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Outline

m Cu(In,Ga)Se, photovoltaics overview

m Diffusion reaction study using in-situ HT-XRD

= CuSe/GaSe » CuGaSe,
= Cu-In + Se - CulnSe,

m Preliminary study of DICTRA diffusion modeling
= Cu-In + Se - CulnSe,

B Summary
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Thin Film CIGS Solar Cells

Building-integrated CIGS, 85kW Shell Solar

GLOBAL SOLAR

Systems That Delrver

Flexible, lightweight Cu(InGa)Se, - Global Solar
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Best Efficiency of Thin Film Cells
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Cu(ln,Ga)Se, Solar Cells

B Most promising thin film photovoltaic material

2> n = 19.9 %, NREL (2008)
->» Direct band gap

: band gap engineering (E, ~ 1.2 eV at x(Ga)=0.3)
- High optical absorption coefficient

: thin film ~ 2 um Ni/Al grid
> High radiation resistance —I . I—
> High reliability o | Ml ARecoating |
g% TCO (200~500 nm)
[T i n-CdS (50 nm)
p-CIGS absorber
| F (2 pm)
© cu Mo (~0.5 pm )
O InorGa
9 s Substrate
'O (Soda lime glass)
Chalcopyrite CIGS structure Typical device structure
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Cu-In-Se Phase Equilibrium

Cu,Se-1In,Se; pseudo-binary
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Common Deposition Techniques

B Co-evaporation of elements (PVD, MBE etc.)
: Cu, In, Ga, Se
- Highest efficiency !!

B Rapid thermal process (RTP) of stacked or elemental precursors

Se
CuSe
Cu+In+Se In CulnSe,
Cu InSe
Mo or Mo or Mo RTP > Mo
Glass Glass Glass Glass

B Selenization of metallic precursors:''Shell Solar' 2 step method

Cu/Ga/l Cl1GSe,
= 8 H,Se or Se vapor,
Mo - - Mo - - Mo
Metallization Selenization
Glass Glass Glass
Teup = 600 °C
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Diffusion Issues

B Selenization of metallic precursors:''Shell Solar'’ 2 step method

Ty CIGSe,
- 8 H,Se or Se vapor,
Mo - - Mo - - Mo
Metallization Selenization
Glass > Glass > Glass
T.,, > 600 °C
60 T T T T T T T T T I T I
L AES Mo [ 1
Ga accumulation s | se |
at back ! T 4o0p 1
o In 1
S 30} .
S A
o | W 1
o 20f cy ‘\‘ 1
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Decrease device 2 ol a ¥, -
performance ! - N
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Sputter time / min
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Diffusion Issues

H,Se / H,S
Cu-Ga-In/Mo > Cu(In,Ga)(Se,S),/Mo
Complete H,Se reaction prior to H,S Partial H,Se reaction prior to H,S
Ga segregated to back Ga distributed through film
60— 1 v v U v 7 60— 77— T T
: 30 min HZSE 450 °C E 15 min ste 450 °C
sof 15 min H,S 550 °C Se Mo 50f 15minH,S 550 °C Mo
5 : 8 40
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Sputtering time (min) Sputtering time (min)

G. Hanket, W. Shafarman, R. Birkmire. , Proc. 4th World Conf. on PVEC (2006).
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Reaction pathways and kinetics
using In-situ HT-XRD
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Precursor Diffusion Couples

Cu+Se In+Se Ga+Se
Glass Glass Glass
Xge ~ 0.71 Xso ~ 0.80 Xse ~ 0.86
Se Se Se
Cu In Ga
Glass Glass Glass
KSE L U.E? xge L U.Bl xse i~ U.Eu
Institute of Energy Conversion NIST Diffusion Workshop

University of Delaware 11 May 12, 2008




Precursor Diffusion Couples

CuSe CuSe Cu+Se
In,Se; InSe InSe
Glass Glass Glass
In+Se
Cu+In+Se CuSe
Glass Glass

Cu+Ga+Se Cu+Ga

Glass Glass
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CuGaSe, formation from
a bilayer GaSe/CuSe diffusion couple

CuSe ?
CGS
GaSe
Thermal annealing
Glass Glass
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Precursor Preparation by MEE System

LOAD LOCK
I BELL

' JAR
Sorption T™P

pump J
Ventury

pump

X X

Mechanical

um T
P P Diffusion
pump
——

Q O

Mechanical
pump

= Ultra high vacuum system
=» Operating pressure : ~ 108 Torr
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Schematic top view

Heater

®
cracker,
Chalcogen
Zone (Se)
PI
Met_a[
Deposition

Zone

Load Lock

= Rotating platen with 9 substrates
:2"'x2" square, 2" circular

= Sequential deposition
:Heating 2> Cu 2> In > Ga =2 (Na) = Se
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HT-XRD System

X-ray tube Linear PSD

Vent line | |

Gas HX

Vacuum
Pump

.............. Temperature \ A

Controller
Real-time
Monitor Strip heater
I 2 |8 A: Spot-welded thermocouple
@ A @ B: Heater strip (Pt20%6Rh)

C: Sample

= High Temperature Materials Laboratory of Oak Ridge National Lab.
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Precursor Structure

CuSe: JCPDS #34-0171 CuSe (006) TEM Image
anu-
CuSe
(102)
CuSe cuse CuSe
(116)
(b) WWMWM
GaSe
Glass
(a)
10 20 30 40 50 60 70
20(degree)
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Temperature ramp anneal

CGS (112) JCPDS
CuSe #34-0171
Cuz-xSe #06-0680
CuGaSe:z #35-1100
CuGaSe?2
CGS Glass
(220/204)
230 T CuSe
GaSe
Glass
S Cute >0 » (110, 108) [Cu]/[Ga]=1.02
(101,102)  (006) [Se]/[Cu+Ga]=0.97
CuSe + GaSe - Cu,_Se + Se + GaSe (or Ga,Se;) > CuGaSe,
amorphous
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Isothermal annealing

CGS (112) cGs (112)
T =300°C
CuGaSe2
) Glass
_ “ 20 CuSe (006)
7 CuSe (102)
Cuz., Se (111)
', CGS (112)
€GS (112) T = 340 °C e
CuSe
GaSe
Glass
Assumption:
= Maximum peak area = 100 % reaction
= Normalized peak area = fractional reaction
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e Parabolic growth model

A

B

Before
reaction

Solid-state Growth Models

-

A

B

at A-B interface

Nucleation

e Avrami growth model

Phase A

-

B
OoooO

o O

o O

Nucleation
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dt
y? =k, t

Diffusion thru product
& reaction (ex. Dgc = Dyo)

19

23

R O

x =1 -exp[-(kt)"]

In[-In(1-x)]
= nint + nink

Diffusion &
growth

05<n<1.5
(1-D diffusion)
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Fractional reaction (o)

Modified Avrami Analysis

1.2
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Kinetic Analysis

Parabolic model Modified Avrami model
0.8 1
0 Arrhenius plot n = 0.68~0.73
i E.~ 115 + 16 kJ/mol 0.5 4
0.6 4 0 -
~
2 — . d
o n ClS 051 370°C 4 o Arrhenius plot
.-| 7 E.~ 124 £ 19 kJ/mol
L4 o
0.4 1 E -1 4
y < ) n
15 1.6 17 18 19 E 1.5 340°C O =
1000/T, (1/K) =b-
N 300 °C . .
2.5 4
280°C 14 1.5 1.6 17 1.8 1.9
1000/T, (1/K)
T -3 T T T T T T T
70 80 3 4 5 6 7 8 9 10 11
time (t), min In (t+t*)
a? — k-t IN[-In(1-2)] = nIn(t+t*) + nink

= Analysis suggests one-dimensional diffusion controlled reaction
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TEM-EDS

Isothermal annealing

CGS (112)

ramp to 500 °C

CuSe (006)

: CuSe (102)
Cuy.,Se (111)

T=300°C

(t—30 min)

CGS (112)

T=2340°C
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TEM-EDS
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TEM-EDS

i

Analysis

Glass/GaSe/CuSe Precursor

EDS line scan p
Cu Ga
g A
Glass | M N =N AN M LA

0 0.2 0.4 0.6

A distance (um) B
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TEM-EDS Analysis

Glass/GaSe/CGS/CuSe annealed for 30 min, at 300 °C

Ga gradient !!

EDS line scan

X WWWWWW

CuSe
Cu Ga
CGS
GaSe
B Glass 0 0.2 0.4 0.6
A distance (um) B
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CulnSe, formation from
selenization of Cu-In precursor

Cu-In

Glass

Institute of Energy Conversion
University of Delaware

Se vapor

Reactive annealing

25

CIS

Glass
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HT-XRD with Selenization Chamber

Panalytical Philips X’pert system Sample holder
Selen(;um Precursor
% powder sample
-ray
tube / PSD Aluminum
% Chamber é oo I 2 foil
.”'..‘ o '
3 Capton/Be _
) window m——— «— Nickel
CW in wire
out —— Surrounding
Heater
Sample
holder

In Out
(He)

= High Temperature Materials Laboratory, ORNL
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Selenization Chamber

Aluminum foil Graphite dome
Selencllum Precursor Selenc||um Precursor
powder sample powder sample

Aluminum

¢ foil

o £

il

— — Nickel
wire

& Al foil :
(1) Loss of X-ray intensity
(2) Possible reaction with Se above 650°C

€ Graphite dome :
(1) Easy to handle
(2) Extremely X-ray transparent
(3) High stability
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SEM /7 EPMA

Precursor

Glass

Island (In-rich)

Selenization

MoSe,

Mo

Glass

Selenized CIS

Matrix (Cu,ln+ Culn)

EPMA Results (Va=6 keV)

Matrix Island
Cu (at.%) | 59.4 (£1.2) [ 36.0 (x1.0)
In (at.%) |40.6 (x1.2) [ 64.0 (x1.0)

Institute of Energy Conversion
University of Delaware

»Island : In-rich or nearly

pure indium phase

28
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XRD & GI-XRD for Precursor

Mo (110)

0-20

o= 1°

v v v v

Culn Culn Culn Culn
(101) Indium (200) (102) (-134)
20(°) 50
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(Cu+In)/Mo Selenization

Al Cu+In
(200) VMle)
CulnSe,
(112) Mo Glass
MoSe, (110) C?;:g;e 2
(004),(100) MoSe,
I [Cul/[In]—1

CuSe—->CusSe, |

}Mo - MoSe,

CuSe, »CulnSe,

Cu—->CuSe—->CuSe,

(Cu + In)/Mo

(101)

(200) Cu,In(102)

55
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(Cu+In)/Mo Selenization

Cu/Zln -» CuSe —» CuSe, -» CulnSe,

CIS(112)

MoSal

25 °C

CuIn(200)

May 12, 2008
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Isothermal Selenization

Temperature = 280 °C

CulnSe2 (112)

T: 280 -> 500 °C |

B Assumption for kinetic analysis

= Largest peak area = 100 %6 reaction
= Fractional reaction = normalized peak area
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Fractional Reaction

1.2
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=
2
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w 043 % o —A-350C

K —%-330C
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0.2 | @ 290C
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0 10 20 30 40 50 60
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Kinetic Analysis

Parabolic model

0.9 -
0.8 -
0.7 -
0.6 -

o 0.5 1
0.4 -
0.3 -
0.2 -

0.1 -

Arrhenius Plot

E, ~ 100 {14} k¥mol

t (min)

a? — k-t

In[-In(1-0))

Avrami model

0.8
n=0.6—-0.8
0641 N=0.3
0.4 4
0.2 4
0 -
Arrhenius Plot
-0.2 4 E, ~ 124 {19} k¥mol
|
-0.4 1
-0.6 A
-0.8 A .
_1 - T T
1.7 1.8 1.9
10T, K
_1.2 T T
4 5 6 7 8 9 10 11

In (t)

IN[-In(1-a)] = nIin(t) + nink

= Analysis suggests one-dimensional diffusion controlled reaction
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DICTRA Modeling

Concentration profile

‘ | Diffusion models

Solve the multi-component
diffusion equations

)

Diffusion |2 =M-owdc
f> coefficients ﬁ
Database

Mobility Gibbs energy
DICTRA Thermo-Calc
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DICTRA Optimization

2.4
2.0 4 n Se vapor
Lo
? '!‘A‘A 2
E 1.6 P oo™
E P
L -4
v
9 1.2 4
c
=
R
s os
o > CulnSe, L «a
[®]
—=300°C
0.4 - —=200°C
——270°C Culn
-B-260°C
0 L) L} L) L} L)
0 10 20 30 40 50 60

time (min)
Assumption:

=» Driving force: Gradient of Se chemical potential

=» Control step: Diffusion of Se thru CIS layer

= Simplified pseudo-binary reaction: Culn + 2Se - CulnSe,
Instead of: mCu,In + nCuln + mIn + (4m+2n)Se 2 (2m-+n)CulnSe,
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Cu-In Thermodynamic Database

1200 . . .

1000

800

600

Temperature (°C)

400

200

0 I I

N

0 01 02 0.3

I I I
0.4 05 0.6

Mole fraction of In

I
0.7

I
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I
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1.0
In

1400

1200

T (K)

1000
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400
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0 61 02 03 04 05 06 07 08 09 1.0

Cu Mole fraction of indium In

H. S. Liu, et al., J. Phase Equilib. 23 (2002) 409
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DICTRA Optimization Results

Mobility parameter in DICTRA

MQ = -Qg + RTIN(Mg®)

Qg: activation enthalpy
(= 136,725 J/mol)

MgP: frequency factor
(= 0.01406)

Institute of Energy Conversion
University of Delaware
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Summary

€ In-situ HT-XRD was successfully employed to investigate the
reaction pathways and kinetics of binary and ternary diffusion

couples.

¢ Kinetic data was used to get Se mobility database using
DICTRA optimization.

€ Systematic efforts on Cu-In-Ga-Se diffusion database
establishment will be necessary to optimize high quality CIGS
formation process.
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AppendiX

Institute of Energy Conversion NIST Diffusion Workshop
University of Delaware 40 May 12, 2008




Ternary Cu-In-Se Phase Diagram

a-CulnSe,
Isothermal section at 500 °C 8 9
] .. 7
Wide composition
Se —
o tolerance !! 5__,
AN 500 °C x(Cu) = 21~25 at. % 4 T
08 U,
B-CIS
5-C1S Region Equilibrium phases
0.6 9| (9 1 a-ClSe, + a-Cu + B-Cu,Se
In,Ses o /() N 2 | a-CISe, + a-Cu + Cu,In,
04 @) cuse 3 | a-ClSe, + Cu2in + Cu,In,
" < 4 a-ClSe, + Cu2ln + In,Se,
02 5 | a-ClSe, + InSe + In,Se,
2 6 a-ClSe, + InSe + 8-CulnSe,
0 1
o " o2 " 04 o 8 1 7 a-ClISe, + B-Culn,Se; + d-CulnSe
In 0 Liquid 0.2 04 0.6 IUIIQ;B 1.0 Cu 2 B 3 5 . : 2
Cu,In 8 a-ClSe, + B-Culn;Se; + Liquid
9 a-ClSe, + B-Cu,Se  + Liquid
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At 500 C, a typical CIS absorber formation temperature, there are 9 regions of 3-phase equilibria, which contain -CIS solid solution, including two that also contains a liquid phase (one with β-Cu2Se and another with β-CuIn3Se5). 


Best Efficiency of Solar Cells
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Ga addition ?

Bandgap energy
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Binary Phase

Cu-Se

1800 I I | | I |
L1
1600— -
1400+ -
T (K)
L

12001 : L L
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1000 B-Cuy , Se i B
800 \ -
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Cu x(Se) Se
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Diagram

Ga-Se

1400 I I l l I ]

1200
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GaSe —
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200 T T T T
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Diffusivity and Mobility

Diffusion coefficients are obtained as a
product of a thermodynamic (du/ o9c) and
a kinetic (M) factor.

D= M. du/ dc
M=M,+ exp(M,/RT)

1)’ g5 Institute of Energy Conversion NIST Diffusion Workshop
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®

Formation of CIS by selenization
of Cu+In precursor

Driving force: Gradient of chemical potential of Se
Control step: Diffusion of Se thru CIS layer

Key data:
— Chemical potential of Se in different phases
— Mobility of Se in CIS phase

DICTRA optimization results:
Mb=0
M,=-168000 J/mol

M, remains constant for the entire range of experimental
temperatures.
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