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Thin FiIlm Deposition

e Deposition

— The transformation of vapors into solids, frequently used
to grow solid thin film and powder materials

e Physical Vapor Deposition (PVD)

— Direct impingement of particles on the hot substrate
surface

— Electron-beam Evaporation, Sputtering

e Chemical Vapor Deposition (CVD)
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— Convective heat and mass transfer as wel
chemical reactions at the substrate surfac
— More complex process than PVD

— More effective in terms of the rate of growth and the
quality of deposition

- LP/AP CVD, Thermal/PE/Ph/LC CVD
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Chemical Vapor Deposition (1)

e What is Chemical Vapor Deposition?

— Chemical reactions which transform gaseous
molecules, called precursor, into a solid material, In
the form of thin film or powder, on the surface of a
substrate

Solid Products

— (Thin Films, Powders)
‘ Precursor \ —F[ Reactor )
"'H—_____i

T Gas Phase Products

‘ Energy \
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Chemical Vapor Deposition (2)

e Types of CVD reaction
— Pyrolysis
SiH, -> Si + 2H, (600 ~ 1100 °C)
— Reduction
WFg + 3H, -> W + 6HF (300 °C)
— Oxidation
SiH, +0, -> SiO, + 2H, (400 °C)
— Nitridation
3SiH, + 4NH; -> Si3N, + 12H, (700 ~ 800°C)
— Carburization
2SiH, + C,H, -> 2SiC + 6H,
— Synthesis Reaction
(CH)3Ga + AsH; -> GaAs + 3CH, (700 °C)
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Chemical Vapor Deposition (3)

e Types of CVD
— Reactor Temperature
e Hot wall CVD
e Cold wall CvD

— Reactor Pressure
e Atmospheric Pressure CVD (APCVD)
e Low Pressure CVD (LPCVD)

- Enhanced Energy
e Thermal CVD
e Plasma Enhanced CVD
e Photo-assisted CVD
e Laser-assisted CVD
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Chemical Vapor Deposition (4)

e Types of CVD (Cont'd)
— Reaction Temperature
e High temperature CVD
e Low temperature CVD

— Precursor
e Conventional CVD: non-organic gas source
e Metal Organic CVD (MOCVD): organometallic source

— Precursor Delivery
e Conventional gas delivery system: gas source, bublling

e Liquid delivery system: liquid pump or LMFC + flash
vaporizer
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Chemical Vapor Deposition (5)

e Type of precursor delivery

Gas flow WFCor
| | pump ~ - Liquid flow Gas flow
Carrier gas - » | Reactor —
Pressunzing—— Reactor
(as —
Flash
\Vaporizer
— Liquid !
Heating system DTeCUrSOr Carrier gas

Conventional bubbling
delivery system
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Liquid delivery system
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Chemical Vapor Deposition (6)

e Type of reactor

Pressure
sensor . - Water-cooled
Vitreous silica end cap
i reactor tube
Nozzle assembly
Waf \ Vacuum
Ar Heater load/unload . 3 break valve Dry
end cap . % — ) N,
Three-zone resistance heater

Particulate

filter

Mass flow l I
Fk g : _ controllers Mechanical
ILSS : i oven [E—f = ' T TT ‘ booster
=1 15| 15 1; s X : um
AN o ey === __ Gas inlets Dy N, pump
ballast valve —
Ar - Pump Rotary piston
FTP (Fast Thermal Processor) oil mechanical
Heating : 100°C/min, Cooling : 50°C/min ‘ purifier M pump
.- .. Lo | — Exhaust
ILSS: Individual Vaporizing Liquid Source Supply System
Vertical CVD Reactor Horizontal CVD
Reactor
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Chemical Vapor Deposition (7)

e Type of reactor (Cont'd)

Dome
Shower head
Injector
\ 7l _ Heater
o o
—_— W i Nozzle
/ | Injector
§
— \
T 1T E
/ Vaporizer
heater Shower Head Injector
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Chemical Vapor Deposition (8)

e CVD system for mass production

Process M gui'é" }?
emat AL

Aligner

Cassette (in)  Cassette (out)

Schematic Picture of Equipment
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CVD Kinetics (1)

e Chemical Vapor Deposition Process

1. Vaporization and Transport of Precursor Molecules into
Reactor

2. Diffusion of Precursor Molecules to Surface
3. Adsorption of Precursor Molecules to Surface

4. Decomposition of Precursor Molecules on Surface and
Incorporation into Solid Films

5. Recombination of Molecular Byproducts and Desorption
into Gas Phase
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CVD Kinetics (2)

e Schematic of CVD kinetics
Main Gas Flow Region

-
-
-

®

Gas Phase Reactions [

@\ Desorption of
@ 7 Volatile Surface
Redesorption of Reaction Products
Transport to Surface Film Precursor

Surface Diffusion
S——=8 OO0 Q
Adsorption of Film Precursor Nucleation Step Growth

and Island
Growth

http://chiuserv.ac.nctu.edu.tw/~htchiu/cvd/home.html
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CVD Kinetics (3)

e Transport in gas phase

- Stagnant layer | .
I
e Similar idea with Boundary layer U |
e At velocity U, thickness t, layer is > |
formed > |
I
» :
|
I :
|
|

-

Stagnant layer model

3{" @; Dong-Il “Dan” Cho Nano/Micro Systems & Controls Lab. 3
%ﬂ; ¥ This material is intended for students in 4541.844 class in the Spring of 2008. Any othell
Sz

usage and possession is in violation of copyright laws



CVD Kinetics (4)

e Boundary layer
— Properties of fluid above the substrate distinguish two

layers.
. — Laminar
o 7/ flow
flow — — = Slices Boundary layer
x=0 \

x "\ At gas phase mass

| T &
L . _l | transfer, boundary
layer model
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CVD Kinetics (5)

e Boundary layer (Cont’'d)
— Properties of fluid (V, T, C) above the substrate

5(x)= |-* X 5(x) : boundary layer thickness
P Vimax p: gas density
<o(X)>= 2 L Vv : gas velocity
3
R, LL: gas viscosity
PLY
R, = L : susceptor Length
U

V... AN > Re N> <§(x)> WV

Limit on v, _, due to the onset of turbulence
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CVD Kinetics (6)

e CVD modellng

~—Gas NN Film d
C : :
Cq————m _ F=D— (D : diffusion constant)
N\ Y
"N - 5Cc=Cs)
\ =g (C5 —Cs)
F, =ksCy
CVD modeling F: fluid velocity, C,: surface
concentration, C.: gas bulk
concentration, h;: mass
transport coefficient
N
steady —state : F=F, = C,=—2—C,
(hs +ks)
» < p@ Dong-Il “Dan” Cho Nano/Micro Systems & Controls Lab.

%& -v This material is intended for students in 4541.844 class in the Spring of 2008. Any othel"l'6
™\ Usage and possession is in violation of copyright laws



CVD Kinetics (8)

e CVD modeling (Cont’d)

Surface reaction rate

E
ke =k, exp(——=
s = Ko ©XP(— )

E , :activation energy
K : Boltzmann constant

Reaction Temp. T N —> ki A ==> diffusion limited

Reaction Temp. T ¥ — k¥ ==> surface reaction limited
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CVD Kinetics (7)

e CVD modeling (Cont’d)
Growth Rate

R; = F,/Nq; (Ng; : # of Si atoms in a unit volume)

1 hgkg
G — G
N. hg +Kq
Surface reaction limited 1
RG — ks CG
At h:>> Kk Ns;
Diffusion limited 1
RG — hG CG
At h << K Ns;
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CVD Kinetics (9)

e CVD modeling (Cont’d)

i Surface-reaction- ' Si film CVD process
_ : rate-limited :
Mass- l
transport- i Slope ~ E,
limited ' =
Log Rg : (E,=16¢eV for Sl)
!l Temperature (°C)
, 20% | 1300 1200 1100 1000 900 300 700 600
l Lo [ I
o L o sk,
1 : ' v SiH,Cl, ]
| | ! YT _ A SIHCI,
! E 02 o Sicl, ' g
§. @ (i7)
S 0.1 -
Growth rate vs. £ 005 _
temperature S
0.02 — —
0‘01—111111111111111111|11[ L
0.7 0.8 0.9 1.0 i
Temperature, 1000/T (K!)
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Step Coverage Profile (1)

e Step coverage profile

.y o . Long Mean Free Path and Short Mean Free Path and
Rapid Surface Migration No Surface Migration No Surface Migration

e
w.

A [Substrae] B Substrate]]  |C [Substrate]

A: Rapid surface migration process (before reaction), yielding uniform
coverage since reactants adsorb and move, then react

B: Long mean free path process and no surface migration, with reactant

molecule arrival angle determined location on features (local “field of view”
effects are important)

C: Short mean free path process with no surface migration, yielding
nonconformal coating
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Step Coverage Profile (2)

e Key Parameters
— Mean Free Path
— Surface Migration Energy ( E o<« Temperature)

— Arrival angle
“
B &

e For conformal step coverage

- a < | (mean free path) %
- a = arctan (w/z) o

— High Surface Mobility
£
e Process tendency
- A: LPCVD

~ B: PECVD A
Evaporated & Sputtered Metal
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Step Coverage Profile (3)

e Step coverage profile example

AccV Magn WD ————— — sopm

5.00 KV 131x 16.2

AccY Magn WD — 5um

B.O0 KV llbD‘[ll( 160
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Step Coverage Profile (4)

e Mean free path

oo ©  Electron’s & ion Mean Free Path
. 1 1
° i I —
. ._{“ Yo T T
@ Ol (m/M4 )an
® _ :
® ® 1
(@) Le]ectmn . — 2??
- 1
v ﬁ_lg? ( Considering mean speed of mutual Approach in lon Mean Free Path)
\'t."r - '--'!
_ piNa
n= = ( Unless T is extremely high , p is the main determinant of | )
" !
Knudsen number hn= —
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Atmospheric Pressure CVD

e APCVD (Atmospheric Pressure Chemical Vapor Deposition)
- Material: epitaxial Si, poly-Si, SisN,, SiO,, etc.
Cold wall process

[e]e]e)] o000 e /60 QUARTZ TUBE

/ z | - 1 I
Gas _E“‘ / — EXHAUST l ' ‘
INLET \

olo]e)] O00 o000 TILT ANGLE
(a) INDUCTION HEATED HORIZONTAL REACTOR

/INDUCTION SILICON WAFERS ‘ | [GAS INLET]

J]

OON

9’

o

INLET NOZZLE

B o 0.000..8,04
(Add

QUARTZ
BELL SILCON o‘
JAR WAFERS ’/ ‘
\Q_UAR’I‘Z
lI\IDUCTION ﬁ%g '!I{&ENRg BELL JAR
ik EXHAUST
l (c) RADIANTLY HEATED CYLINDER REACTOR
EXIT EXIT
GAS INLET
(b) INDUCTION HEATED VERTICAL REACTOR
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Low Pressure CVD

e LPCVD (Low Pressure Chemical Vapor Deposition)
- Material: Si;N,, SiO,, poly-Si, etc.
- Good uniformity, property

ssure .
pre 3-zone resistance

sensq heated furnace
of I | | | | to exhaust
load s
end L
i e
standup wafers "O
T
pump
gas control
system
source gases
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Plasma Enhanced CVD

e PECVD (Plasma Enhanced Chemical Vapor Deposition)
- Material: Si;N,4, SiO,, amorphous-Si, etc.
— Faster rate and lower deposition temperature than thermal

CVvD
— Cracks, pin holes, and poor stoichiometry
shielded 3-zone resistance heater
RF power input pressure R—fl:_l | ] | I
U |
RF
rotating susceptor electrode —/ gas
- -— ‘\[/’ —_— — panel
W ————————— TTo= e —————————————
‘ | heater
rotating
shaft
§° 12|0134|0|56|0|78 |§|20 Q|12
&
b
gases in
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PECVD (1)

e PECVD
— Cold plasma
- Low temperature deposition (< 300 °C)
- High dep. rate
— Inaccurate stoichiometry
- Bad uniformity
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PECVD (2)

e PECVD process
1. Reaction gas forming by glow discharge

2. Diffusion of Precursor Molecules to Surface
3. Adsorption of Precursor Molecules to Surface

4. Decomposition of Precursor Molecules on Surface and
Incorporation into Solid Films

5. Recombination of Molecular Byproducts and Desorption
into Gas Phase
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PECVD (3)

e Plasma
— Hot Plasma: Arc discharge
— Cold Plasma: Low pressure glow discharge
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PECVD (4)

e DC Glow Discharge

Negative Plasma Condition :
glow = Energy of collision particle
— e P vp |over .th.e critical point
N o R = Collision Number Between
S cond S Particles
decon 250 ) .
| |LHlectron K = Jonization process =
/! recombination process

Cathode glow

Cathode layer : Bombardment between accelerated ions and neutral gas by E-field
Second electron Generation
Negative Glow : Collision between accelerated electron/ neutralized atom and ion/atom

Typical parameter values for a glow discharge plasma

Neutrals Ions Electrons
Mass 6.6*1023 g 6.6*10-23 g 9.1*1028 g
Average Velocity | 4.0*10% cm/sec 5.2*%10% cm/sec 9.5*%107 cm/sec
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PECVD (5)

e DC Glow Discharge
Cathode Negative Faraday Positive Anode
layer Glow Dark Space Column layer
N |/ / / \. Anode
i 4 / \

Cathode

luminous
intensity

potential
Vv

E
field

+ ion

space
charge
density

g

- electrons \
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PECVD (4)

e Glow discharge plasma
— RF generation

kT,
V, -V, =

e : electric charge of electron
m: electron mass

T, : electron temperature

M : Ion mass

T. : 1on temperature

V; : floating potential

— Ion sheath (Dark Space)
: Area that ion is accelerated and negative ion is decelerated.
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PECVD (5)

e I -V characteristic in RF glow discharge

3.2 32
24 24 ¢
1.6 16
g 0.8 0.8 zero et
E‘ / current
° ° I — v
08 08 -
RF signal
-1.6 -1.6 1 ]
0 0 10 Voltage (V)
(@ ®)
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PECVD (6)

e Charge distribution in RF glow discharge

'
i T

lon
sheath

e

capacitively grounded
coupled electrode
electrode
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