Chemical Vapor Deposition
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Introductlon

Solid material is deposited from a vapor by chemical reaction occurring on or in the
vicinity of substrate

 Uniform thickness and Low porosity because of excellent throwing power

* Avariety of films can be grown by
substrate material, substrate temperature, composition of the reaction gas
mixture, total pressure gas flow

MVYU TM lzophase CVD ICP
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Applied in

Dielectrics Heat-resistant
Conductors coatings
Passivation layers Preparation of high

Oxidation barriers temp. materials

: : Solar cells
Conductive oxides
Corrosion-resistant

coatings
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Summary of CVD process family

Atmospheric pressure | High-atmosphenic | Processes at atmosphenic pressure
VD (APCVD)
Low-pressure OVD | Low Processes at subatmosphenc pressures
(LPOVD)
Ulrahigh vacuum Typically below Processes at a very low pressure
CVD (UHVCVD) | 10-%Pa

(~10-%tom)
Aerosol-assisted CVD Precursors are transported to the substrate by
(AACVD) means of a quid/gas aerosol, which can be
generated ultrasonically
Direct liquid injection Precursors are in liquid form (bquid or swolid
CVD (DUCVD) dissolved in a convenient solvent). Liquid solutions

are injected in a vaporization chamber towards

injectors (typically car injectors). Then the

precursor’s vapors are transported to the substrate
as in classical OVD process




Summary of CVD process family

Microwave
plasma-assisted
CVD (MPCVD)

Remote
plasma-enhanced
CVD (RPECVD)

Azomic layer CVD
(ALCVD) or ALD

Hot wire VD
(HWCVD)

Metal-organic
chemical vapor
depostion
(MOCVD)

Hybnd
physical-chemical
vapor deposition
(HPCVD)

Utilizes a plasma to enhance chemical reaction rates
of the precursors, and allows deposition at lower

temperatures

Deposits successive layers of different substances to
produce layered, crystalline flms

Also known as catalytic CVD (Cat-CVD) or hot
flament CVD (HFCVD). Uses a hot filament to
chemically decompose the source gases

Based on metal-organic precursors

Vapor deposition processes that involve both
chemical decomposition of precursor gas and
vaporization of a solid source
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Summary of CVD process family

Rapid thermal WD
[ETOVD)

Vapor-phase spitaxy
(VPE]

Uses heating lamps or other methods to mpidly heat

I:I' E WRlIEr SIS TE
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Important Reaction Zones

\ ‘ °In Zone 1 and main gas stream,

homogeneous reactions may
occur in  vapor  resulting
nucleation i.e. non-adherent

coating

Maln gas Haw 5 eZone 2: reactions determine

| - deposition rate and properties of
_ _Peackon zome ro. coating

eZone 4: diffusion zone defines
adhesion of coating

Siagnant boundany layar

1
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Design of CVD Experiments

e Classification

 Thermal Decomposition Reactions
* AX(g) — A(s) + X(g)
* SiH,(g) — Si(s) + 2H,(g)
* B,H.(g) —— B(s) + 3H,(g) etc.
e Carburizing and Nitriding
* CHy(g) — C(s) + 2H,(g)
* Reduction Reactions
* 2AX(g) + H,(g) —— 2A(s) + 2HX(g)
* WF4(g) + 3H,(g) —— W(s) + 6HF(g)
e SiCl4(g) + 2H2(g) — Si(s) + 4HCl(g)
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Design of CVD Experiments

e Classification

* Exchange Reactions

* AX(g) + E(g) ——AE(s) + XI(g)

* SiCl,(g) + CH,(g) —— SiC(s) + 4HCl(g)
* Disproportionation Reactions

« 2AX(g)— A(s) + AX,(g)

* 3AX(g)— 2A(s) + AX5(g)

« 4AX(g)—> 3A(s) + AX,(g)

* 2Gel,(g) —— Ge(s) + Gel,

* Coupled Reactions
* 2AICI5(g) + 3CO,(g) + 3H,(g) —— AIl,O4(s) + 3CO(g) + 6HCl(g)

* CO,(g) +H, (g) —— CO(g) +H,0 (g)

* AICI,+3H,0(g) —— ALO,(s) + 6HCI (g) 9



The CVD System

* Factors that determine choice of a CVD system
e Reactants used in the process
 Maximum acceptable leak rate
e Purity of the deposit
e Size and shape of the substrate

Temperature (in reactor/on substrate)
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] Exhaus

The CVD System o

—r—
1. Gas Dispensing System e
* Gases from gas bottles and —
flow meters S—
* Liquids and solids by po—— |
1. Boiled or sublimated in % E
separate system cooorser [ ubtenane mmé
2.Carrier gas picks up the r F

liquid material and
transports it to the reactor T |
3.In-situ preparation M
AICI; by Al sponge and HCI l [H

Purga

y

Figure 7.6: Sketch of a2 OVD system.
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The CVD System
1. Gas Dispensing System

* Contaminants
* From reactants themselves

* From chemical reactions b/w gases and materials in gas
dispensing system i.e. tubes, evaporators and sublimators

* Can be reduced by
* Purifying the reactants

Low leak rate

Carrier gas that are non-reactive with materials

Materials of tubes etc. that are compatible with gases in
use

Degassed O-rings as vacuum seals
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The CVD System XXX

Rsacianis Exhausi
— ____...-!-5-’.-5':-:'-5-5-!6-5-?.:".-:.'“}?35-!
* Reactor S emem—
Substmte | “'“H"“I"ﬁ"m_“"'*
Fa - P - e
e Hot Wall Reactor e

e Film formation on inner walls, may break if thick films

* Reaction b/w reactor wall and vapor might be a source of
contamination

 Cold Wall Reactor |

Fsactants Eshausl
e

fffféifff |
",

* No risk of particles breaking
loose from walls T

Homogenous reactions in vapor phase are suppressed by
reactions at the surface

» Steep gradient of temp. may result non-uniform film thickness
High cleanliness, high flexibility, high deposition rates etc.
Conductive substrates heated resistively

Non-conductive by optical techniques e.g. lasers etc.
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The CVD System

Exhaust system

z Mist
Y Vacuum pump e st i, q—eliminator
|4 Scrgbbjng
* Total pressure controller i e
distributor

e Scrubber
* To remove toxic, explosive rooet

. ’.ﬁ.‘?‘%ﬂ.(— Packed bed
and corrosive gases eeesesee

. . Contaminated : LI

* Halides in water, e
CO and H in flame and <

arsine is removed by heating reactor _ | Scrubbing

liquid out

gas in special furnace

* Recycling system (if necessary)
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Dr. Bilal Rasul Warraich, Assistant Professor,
Department of Physics, University of
Sargodha
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Gas Flow Dynamics
Molecular State

Viscous State (Laminar Flow, Turbulent Flow)

dT
Reynold’s Number R_=pVD/n o
Temperature gradient dT/dx / NOLI .5
Rayleigh Number R_ //ﬁ?%‘%’%//
Grashof Number G, v | |

Prandtl Number

1000 2000 Re
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Gas Flow Dynamics

* Gas Flow Patterns
— Vacuum
— Pressure difference (forced convection)
— Gravity (free convection)
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Wahl [35]
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Wahl and Hoffman[36]
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Gas Flow Dynamics

* Boundary Layers
— Velocity Boundary Layer
— Concentration Boundary Laver

— Thermal Boundary Layer v v v
— Thickness of B.L

> —» Boundary

EW%W*’ e

222712

Substrate

§=a(nX/pV)'?

Inc. with inc. temp, inc trans. dist. & dec. total pressure
Eversteijn[38]: smoke from TiCl,-H,O-Stagnant Layer

Dr. Bilal Rasul Warraich, The University of Sargodha



Ban[29]:heating in He-temp grad.
concentration profiles-Si CVD by H2/SiCl4

1200
40 1 1140°C
A
~ 30 - HCI
£ 30 ‘\\ ----- 1000°C
¢, 1000+ 2 20 A
- S
g Distance 5
T along L
g 800+ susceptor 2
- i
) 15cm @
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10cm =
-
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1 1 1 | | I 2 I : I : I .
0 10 20 30 0 10 20 30

mm above the susceptor mm above the susceptor

Figure 7.17: Concentration profiles of SiCly and HCl in the CVD of silicon from SiCly and H,.

Transport distance along the susceptor: 12.5 cm; linear gas flow velocity: 24.9 cm s,

---1000°C, - 1140°C [29].

Temperature profile in He. Linear gas flow velocity: 24.9 cm/s
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Figure 7.18: Partial pressure profile of SiCl4 as a function of the transport distance along the
susceptor at a height of 7 mm above the susceptor [29].
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Giling[40]: gas flow patterns and temp profiles
H,, He: flow vel. > 40 cms™, cold gas finger
N,, Ar: flow vel. >4 cms™, laminar layer 8 mm near susceptor
Entrance effects: X= 0.04hR_-Schlichting[37]

Coltrin[42]: Mathematical model for Si CVD from Silane

4
"E"" 500
= 9
=
o 700
5 2 oot
T

1 900

2 6 10 14

Distance along susceptor (cm)

Figure 7.19: Calculated temperature contours for silicon CVD from silane (0.6 torr) and helium as
a carrier gas (600 torr). Temperature: 1018 K; gas flow velocity: 15.3 cms™' [42].
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Gas Flow Dynamics

Four mass transport processes across a boundary layer can be distinguished:
* Fickian diffusion occurs from a concentration gradient across the boundary layer.

* Thermal diffusion or Soret diffusion is induced by a temperature gradient in, for
example, a cold wall reactor [32]. This type of diffusion is most important in systems
having large differences in molecular weights and molecular size between vapor
specles.

* A concentration gradient leads to a density gradient, resulting in a buoyancy-driven
advective flux [42].

* In the overall CVD reaction, the number of moles of gas may be changed. This creates
flux (Stefan flux) towards or away from the substrate surface. In, for example, the
CVD of boron from BCl; and H, according to the reaction

2 BCl3(g)+3 Ha(g) — 2 B(s)+6 HCl(g)

the number of moles in the vapor is changed from 5 to 6, causing a flux from the
substrate [43].
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Nucleation

Grain size, defects, inclusions etc. effect properties of deposition
Nucleation on foreign substrate: Adhesion
Formation of A, by H,(g) and AX(g)

Vapor Ho(g) + 2AX(g) === 2A(g) + 2HX(q)
(. (R
Adsorption Hoads + 2AXae === 2As + 2HXaue

S

Nucleus
o 0 o
Vapor 0 A
P Adsorption \ ‘ _
\ Desorption
Surface
-« !-g {d|ffus|on} / \6?\ -« > O <€ >
Nucleus < , >
\ | /f
' . Y |
Substrate Bulk diffusion N 16,7
\J ¥ \ 4
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Nucleation

The TLK Model:
Terrace, Ledge, Kink

Growth: positive deviation
Etching: negative deviation

Nk

Effects of Temperature and Deposition Rate
Free Surface Sites
are occupied by strongly adsorbed molecules
Si CVD: 99% of surface sites by H & Cl
Layer growth(no nucleation) at only high temp. low dep.

rates and low adsorption...required long diffusion distances
Nucleus Density

high nucleation rate ~1010 cm-2s-1
Saturation: when mean diffusion dist. longer than half the

26
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N/ cm?

Nucleus density

1011]
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102

Steady-state —>
|
le—Coalescence

___T____}

Nucleus density as a function of process time.

Figure 7.29: Influence of temperature on the saturation nucleus density at silicon CVD from

various silanes [50].

SiH,Cl,

SiHCl,

l |

-"J

8 9
104 T/K
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Preferential Nucleation

J ! —
ae:n-/ .ﬁ | M=~
bl m’rﬂ'o

' “;e‘.:e‘l‘! m

Sum

Surface of a tungsten filament, and (b) preferentially nucleated boron on ridges
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Appllcatlons

 Microelectronics: epitaxial layers, films as dielectrics,
conductors, diffusion barriers, oxidation barriers etc.

e SC Lasers: GaAs...

e Optical fibers: silica tube is coated inside with oxides of Si, Ge or
B for correct refractive index

e Solar energy: thin film solar cells of silicon and gallium arsenide
e Carbon nanotubes
* Wear-resistant: TiC, TiN and Al,O,on cutting tools

* Friction reducing, Corrosion resistant, Erosion
resistant, Heat resistant

* Decorative coatings TiN on watches
* Conductive coatings: IC interconnections
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