(4 8 Céc Phuong Phéap Téng hop Vat liéu 2

1. Phuong phap lang dong hoi hda hoc (CVD)

2. Phuong phap Epitaxy
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1. Phucrng phap lang dong hoi hda hoc (CVD)
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1. Phuong phép ling dong hoi hda hoc (CVD)
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1. Phuong phap lang dong hoi héa hoc (CVD)

e . ot |

SEM photographs of Cr, 4Ti, ,0, films deposited at 650 -C from the different precursor
without additive (a) 0.05 M, (b) 0.005 M. and with additive (c) 0.05 M., (d) 0.005 M.
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1. Phuong phap lang dong hoi héa hoc (CVD)

SEM images of Zn-In203 NWs at (a) low and (b) high magnification
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1. Phuong phép ling dong hoi hda hoc (CVD)
- Atmospheric pressure chemical vapor deposition (APCVD): CVD &p suat khi
quyen (ap suat cao)

« Low pressure chemical vapor depositon (LPCVD): CVD &p suat thap.

« Plasma enhanced chemical vapor deposition (PECVD): CVD tang cuong
Plasma.

» Photochemical vapor deposition (PCVD): CVD quang hoa hoc

« Metal _organic chemical vapor deposition (MOCVD): CVD st dung hop chat
htru co kim loai

« Chemical beam epitaxy (CBE): chum tia hoa hoc.
« Cold —wall chemical vapor deposition: CVD véi thanh budng phan tmg lanh.

«  Hot —wall chemical vapor deposition: CVD véi thanh budng phan tmg lanh.
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Hién twong truyén e—e L&p bién

i phan ¢ Chuyén vao
Khi phan tn :: : e L
Prerz;ursors - [ budng phan ung Khu¥echdt?n
| (reactor) xuong de
CEM
MFC ~

Taomang | QN | PhinineHoahee | Gl | Hip phy

T_‘

Nhiét héa hoc
Pong hda hoc

«  C4c hién tuwong truyén (transport phenomena): dong chay, 16p bién, khuyéch tan, truyén nhiét.
*  Nhiét dong hoc (Thermodynamics)

*  DBong hoa hoc (Kinetics)

*  Hap phu (Adsoption)

« Hinh thanh mang (Film formation)
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1. Phuong phép ling dong hoi hda hoc (CVD)

Cac hién tuong truyén (transport phenomena)

« Dong chay cua khi (Gas flow).

«  Khuyéch tan (Diffusion).

* Lo&p bién (Boundary layer).

«  Ca4c profile van toc, ndong do va nhiét do.

«  C4c thdng so co ban (Dimensionless numbers).
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Cac hién tuong truyén — DOng chay

welocity vectors and fluxes

Hinh anh dong chét luu va chay qua mot khic
quanh.

* Jeony - thong luong dong d6i luu (dong chay
ctia chit 1ong).

« Jgi - thong lugng dong khuyéch tan.

* D - hé s6 khuyéch tan.

* 1N - ndng do.

Dong ddi luu khdng thé dua vat chat xudng dé
nén.

Sy ling dong (chuyén vat chét tir dong chay
xubng dé nén) c6 duoc bai dong khuyéch tan.
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CAac hién tuong truyén — Khuéch tan

inh luat Fick 1: dn :
Binh luat Fick 1 J=-D— Khuéch tan tinh
X
Dinh luat Fick 2: oc_ _yoc o
C - ndng ds. ot = PV Khuéch tan dong
He s khudch tan D- kB T3/?2 Phu thudc manh Va0 &p suat
€S0 el D=,|— > khi & &p suét thip.
a: ban kinh ziet di¢n tan xaq. T m@a

Hién tugng khuéch tan 13 hién twong gay ra lang dong trong CVD.

Khuéch tan xay ra khi c6 Gradient nong d6 trong dong chat long = Lép bién ¢6 vai tro
guan trong.

Do dai khuéch tan thu duogc khi giai phuong trinh khuéch tan véi diéu kién bién cho

trude: d6 dai ma qua dé nong do giam di e lan.

L, =/Dt
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CAac hién tuong truyén — Khuéch tan

| B
depth Z',‘
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Lg ==L
Néu L,>> L: nong do giam khong dang ()
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0 L
Lg <=L
Néu L4 << L: néng do giam rat nhanh
theo ham exp(-x/L,) trong budng :> i)
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Cac hién tuong truyén — Lép bién

eniry length

E .

plug flow

bounda y layer regime

Poiseuille flow

x=0 x=0

Velocity BL Mass diffusion BL

Lép bién van toc sinh ra do ¢ nhét
cua dong khi va ma sat gitra dong
khi voi thanh budng.

Lép bién nong do sinh ra do sy hap
phu chét phan tng vao dé > gay ra
gradient nong do

> Khuéch tan.

Lép bién méng hay day sé anh hwéng dén
toc do phan wng.

Lép bién nong do c6 dang tuong tur
nhu 16p bién van toc.
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Profile van tc

Velocity changes
increase

Decrease

Cac hién tuong truyén — Lép bién

Profile van toc
khi phan tng khi
vao buodng thi
tang dan, dat cuc
dai ngay tai chinh
gitta budng (noi
dat dé) va thap

"X
Velocit
protlies

layer

T AT T

X

Dong khi khi di
chuyén Vao buéng,
s& tr tr yéu dan,
ngay tai chinh gitta
buodng thi lang dong.
Luong san pham phu
cia Khi phan ung sé
tang |én trong 16p
bién.

nhat tai bé mat
cua thanh ong.
Profile nong do

Changes in reactant concentration

Increase

- X
Decrease
Y
LTI LA T T i P i
"--.___- Boundary
el L ylayer .
Tow ™, SR (s
et layer
IS, Substrate L S
- X

Temperature profile

Profile nhiét do

Temperature changes

ncrea
| 58 X

Decrease

Y

Khi nhiét d6 dé thap thi phan tng
dé nén sé& xay ra cham, do do s¢
X8y ra phan ung ngay tai bé mat.
Nhiét do dé cang cao thi phan
tmg ling dong Xay ra cang
nhanh.
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Hoa hoc trong CVD

* Nhiét héa hoc (Thermodynamics)
*  Dong hda hoc (Kinetics)
» CA&c phan tng hoa hoc trong CVD

« Chat goc (Precursors)
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Hoa hoc CVD - Nhiét hda hoc (Thermodynamics)
. Khao sat chiéu xay ra ciia mot qua trinh héa hoc vé phuong dién ning
luong.

. Chi quan tdm dén trang thai dau va trang thai cudi ctua quéa trinh, khéng
quan tam dén céc trang thai trung gian.

Céac khai niém:
1.  Nang luong tu do Gibb: G = H -TS.
2. Hang s6 can bang K.

3. Chiéu xay ra cta phan tmg hoa hoc.

16
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Nhiét héa hoc — Hing s6 can bang K

* Phan tng: NA+mB — pC+qgD
* Nang luong tu do Gibb: AG =AH —=TAS

H: ham nhiét (enthalpy)

S: entropy

o cl’[D] AG
|:> Hang s6 can bang K:[ - — =exp| ~——
[A]'[B] &e

:> AG cang 16n, K cang nho anh hutong cia
, nhiét do
|:> Rao the ctia phan tng
Vd: SiH4—>Si+2H2 AG = - 57 kd/mole
SiH, +20, — Si0O, +2H.0 AG = -1307 kJ/mole

Phan tng rat dé xay ra = nod

TiCl, + 2NH, —> TiN + 4HCl + 2H, 4G = 92 kJ/mole
TiCl, +2H, — Ti + 4HCI AG = 287 kJ/mole

Phan trng khong kha thi nhiét hoc. 17
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Nhiét hoa hoc - chidu xiy ra ciia qué trinh

K >> 1: phan tng xay ra hoan toan
K << 1: phan g khéng thé xay ra vé mit nhiét hoc
Chi phu thudc vao T, khéng phu thudc vao ap suat hay nong do khi

Nhung: Ap suat va nong do khi tai sé anh hudng dén nong do san pham ¢ diém can bang.

Vd: Silicon Epitaxy:

SiCl, (gas)+2H, (gas) — Si(solid )+ 4HCI(gas) (1)
SiCl, (gas) + Si(solid) — 2SiCl, (gas) (2)

# Nong do SiCl, cao, phan tng (1) xay ra tao mang Si: DEPOSITION.

# Khi nong d6 SiCl, qué cao, phan tmg (2) uu tién xay ra, bién Si tir pha ran sang SiCl, &
pha khi: ETCHING.

18
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Hoa hoc CVD - Dong hda hoc (Kinetics)
Khao sat co ché xay ra cta phan tng hda hoc.

Quan tdm dén cac trang thai trung gian.

Céac khai niém:

1.

o &~ D

Trang thai trung gian (Transition state).

Nang luwong hoat hoa (Activation energy).

Hang so van toc (Rate constant).

Phan trng phan hay phan tir (Unimolecular decomposition).

XUc tac (Catalyst).

19
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Pong hoa hoc - Hing so van toc K
«  Phan ting hoa hoc mét giai doan ~ MA+NB — pC +qgD

Vantéc phaning R =k[A]" [B]'

«  Thuyc ra, cac phan ting la phirc tap (nhiéu giai doan) A+B—>AB — AB

, Kich thich hi Kich thich
Chat tham gia Trang thai

t . San pham
A&B > g () I AB

Energy
>
o8]
*

Nang luong hqat
6a ‘\

k = Aexp @ Hang sd van tdc

(Rate constant)

AB

Reaction coordinate

k cang 16n thi phan img xay ra cang nhanh

EX: Tao mang Polysilicon tir nguén Silane

SiH, +2 GBI H, e CSIHLD ST H,

/ \

Trang thai trung gian San pham 20
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DPong hda hoc - Phan ing phan hiy phan tir

Dinh luit Lindemann — Hinshelwood:

Phan trng phan giai phan tu: A—>B+C d A*}
i. Va cham gay kich thich: A+A—> A* + A — dt - ka [A]2
dl A _—
ii. Va cham khur Kich thich: A+ A* > A+A — |:d'[ } :_ka [A ][A }
]

i, Phan hiy: A —>B+C —_— ”

— T:RA:kb+ka'[AU ‘K
_ R, [J ;'b[A] High P

a

21
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Hoa hoc CVD - Phén g trong CVD
& Nhiét phan huy (Thermal decomposition — pyrolysis)

* Hydrocarbon decom. CH, (gas) — C(solid) +2H,

+ Halide decom. Til, (g) = Ti(s) +21,(9)

« Carbonyl decom. Ni(CO),(gas) — Ni(solid) +4CO(gas)

* Hydride decom. SiH, (gas) — Si(solid) +2H,
¢ Kha bang Hydro (Hydro reduction)  SiCl,(9) +3H,(g) — Si(s) +4HCI(g)
¢ Oxy hoa (Oxidation) SiH,(9)+0, = Si0,(s) +2H,

& Coreduction AsH,(g)+Ga(CH,),(g) — GaAs(s)+3CH,

& Carbide hda va Nitrit héa (Carbidization & Nitridation)
TiCl,(g)+CH,(g) > TiC(s) +4HCI(g)

3SiCl,(g) +4NH,(9) — Si;,N,(s) +12HCI(9)
» Két tua pha khi (gas phase recipitation)

- D6 quéa bo hoa ctia chat phan tng (reactants) cao.

_ Nhiét do di 16m. « Cau trdc mang khong dong déu.
) « Bé& mit khong phang. Tao bot cuc
Két taa tur . :
Soot * Do bdm de kem. min

pha khi
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Hoa hoc CVD - Precursors (chit géc)
« On dinh & nhiét ¢ phong.

A

Y&u cau « C6 thé phan ng hoan toan trong viing phan tmg ma khdng xay ra phan tng phu.

o C6 thé diéu ché voi d tinh khiét cao.

- D& bay hoi ¢ nhiét do thap.

C6 16p e ngoai cuing bdo hoa = Khoéng tao lién két cong hoa tri.
Khong c6 ludng cuc dién = Khong tao lién két hydro.
Phan tir nhé = dién tich bé mét nhé - Giam luc Van der Waals.

Céc precursor chinh

—=o Halide (Cl , F, Br) - Trans. Metal - SiCl, , WFy AlBr;

PRECURSOR o—

® Carbonyls (CO) - Trans. Metal - V(CO),, Co,(CO),, Pt(CO)CI,

Hydrides (H) = Semiconductor = AsH, , SiH, , PH; , B,H;

I11-V and 11-VI semiconductor: Al Ga, As

Metallorganic = Metal - Ga(CH,),, Zn(C,H:), , AI(CH,)4

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


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

S
40% KMo e,
X o,
'
" O
o c 3
5 = o e
S x
% 5
¥ TP HOCHIMINK T

Cac Phwong Phap Téng hop Vat liéu 2

EPITAXY

CuuDuongThanCong.com

https://fb.com/tailieudientucntt

24


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

.
. o,
ol = Od ©
o e -

{4 ;350 Cac Phwong Phap Téng hop Vat liéu 2
Outline
* Introduction
— What is Epitaxy?
— Epitaxy Techniques

Working Principle of MBE

— Working Conditions
— Setup & Operation
— Results and Control Mechanisms

Benefits and Drawbacks of MBE
Applications
Conclusion
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What is Epitaxy?

« Epitaxy: Deposition and growth of
monocrystalline structures/layers.

« Epitaxial growth results in
monocrystalline layers differing from
deposition which gives rise to
polycrystalline and bulk structures.

« Epitaxy types:
— Homoepitaxy: Substrate & material are
of same kind.
(Si-Si)
— Heteroepitaxy: Substrate & material are
of different kinds. (Ga-As)

)/ Molecular Beams
’

’
] "
’
’ ’ ’
4 /

Substrate Wafer
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@QQ
Epitaxy Techniques
« Vapor-Phase Epitaxy
VPE -
(VPE) . . * Molecular Beam Epitaxy
— Modified method of chemical -
vapor deposition (CVD). (M)_
— Undesired polycrystalline layers — Relies on the sublimation of
— Growth rate: ~2 pm/min. ultrapure elements, then
condensation of them on wafer
N . — In a vacuum chamber (pressure:
 Liquid-Phase Epitaxy ~101 Torr). (P
f LPE} — “Beam”: molecules do not collide
— Crystal layers are from the melt to either chamber walls or existent
existent on the substrate. gas atoms.
— Hard to make thin films — Growth rate: 1um/hr.

— Growth rate: 0.1-1 pm/min.

27
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Molecular beam epitaxy (MBE) is performed with different types of
semiconducting materials like:
1) Group IV elemental semiconductors like Si, Ge, and C
i) H1-V-semiconductors: arsenides (GaAs, AlAs, InAs), antimonides
like GaSb and phosphides like InP
i) 11-VI- semiconductors: ZnSe, CdS, and HgTe

INIA IVA VA VIA

BORON
» N N
£ o) SLICON

Si

Al

In

THALLAM LEAD

Tl Pb
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Features of MBE
typically in ultra-high vacuum

very well controlled growth
films with good crystalline structure

NOoO gk ownE

For good epitaxy: 500

sSubstate
deposition rate - Temperature
("C) 400
-, 1R,

R (constant)e

200

very low deposition rates typically 1um/hr or 1A°/sec

Uses high purity elemental charge materials.

often use multiple sources to grow alloy films
deposition rate is so low that substrate temperature does not need to be as high .

B sitr;l?le
¥

ol
e

amorphous

I I
TUUL SUUL 1000
growth rate (Ahour)
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Effusion cells

Cylindrical crucible offers good charge material capacity,
but uniformity decreases as charge material is depleted. It
offers excellent long-term flux stability, but permits large
shutter flux transients.

Conical crucipie otrers reaucea cnarge material capacity,
excellent uniformity, and poor long-term flux stability, and
permits large shutter flux transients.

Water Coaling Cal

Shielding

SUMO crucible offers excellent charge material capacity, excellent uniformity,
excellent long-term flux stability, and minimal shutter-related flux transients.
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Effusion cells

- made of Ta, Mo, and pyrolytic boron nitride (PBN)
- do not decompose or outgas impurities even when heated to 1400°C.

Condensation : i Tip
nder I b | Extra heating Filament

to prevent
/

condensation

Bottom
Filamenl

Ga Melt

Figure Two: Principle of operation, Dual Filament Cell. In the conventional cell (a), a single filament uniformly heats the entire
length of the crucible, The crucible orifice area is cooled by radiated heat loss, causing the evaporant to condense and form
droplets. In the Dual Filament Cell (b), the crucible orifice area is independently heated by the second filament, to create a “hot-

lip”, thereby eliminating condensation and reducing oval defect densities.
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MBE: Working Principle

Ve > Epitaxial growth: Due to the interaction
Cryopjnel of molecular or atomic beams on a
surface of a heated crystalline substrate.

spectrometer

» They provide an angular distribution of
atoms or molecules in a beam.

» The substrate is heated to the necessary
temperature.

» The gaseous elements then condense on
the wafer where they may react with each
other.

| i I mass » The solid source materials sublimate

» Atoms on a clean surface are free to move
until finding correct position in the crystal
lattice to bond.

» Growth occurs at the step edges formed:
More binding forces at an edge.

32
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L& Ogo
MBE: Working Conditions

= The mean free path (I) of the
particles > geometrical size of the
chamber (10- Torr is sufficient)

Mean free path (cm)

0° 10 107 10
Pressure (Torr)
=Ultra-high vacuum (UHV= 10-1'Torr) to obtain sufficiently clear epilayer.

=Gas evalution from materials has to be as low as possible. Pyrolytic boron
nitride (PBN) is chosen for crucibles (Chemically stable up to 1400°C)

*Molybdenum and tantalum are widely used for shutters.

=Ultrapure materials are used as source.
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MBE: Results and Control Mechanisms

» Control of composition and doping of the growing structure at monolayer via computer
controlled shutters

»  Growth rates are typically on the order of a few A°/s and the beams can be shuttered in a fraction
of a second allowing nearly atomically abrupt transition from one material to another.)

Independent heating of material sources

RHEED (Reflection High Energy Electron Diffraction) for monitoring the growth of the
crystal layers.

Y VY

= / g Bl
=7 77 -

Intensity

time

RHEED oscillations *

» Mass spectrometer for monitoring the residual gases and checking source beams for leaking
» Acryogenic screening around the substrate as a pump for residual gases.

34
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Reflection high-energy electron diffraction (RHEED)

sensitive to surface changes, either due to structural changes or due to adsorption.
to calibrate growth rates,

observe removal of oxides from the surface,

calibrate the substrate temperature,

monitor the arrangement of the surface atoms,

determine the proper arsenic overpressure,

give feedback on surface morphology,

provide information about growth kinetics

NOo Ok wWNE

A high energy beam (3-100 keV) is directed at the sample surface at a grazing
angle.

- distance between the streaks - surface lattice unit cell size.

- atomically flat surface - sharp RHEED patterns.

- rougher surface - diffused RHEED pattern.
layer-by-layer growth mode - RHEED oscillations.
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RHEED is sensitive for surface structures and reconstructions.

Ta VA"
(034

b) GaAs(100) - 2x1

= T ,
2x1 (001) —
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4 — -— elegrccliagéam diffracted beam
MEE growth
(a) —— ——
> A€ | | (a)
b
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(c)
- I 1
time | | (e}

Different stages of layer-by-layer growth by nucleation of 2D islands and the corresponding
intensity of the diffracted RHEED beam.

Tone 1) s
Growth of 3D chlusters

.\'lq’ flow gowth
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RHEED intensity oscillations

- direct measure of growth rates in MBE.

- oscillation frequency corresponds to the monolayer growth rate.

- incident angle dependence of the oscillations suggest that interference between
electrons scattering from the underlying layer and the partially grown layer contribute
to these oscillations.

- magnitude of the RHEED oscillations damps because as the growth progresses,
Islands nucleate before the previous layer is finished.

Shutter Clos ed

Shutter Closed

Specular Spot Intensity

b 10 15 20 0 L] 10 15 20 25 30
Time Time

=
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Benefits and Drawbacks of MBE

Advantages

Disadvantages

m Clean surfaces, free of an oxide layer

= Expensive (10% $ per MBE chamber)

= In-situ deposition of metal seeds,
semiconductor materials, and dopants

m ATG instability

= Low growth rate (1um/h)

= Very complicated system

= Precisely controllable thermal evaporation

= Epitaxial growth under ultra-high vacuum
conditions

m Seperate evaporation of each component

= Substrate temperature is not high

= Ultrasharp profiles
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Applications

» Novel structures as quantum devices
» Silicon/Insulator/Metal Sandwiches
« Superlattices

« Microelectronic Devices

Y AlAcsh Intensity scan over one QW
250 T T
3ML (0.87nm) AlAs | |
D. ZW‘ 1 ‘
GaAs < | |
IVELINE  InGaAs 3 Tl

InAs g 10044415+ { !

Q |

3ML (0.87nm) AlAs c

w
<

7nm ALY
0

0 200
Distance, a.u.

Growth direction
‘_—————_—

TEM image of MBE Growth of Ultra-Thin InGaAs/AlAsSb Quantum Wells*
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Conclusions

« Typically in ultra-high vacuum

» Deposition rates are very low (1monolayer/second)

» Very well controlled (Shuttering: 0.15)

« Grow films with good crystal structure

« Often use multiple sources to grow alloy films

* Deposition rate 1s so low that substrate temperature doesn’t need to be as high
» EXxpensive

» Sophisticated system

42
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