(Evaporation)
Physical vapor deposition

(Coevaporation)
Cu(InDbGaxSe2
3.1
CIGS
CIGS

Coevaporation,Sequential deposition,Selenization(Se,H2Se),Sputtering,Annealing of stacked
elemental layers,Electrodeposition,Screen Printing,MOCVD(Metalorganic Chemical Vapour
Deposition),ALE(Atomic Layer Epitaxy) . MBE(Molecular Beam Epitaxy)12

CIGS 2
(Simplification)
(Flexibility) CIGS 2
CIGS
2

Boeing  Bi-layer process [13 Three-Stage process [4 CIGS

Boeing Bi-layer process Cu-rich stage

Cu Ga
N—> 1 CIGS Columnar
CIGS

(Mo back contact)
5 Ga-fich ( Cu-poor) stage



1Cu Ga :

(High-performance junction)
550 °c
(Se excess)

CIGS
CIGS
Bi-layer process
In-Ga rich stage

process Ga-rich stage
°C Cu-rich stage

,Ga-rich stage Se
CIGS Three-Stage process

Bi-layer process

Laboratory,SPRL)
CIS CulnSe2 ~ Se
CIGS
Molybdenum boat
Cu, .Ga  Se
CIGS
Bi-layer process
32 7 (Vapor distributions)
(Sources) (Point source)

CIGS

16

N_< ]
In+Ga

CIGS

(Substrate.SLG/Mo)
Se
Three-Stage process
CIGS Three-Stage
350
550 °c

bt > 30

(Semiconductor Physics Research

Molybdenum boat[]
CIGS

(Evaporation sources)

CIGS
Three-Stage process
CIGS

(Crucible)
(Non-uniform)
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(Evaporant distribution variations) 2
!
(Evaporant flux) (Microscopic” !
(Cosine point sources) 3.1(a)
(Distribution
function”®
f(0) —cos(0) (3.1)
1
(a) (b)
3l | [
a) (Single cosine) (Point source)
(b)
(Isotropie) !

I (Distribution function)
!
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Square law (Solid angle)

A
A B
Substrate ——
]}

Spherical
Zones
® &l I
45 B
/ Substrate g Cos 0= dA
§ B a
Source ; -
/ : Source

Incidence Circle
for a small solid
angle of diameter a

Incidence Ellipse,
major axis b and
minor axis a

(c)



(Spherical zone)
(a)
A = 27td2(1 -C0S0) (3.2)
d2
A, 2dY1-C080)  dl
A2 ZMd2(l-cos0) ]
32)
2
4
T/ k (3.4)
(33)  (34)
(3.9)
Square law
(Scattering) 2
1/4
(A
(B (- 32()
( ) Square law (3.4) 1
( R A B

Ra = f(eA);l_ . Rg = f(@B)sz (36)
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3.2

dl



S A C082A0
Ra 4
*6) = cos0
1 R) A B
Rb  omo3 A
R, . d; coseA
f(0) = cos0 A(OA=0) 1
Ko dicoseg
Ra 7, d;
( 37) dMdg = cos20 b
= cos30 b
( )
B
: A B
(- 32()
Ag — —4ab
b major b = CIﬁJg

(1) (312
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(3.10)

(3.11)

(3.12)



(3.7)(3.00)

0B

(Real source)

beam heated sources

a( 3.4)

Ag_T. A

cos 3

A ! )

Aa (7 1452 )
Il = bimedeost gl = COSUB

(314 T=— =-

Eea A

— =030
—cos UB

<0 B)

= -f -COSOB - (0 B)

(Ideal sources)

(Unique distribution) 3.3

f(0) — (I - a)cosn0 + a
(Isotropic component)
(Beaming exponent)

(318

Real electron beam heated sources

(3.15)

(3.16)

(3.17)
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Real electron

(3.18)

(cosn0)

(3.19)



Rate langstroms per second)
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Mean free
(3.18) Real sources
Ra= - [(I —a)cosn0A+a AOA—0 ( )= (3.19)
dA ’ <
Rb —~ [(| —a)cosn0 B+ a] (3.20)
dB
15F (a) 15 (21
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Ra Rb
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Isotropic coeffitient, A

Beaming exponent,n

B( 37)
= 105200[(1_ 100500 + a  (321)

A B (32

Mean free path
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10 100 1000
Deposition rate ot 20 cm (A ™)

(Distribution coefficients)

Electron beam heated source f
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dA

36
:
._§ 2k
£ 1}
é. 0 I L 1 i
0 10 20 0 10
Angie from normal (degrees)
35
. Electron beam heated source [
1
(Evaporation source) '
) 36()
L
3.6 (a)
Knudsen
(Ideal thermal equilibrium)
(Central flux.R™
RA = — " wemeeee= 351%1022 ¢ — —= (3.22)
d,  +27mke dim

T (Torr)

(cm)
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3.6



(Re)
(3.23)
| *C0S20 C = COSA0( (3.23)
vdl
f(0) 36 (a)
(3.23)
Rc (I/d*.)-cos20 ¢
Ra =  (IdQ)
Rc (dg)-cos20 ¢ (I/d*)-f(0¢)

Ra = (I/d")-cos20A=0) = (I/dA)-<0A)

(3.6)
f(0c) —C0S20 C f(0A) — Q0020 a
f(0) 36()
f(0) = cos20 (3.24)
3.6 (b)
()
1 | b2
Rc —Ra 'cos(0c) 'cos((j) + 00) e (3.25)
v
36 b
|
R = Ra-cos(cp) (3.26)

(3.25)



Rc cos(0 c)-cos((j)+0c)

: cos((j) (327)
{(0) 36 ()
(3.27)
1 ' | /
Rc (Ifdc)-(cosOcl/cos(j))'cos(4 *e c)
1 | |
RA (|/dA)'[cos(0a= o)/ cos °(IB[ « € A:0)|
Rcl (|/déi)-(cosﬁ]c/cos(j)),cos(4>+eé) ( ;AK 0(5
Ra (HdA)-(cosO0Alcos(j))-[cos((j)+0A)] (I1dA)-f(0A)
(36)
COSe COSe
f(e e ( j cos((b-’re ) ay f(e )= ( j cos(¢)+9 )
{(0) 36()
= (h O ccog<+0) (3.28)
2.2 cm2
L()="+b (3.29)
R (A’l5)

- ® (7

b R) (ATs)

21



(3.29)

Natural logarithm

(3.29)
(3.29)

3.3

CIGS

CIGS

,Ga-rich stage

L()= "+
(Calibrate)

Cu b Ga

5

(Coevaporation method)
()

3.7
(Rotary pump)
4
CIGS 3.8
CIGS
(Shutter)
CIGS
CIGS
CIGS 2

CIGS
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Ga

Ga
CIGS 106
Diffusion pump

() Cu, Ga  Se

Bi-layer process
Cu-rich stage

e = 09
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TiaT 0.2 \ CIGS
fnnad
MH LLNuQﬂﬂi’ﬂs‘l‘i‘U
: (SLG/Mo)
TOLnas
@ E ‘ WIRAITTLUE
MBUEYINA Baffle Valve l
Tulnsiauinas —> A2
sy :)E[ )
Diffusion Pump {alsms
msmmﬁ(.__[
3.7 CIGS
3.3.1 Cu(lnlxGax)Se2 [1819]
Cu( 1737)502 Bi-layer process
Cu-rich stage Ga-rich stage 2
> 2.
Se et 3.0 , Cu, Ga

(SLG/Mo) Se Cu(InxGax)Se2
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A
In+Ga 0.9 In+Ga 0.2
Cu-rich stage A—> 10 ,Ga-rich stage
In+Ga
-N. < 10 CIGS
In+Ga
4.8x5.8 cm2 1
/ LY
(Pyrolytics Boronnitride
nTRRTaAUI)
AVAUNUNIAN
(Mo,Stainless)
waslupiila

51 3.8 uamalAsaasienie luedunaessive

A (Variac)  ~

39



3l

Cu-rich stage
550 °c Cu, ,Ga  Se

Ou, Ga ' > 1.0

In+Ga

(Binary compound) CuzSe  ( ,Ga)ySe 3.10 (a)
CuzSe: Cu(In1xGaxSe2

2Cu(9 + ey  Cuz=Sec (< z< 2 (3.30)
CuzSe(q) + (z — l)se(g) => zCuSe TS> 523 ¢ (3.31)

yCuSe(d + (In,_x,Gax) (3 + Se(g) => Cu(In £ x,Gax)Se3 + (y - [)CuSe(} (3.32)

ly m;g§!}
Z Cu-Se hinary
550 °c
3.10 () Cu(ln Ga)Se
(112) CIGS
Cu(In1xGaxSe2
3.10 (c)
,Ga-rich stage Cu-rich stage Cu
Ga  Se
= < 1.0 CuzSe
n+Ga
Cu(InixGax)Se2 3.10(d)
(ini-X)Gax)(Vapor) => (in tx,Gax) (3 (3.33)
CuzSe() + (in tx,Gax) (3 + Se(g) " Cu(In+xGax)SeZ29 (3.34)

CIGS
A
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(3) Soda-Lime Glass
Mo
» H ? =
 CuSeA( GaSe CusSe Cu(lnGa)Se
C I B 1 3
Se Se &e
Cu, ,Ga,Se Vapor CuZSe,( ,Ga)ySe CuZSe:Cu(In,Ga)SeZMixture
Formation
(b) Soda-Lime Glass
5 m&‘ 5 2 : ;
Cu(lnBa)Se Cu Se (liguid)
(c) Soda-Lime Glass

. - 3 T
Cu(In,Ga)Se, —L
i 9,
2 R HARAAHH A ASHARHALARASAAS

. CXHXIXH A AHXAHXHRAHXAH K h C uASe O I q u I d)

(d) Soda-Lime Glass
Cu(ln,Ga)Se2—|> < e I
=, .
\,Ga,STe Vapor/7
3.10 Cu(inbGayse2 [
(@)
() Cu(lnbGaxSe2  Cuze
€) Cu(InIxGaxSe2

(d) CuzSe Cu(InxGax)Se2



550 °c

(Transport)
Cu(In,Ga)Se2

Ci(InixcaxSe2
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Cu(In1xGaxSe2

Cu(InixGaxSe2
CuOn, xGax)Se2
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