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Four wafer-fabrication operations
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Layering
Tool for layering should be capable to produce layers with

-high quality
deposited -uniform thickness
layers -great material selection
= -thickn_ess _tunat_)le |

-form tight junction with substrate

-composition tunable

etc....

Various layering methods were developed to layer a
thin film on a wafer

Materials
-Metal, oxide, and semiconductor

v Passivation layer metal layer

Oxide laye
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Chemical Vapor Deposition (CVD)

» A process can be used to produce thin solid films from gaseous
reactants (so-called precursors) via chemical reactions — the
most important thin-film deposition process.

 CVD can be extendedly used to produce ultra-fine (nano-sized)
particles, fibers, foams, and powders.

« CVD can be used to almost any kinds, any shape, and any size
of materials Wlth precise control
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ure of polycrystalline silicon layers (Trainor, 1989).




A Typical CVD Apparatus

Chemical reactions in a CVD reactor
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Classification of CVD reactors

By reactor configuration:

../,.,:\

Horizontal CVD Reactor

Pancake CVD Reactor

LN ]

Barrel CVD Reactor

Vertical CVD Reactor

Multiple-Wafer-in-Tube LPCVD Reactor

Hitchman, p. 34



CVD applications in chip fabrication

Electrical insulator

Silicon dioxide (SiO2)

-Insulator, diffusion mask, ion-implantation Siered
mask, passivation against abrasion, schatches Auming
and the penetration of impurities and moisture cvp >
Silicon nitride 50 N[0
-Hard, scratch-resistant, excellent diffusion barrier D

for sodium and water to avoid corrosion Silicon :
p-type / \
. Silicon CVD cVD
Semiconductors Titanium HeavilyDoped

Silicide n-type Silicon

Silicon, IlI-V and I1-VI semiconductors

Electrical conductor for interconnection
MoSi2, TiSi2, WSi2, TaSi2, and CoSi2

-Low resistivity, thermal stability, diffusion barrier,
mitigation of the electromigration



Scheme of CVD transport and reaction processes

Chemical Vapor Deposition

Main Gas Flow Region
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Film growth from chemical reactions
in a CvVD
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Chemistry of CVD

Reactions can occur in either gas-phase and surface, leading to the formation
of film precursors and byproducts

Types of reactions
-Pyrolysis, reduction, oxidation, hydrolysis, nitridation, carbidization, diproportionation

Reaction decomposition mechanism
- Gas-phase chemistry
- Surface chemistry



CVD precursors

general characteristics preferred:

1. stability at room temperature — not to react before being
transported to reaction zone, easy storage and
transfer

2. sufficient volatility at low temperatures — convenient for
transportation to reaction zone

3. capability of being produced in a high degree of purity — to
avoid introducing contaminants

4. ability to react without producing unwanted side products —
to avoid low volatility, toxic side products

5. cost effective enough



Common CVD precursors

halides:
{F, CI, Br, I} + more electropositive elements =
{AIBr5, AICl,, BCI;, BF;, CCl,, CF,, CrCl,, SiCl,, TiCl,, WF,, ZrBr,, ZrCl,...}

metal-organics: (reactive, volatile, moisture sensitive, low decomposition
temperatures, not restricted to metals)

M {in lla, llIb, llla, IVa, Va, Vla} + one or more carbon (oxygen) atoms of an
organic hydrocarbon groups (alkyls: -CHg, -  C,H., ...; aryls: -C¢H., ...;
acetylacetonates: -OC;HgO-, ...) =

(CH3)sAl, (C;H5);B, (CH3)2Cd, (CeHs).Be, Ca(CsHgOy); ...

metal carbonyls:
-(CO)- + transition metals with partially filled d-shell =»
3d: Sc, Ti, V, Cr, Mn, Fe, Co, Ni
4d : Y, Zr, Nb, Mo, Tc, Ru, Rh, Pd, Ag
5d : Hf, Ta, W, Re, Os, Ir, Pt, Au

mononuclear, M(CO), : Cr(CO),, Fe(CO)s, Ni(CO),, W(CO),
dinuclear, M,(CO), : Mn,(CO),,, Fe,(CO),, Co,(CO)q
polynuclear : Fe;(CO),,, Co,(CO),,
metal carbonyl complexes: Mn(CO)CI, CoNO(CO),
hydrides:
H, + {llla,IVa,Va,Vla} - AsH,, B,H,, SiH,, NH, ...



Chemistry of CVD, often involved reactions

Pyrolysis (thermal decomposition): Carbidization:

hydrocarbon : CH,(g) = C(s) + 2 H,(g) TiCl,(g) + CH,(g) = TiC(s) + 4 HCI(g)
hydride : SiH,(g) = Si(s) + 2H.(g) TiCl,(g) + C(s) + 2 H,(g) > TiC(s) + 4 HCI(g)
carbonyl : Ni(CO),(g) = Ni(s) + 4 CO(q)

metal-organics : CH;SiCl;(g) = SiC(s) + 3 HCI(g) Disproportionation:

halide : WF4(g) = W(s) + 3 F,(Q) 2 Gel,(g) = Ge(s) + Gel,(Q)

Reduction:

hydrogen : WF4(g) + 3 H,(g) = W(s) + 6 HF(Q)

hydride : (CH3);Ga(g) + AsH;(g) = GaAs(s) + 3 CH,(g)
metal : Til,(g) + 2 Zn(s) = Ti(s) + 2 Znl,(g)
Oxidation:

SiH,(9) + O4(9) = SIO,(s) + 2 Hy(9)

SiH,(g) + 4 N,O(g) = SiO,(s)+ 4 N,(g) + 2 H,0O(g)
Hydrolysis:

SICly(g) + 2 CO,(g) +2 H,(g) = SIOy(s) + 4 HCI(g) + 2 CO(g)
AlL,Cls(g) + 3 H,0(g) = Al,O4(s) + 6 HCI(Q)
Nitridation:

3 SiH4(g) + 4 NH5(g) = SigN,(s) + 12 H,(g)

SiH,(a) + 2 N,(a) = Si.N,(s) + 6 H,(0)



Detailed decomposition mechanism:
Silane chemistry

Porolysis of SiH4 is extremely complex, having 27 reactions, with 120 elementary
reactions has been proposed.

Some examples are as follows:

Initial decomposition reaction of SiH4
SiH4 - SiH2 + H2 (elimination of H2)

Homogeneous decomposition

SiH2 + H2 - SiH4 (reformation of silane)

SiH2 + SiH4 - Si2H6 (insert itself into silane)
SiH2 + Si2H6 - Si3H8 (insert itself into disilane)

- Careful temperature and pressure control are critical to lead to expected reactions



Surface reactions: silane decomposition

e SIH4 (g) + s 2 H + SIH3
SIH3+s 2> H + SIH2
2SIH2 - H2(g) + 2SIH
2SIH 2 H2(g) + 2s + Si film
2H > H2(g) + 2s
S: vancant sites and underlining d



Surface reactions of adsorbed
alkyl aluminum compounds

Using triisobutylaluminum as a precursor to deposit aluminum film

(a) Hy ~CH

; LCH c=C = il
175-300C ——— H H C—C!L H\ ACH; H”  NCH, -
SR H~c=C—CH, H -
. ]

W‘IW B-Hydride W W WM W

Elimination
(b) H- ~CH; |
>600C —— HH\C ACH; Ho M H}-=f-\ +1h

I S
HLs N, HxercCcH,

AL 77 B-Methyl W /Y W W/

Elimination

-Low temperature (175-300C), high purity Al film was formed
because of B-hydride elimination reactions dominate.

-High temperature (>600C), carbon incorporation in aluminum film because of
B-Methyl elimination reactions dominate



An example: In-situ phosphorus-doped

| polycrystalline Si
Precursors: SiH4+PH3/N2 Overall process: SiH4+xPH3/N2 - SiPx + XN2 + (1.5x+2)H2

Gas-phase reactions:

Kr
— SiH4(g) = SiH2(g) + H2 (g)
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SiH2(a) > Si(s) + H2(a) )2

. Hietchman p 201



Polycrystalline silicon layer

20KV X45,0080 186nm WD14

121, Structure of polycrystalline silicon layers (Trainor, 1989).




AGy KCAL/MOLE

Thermodyn

AGr= AGf + RT InQ Tempera

amics of CVD

ture is raised, AGr more negative, and the

reaction proceeds.

:

1 | | ] 1 | 1

200 400 600 800 1000 1200 1400
TK

ction 1: TiCl4 + 2BCI3 +5H2 > TiB2 + 10 HCI
ction 2: TiCl4 + B2H6 - TiB2 + H2 + 4HCI

Which reaction is more thermodynamically
favoriable?

Reaction 2 is more thermodynamically
favorable

Pierson P22



Kinetics and Mass transport
mechanism

* Deposition sequence
 Boundary layer
* Rate determining steps



Processes contributing to CVD growth

Reactant Gases

Diffusion of reactants

Through boundary laye

Adsorption of reactants

On substrate

<

\

y

Reactant Gases+ by-products

Gas-phase
reactions

Diffusion out of
by-products

Desorption of adsorbed
species

Chemical reaction on substrate

Substrate



Boundary layer

Reaction: WF6+3H2 > W+6HF

(a)
Induction caoil

X Re = pux
0000000000 O0OO D= [— P
Reactant WFg .Hy 1} R M
gases > W+deposili0n » Vacuum e
00000000000000000 } o= mass density

Graphite tub .
Peiesbe u = flow density

X = distance from inlet in flow direction
(b) M= viscosity

‘“'““"T_{_. "Fl‘o'viciriaitajtja_se‘sT”be s D a x¥2 and u, 2
| e Boundary layer U l >5D T X
YA X

-Boundary layer: the region in which the flow velocity changes from zero at the wall to
the same as the bulk gas speed

-The thickness of the boundary layer increases with lowered gas flow velocity

and with farer the distance from the tube inlet

Pierson p28



Velocity and temperature distribution profile

Velocity changes Temperature changes
Increase X e y
Veloci

Decrease Y proﬂletg Temperature profile pecrease Y
/////////y////////////////////// 74 )W////////////////////////////////

. Boundary . Boundary

#layer )| ﬁ:v:r > Cemra’é‘;ré”-::::::!:I?y:e:r::::::::
- WBoundary / =~ | _..---\T7T X :Boundary
layer .= ayer
e T R 777
> X - >X
-A steep velocity gradient is noticeable ~ -surface is the hottest
when x is larger -The shape distribution curve is similar

to that of velocity

Reactant Gas is inverse proportional to x

Pierson p30-31



Rate limiting Steps of a CVD reaction

a) Surface reaction kinetics control ) . ] )
High gas velocity - Diffusion is fast due to thin boundary layer
; Low pressure - Rate limiting step is surface reaction
Rapid Low temperature
gasion:..... ... ... 7 Very thin
E- bounda

//////'///////,g/g{é{e///////ﬂ////// jayer

b) Diffusion control

Low gas velocity

.. High pressure (i.e.
tmospheri e .
Homimoewre - Diffusion is slow due to thick boundary layer
------ ?““-““"_“_T;;;;h - Rate limiting step is mass transport diffusion
Slow /
dittusion :-;c;l;rradary

/?’///////://///.g/u{,;’,t/é/e//////////////

Figure 8. Rate Limiting Steps in a CVD Reaction
Pierson p33



T(K) vs growth rate for silicon deposition using
various precursors

Temperature (°C) Area A: lower temperature
1300 1200 1100 1000 900 600 700 &  *Rate limiting step: (RLS)

100 T | 1 1 T T
SIH,

L growth rate is low
So, RLS is surface reaction

o
en

4
N

Area B: higher temperature
*Rate limiting step:

Growth Rate (um/min)
o

0.05 _
growth rate is high
0.02 - So, RLS is mass transport diffusion
0.01 VL 1
0.7 0.8 0.9 1.0 1.1
103/T(K)

Pierson p34



Control of deposition uniformity
INn a tubular reactor

a) Horizontal susceptor
]

Constant gas velocity

Deposition rate a 4
Decreases downstream _ — — — — — =
-~
Susceptor
b) Tilted susceptor
Increasing gas velocity
et LR PP Dowio o>
Uniform 5
o -
desposition

Thick boundary layer
Susceptor

Pierson p36

-Deposition rate decreases downstream
because of thicker boundary layer along the tube

-Tilted susceptor makes boundary layers thiner
because the increase of velocity from
constriction of the flow - make the deposition
layer more uniform



Deposition mechanism - Epitaxy

Ephaxy layer

Dislocation

(missing Iattice

plane)

.-.—-q'.
Substrate
NEERRE

Misfi accommodated Misfit accommodated Misilt accommodsted
by elastic straln by elastic strain by dislocation
(no dislocations) and disiocations (no elastic siraln)

Figure 11. Epitaxy Accommodations of Lattice Mismatch

Pierson p 38
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Defined as the growth of a crystalline film on a crystalline substrate
-Homoepitaxy — deposited materials are the same as substrate

-Heteroepitaxy -

different

-Lattice mismatch of deposited materials with substrate
needs to be small



Energy Bandgap (eV)

[ ]
)
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—

Bandgap and lattice constant of
semiconductor

Lattice Mismatch to Silicon

Lattice Constant (A)

Pierson p39
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Lattice mismatch larger than
8% is unlikely for deposited materials
epitaxially growth on corresponding substrate



Nucleation and growth modes

Surface Coverage
B<1ml Im <8<2ml 2ml <@
| By
e B | PP M
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Three-dimensional island growth-Volmer-Weber growth

film atoms are more strongly bound to each other than to the substrate (Si on SiO2,
metals on insulators)

Layer-Plus-island growth-Stranski-Kastanov growth
Combination of two modes

Layer-by-layer-Franck-van der Merwe growth

Film atoms are equally or less strongly bonded to each other than to the substrate
(silicon on silicon, homoepitaxy



CVD Processes and Equipment

* Reactant supply

 Reactor types:

-thermal CVD: hot and cold wall reactors
-plasma CVD

-MOCVD

-laser CVD

* Exhaust and by-product disposal



A Typical CVD Apparatus

Chemical reactions in a CVD reactor
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Reactant supply — gas precursor transport

Reactor
>

A gas precursor tank
A A Induction
— Coil

[~ Substrate

000

opoqo

Cryogenic Trap

J {\) Vent
YRy

Flowmeters \Fi:zi':':!:m

Effluent

Neutralizer
\ /[] H,

Reactant Gases

- Flowmeters to control the transport rate
- Carrier gas like H2 or N2 or O2 is often used

Pierson p84



Reactant supply — liguid and
solid precursor transport

Liquid

Reactant

Peristaltic Pump

&

e

Heated Line Cl, J
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&a Heater
F (800°C)
q
Round Bottom
Flask N | Perforated
tlsm Quartz Container
Tungsten
Mantle ) A
Heater 1 :i"' Chips
; Reactor
v Vessel

Figure 3. Vaporizer for Liquid Reactant

Pierson p85-86

Gaseous
Vapor
w (:.‘I,s

W(s) + 3Cl2(g) = WCI6(g) 800 0C

deposition step:

WCI6(g) + 3 H2(g) > W(s) + 6 HCI(g) at 800-1200 oC



Thermal CVD- hot wall reactor

Movable Furnace

[
Gas
Purifier Flowmeter
——{j—b— (7% ) W< L Heater
b = e W)
i __—Tools
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r ~ll0o. ; to Scrubl
_ \f / g and Vent
I'/? FSTHT TSI TSI AZI —J
TiCl 4 > > ;
Vaporizer
“~H, Vacuum Pump

Reactant Gases

- Isothermal furnace
- Great temperature control

- Deposition occurs everywhere (clean is inconvenient)

Pierson p90



Metallo-Organic CVD (MOCVD)

A MOCVD system
Alkyls or aryls substitute:

— 1O O] N T Reactor H H CH:— CH:
1N Trimethyl | | / \
1 Galllum H—g—q— o CH
. H H 2 2
i I che
L HO- / Acetylacetonates (2B A ETEL)
P:IL"?I‘:::T Exhaust €<—{ Pump [—{Fiiters r / CHs
® O C \C H
(O Pneumatic Valve 5
[[] Pressure Controller I\A\C)_C<
D MassFlow Controller CHs

[ Pressure Sensor

- A CVD system utilizes metallo-organic compounds as precursors.



—| Oil Demister Scrubber

Exhaust system

Reactor —— | Water trap ——| Roots Pump [—— Vane Pump

(particle trap)

Neutralized reaftants

—

Atmosphere

CVD precursors: toxic, lethal, and pyrophoric



Vacuum-based film deposition

1-__‘ -.:.\Jﬁp-:... ]

TIME-CONSUMING EXPENSIVE

LOW THROUGHP

IFFICULT TO CONTROL
STOICHIOMETRY
OVER LARGE AREAS

POOR MATERIALS
UTILIZATION (30-50%)



簡報者
簡報註解
General drawbacks:
-Difficult to achieve controlled-stoichiometry over large device areas
-Manufacturing equipment is “very” expensive (> NT 0.1 billion)
-The deposition process is time-consuming
-Poor materials utilization (30-50%)
-Low throughput



Non-Vacuum Processing

ROLL-TO-ROLL PROCESSIN

STOICHIOMETRY
CONTROLLABLE



簡報者
簡報註解
Synthesize colloidal nanocrystals with controlled CIGS stoichiometry  
  and deposit layer
Roll-to-roll manufractruing process



Vacuum nel

COST

Labscale

Industry:



Bottom-up material synthesis

Organic metallic compound

metal source Cd(CH3)2

leaving group(CH3)2
~Maigh reactive (short length)

TOP-Se

L

T w = MR i

P

A metal-fat acid comple

CdSe

Se

Theoretically, we can make any materials by this
approach



Bottom-up material synthesis

Nucleation
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A wide range of nanomaterials you can make for energy applications!
Semiconductor nanocrystals: Cd chalcogenide ; Pb chalcogenide ; Cu-In- chalcogenide
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CIGS nanocrystals as Iink for thin film
solar cell

FEREFTETE I I

Why?

-These nanocrystals are uniform size and composition and stable in solution
-These nanocrystals could be easily accessible in solution-processing
procedures, such as dip-coating, in-jet printing, drop-casting and

could be implanted for future roll-to-roll fabrication processing.

-These nanocrystals could be easily made in massive quantity using our
proposed synthetic strategy.







Culn(S, :Se, =), Nanoparticles




Photos of CIS,, CISe,, CIGS nanocrystal solution

ClSe, CIS, ClGaSe,



簡報者
簡報註解
CIS2, CISe2, CIGS nanocrystals could be stably dispersed in conventional organic solvents for months



Spray-depositing Nanocrystals
on Mo-coated Soda Glass




Spray-deposited Film

concentration : 20mg/ml toluene = Annealing temp: 500C -
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pray Annealing time: 60min -_thickness: ~2um °
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Procedure of CIGS photovoltaic
device fabrication

CIGSSe |nkr|nt|ng CIGSSe/Mo glass CdS deposition

Selenization ’ CBD

l

Al-ZnO/i-ZnO/CdS \/ZnO sputter
Current collection grid /CIGSSe/Mo/gIaSS
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Final Device Efficiency

(? Current collection grid
(‘? i-ZnO/AI:ZnO (0.6-1.0 pm )
CdS (50 nm)

_ Cu(In,Ga)(8,Se): (1.5-2.0 ym)
Mo (0.6 pm)
/ -Soda lime glass




CdSe/ZnS nanocrystal LED
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Zhang et al., Adv Mater., 2009



Thanks for your attendance on this class
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