of SAW devices are evaluated by
modeling them as two port networks: an input port and an output port. Many sets of
parameters can be evaluated, but the most common and useful set of parameters for
microwave design and analysis are the scattering parameters, also known as the S-
parameters.'*> Each parameter set is related to a set of four variables associated with the
two-port model. Two of these represent the excitation of the network (independent
variables) and the remaining two represent the response of the network to the excitation

(dependent variables).

Zs

— AW
. —> = TWOPORT [a+—
: NETWORK

b ¢—— —p b,

Z

Figure B-2: Two-port network model used to characterize microwave devices and

circuits.

In the S-parameter model, the independent or excitation variables are the incident waves

(a; and a2) and the dependent variables. The variables a,, a;, b; and b» are specified as
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V- L
a =Y = voltage wave incident on port| (B-13)
Z, VZ,

v .
dy=—l_ = voltage wave incident on port 2 (B-14)
le Z()

b Vi" _ voltage wave reflected form port|
= =

— (B-15)
Zl) Z()

b. = V., _ voltage wave reflected form port 2

B-16
"z, N e

where Zo is an arbitrary reference impedance. The linear equations describing the two-

port network are then:
bi=si1a; +s;2az (B-17)

b> =53 a; + 522 a2 (B-18)

which can be written in the matrix form as

v’ =3u s (V7 (B-19)
Vi) LSy sn |V

s, =_b_, = Input reflection coefficient with the output port terminated by a
) |40 matched load (Zy = Z, sets a; = 0)
5. = b, — Reverse transmission gain with the input port terminated by a
12 a,| .,  matched load (Zs =Z, sets a; = 0)
$qy = b, = Forward transmission gain with the output port terminated by a

A =0 matched load
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- b, — Output reflection coefficient with the input port terminated by a

a.|, ., matched load

The physical significance of these parameters are

1 _ Power reflected from the network input

Sul = — -
l Power incident on the network input
is :_Power reflected from the network output
- Power incident on the network output
2 Power delivered to a Z, load Transducer power gain with Z,,
s
|

Power available from Z, source  load and source

sy| = Re verse transducer power gain with Zy load and source

133

In SAW filters, we will be most interested in the sz, parameter, which represents the

response of the filter to an input signal. Testing and measurement of the s-parameters is

accomplished using a Network Analyzer.
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APPENDIX C

X-RAY ¢—-SCAN MEASUREMENTS

While X-ray diffraction 6-20 measurements are sufficient to determine the
orientation perpenducular to the surface of thin films, ¢-scans are required to determine
the in-plane orientation of single crystals or epitaxial thin films. The basic geometries for
measuring 6-20 and ¢ scans are shown in Figure C-1. X-rays are scattered most
efficiently by crystalline planes with interplanar spacing do when the angle of incidence
(8go is the Bragg angle) of the x-rays (of wavelength A) is given by the Braggs law:

A = 2d, sin Bgg (C-1)
In a 8-26 scan, the intensity of the scattered beam is collected for varying incident angles.
The incidence angle is varied by changing the position of the sample (by A8), while the
position of the detector is simultaneously changed by twice the angle (2A8). The d-
spacing of the reflecting plane is calculated by measuring the bragg angle i.e. the angle at
which the diffracted intensity is a maximum. For the crystal structure and the d-spacing
value, the plane which is oriented parallel to the surface can be identified.

The condition that has to be satisfied by a plane in order to obtain a ¢-scan is

o < Ogg, (C-2)
where a is the angle between the plane under consideration and the plane parallel to the

surface, and gy is the bragg angle of the plane under consideration.
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(b) ¢ - scan

Figure C-1: The basic geometry for measuring x-ray (a) 8-26 and (b) ¢-scans
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In a ¢-scan, the number of planes of a certain {h k e I} family which make the same angle
with the plane parallel to the surface of the film is determined. The incident angle is kept
constant at (8go-0), while the detector position is kept constant at 20g,. The sample is
rotated (¢) about the surface normal, which brings the various planes (of the same family
which make the same angle o) into bragg condition sequentially. The diffracted intensity
is plotted against the angle of rotation, ¢, and the number of peaks in this plot and the
angular separation between the different peaks will give the required crystallographic
information. The separation between the peaks in a ¢-scan corresponds to the angular
separation between the corresponding projections of the normals to the planes onto the
plane parallel to the surface of the film.

For calculating angles between planes or directions in hexagonal crystals, it is
convenient the ortho-hexagonal unit cell shown in Figure C-2(a). The unit vectors in the

ortho-hexagonal lattice in terms of the unit vectors in the hexagonal lattice are

a; =a,
az =a|+232 C-3
c'=c¢

To convert the indices of a plane, (k k [), from the hexagonal to the ortho-hexagonal

system, the following conversion is used.

h I 0 OYh
k=1 2 0}k C-4
{ 0 0 140

Hence the indices of the plane in the ortho-hexagonal system are

(h', k', 1) =(h, h+2k, I)
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Hexagonal unit cell
a;=0A,2;,=0C - - - C

Ortho-hexagonal unit cell .
a,'=0A.a,' =0OC - B

(a)

n
——> Plane normal

Zr ——> Projection on to film surface

(b)

Figure C-2:  (a). Unit vectors in the basal plane used to define the hexagonal and ortho-

hexagonal unit cells.

(b). Schematic diagram used to explain the { 2131} ¢-scan of ZnO.
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The unit vectors in the ortho-hexagonal system are
a|'=az?, az'= ﬁa]’. ¢ =ck
where { and jare the orthogonal unit vectors along OA and OC' respectively, k is the

unit vector perpendicular to the basal plane (along the c-axis), and ‘a’ and ‘¢’ are the lattice
parameter of the hexagonal unit cell.

The reciprocal lattice vectors are

r al'xC' 1
2 — —4
a,’s(a,'xc’) 3a

j.and C-5

. a,'xa,

r3 = r L] T
c'e(a,'xa,’)

1 -
=—k.

C
Where ‘¢’ represents vector dot product, and 'x’ represents vector cross product.

Hence the normal to an (h k ) plane (indices referred to the hexagonal cell) is given by

» (h+2k) - [ -
g=hl‘1+kl'z+ll'3=h'l'|'+k'l'2'+1'r3'=ﬁl'-f-( M )j+—’ C-6
a \/§a C

where ry, r,, and r; are the reciprocal lattice vectors in the hexagonal system. Hence the

angle (a) between two planes (h; k; /;) and (hz k3 I3) is given by

2
hyhy +heykey + (kg + ok, )+ S O 11
2 4 c

2
cos (o) = Cc-7

2 2
h2 +k? +hk, + S92 h2 +k2 +hyk, + 9-‘52—15
4 c? 4c

The ¢-scan from the {2131} family of planes of a (1 120) oriented ZnO crystal

is explained using Figure C-2(b). The data was presented in Section 4.1. The bragg angle
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for this family of planes is 47.7°. There are 12 planes which belong to this family, out of
which we have to find the ones which satisfy condition C-2. The 12 planes and the angles
they make with the (112 0) plane are given below.

(1231):15.82° (1231):15.82° (2131):15.82° (2131):15.82°

(3121):50.11° (3121):50.11°  (13271):50.11° (1321):50.11°

(32T1):71.31°  (32T1):7131°  (2311):7131°  (2371):71.31°

Only the first four planes which make a 15.82° angle with the (1120) plane
satisfy condition C-2, and hence a {2131} ¢-scan (from a single crystal or epitaxial
(1120) oriented Zn0) with an incident angle (47.7° — 14.82° = 32.88°) should contain
four peaks of equal intensity. Let us represent the normals to these planes (the reciprocal
lattice vectors) by g, g2, g3, and g respectively (see Figure C-2(b)). As mentioned
earlier, separation of the peaks in the ¢-scan correspond to the angular separation
between the projections of the normals to these planes onto the plane parallel to the
surface of the film or crystal. Let the corresponding projections of these four planes be
represented by pi, p2, ps and py4 respectively. If n is the unit vector normal to the plane
parallel to the surface, then the component of a vector g perpendicular to n (i.e.
component in the plane of the surface) is given by

P=g-(gemn C-8

Using equation C-6 and C-8, the projections pi, pz, ps and ps can be calculated.
From these, the angle between the projections can be calculated. The angle calculated

between the (1231) peak and the (123 1) peak is 94.5°, and that between the (123 1)

peak and the (213 1) peak is 85.5°, which are the values observed in the experimental ¢-
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scans obtained from MOCVD grown ZnO films on R-sapphire (Figure 4-2). Hence the

films are epitaxial. and as there are only four peaks, no other orientations are present.
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