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CuInoo7GaO.3Se2: a solar device material

* Cu(In,Ga,,)Se, (CIGS): solar absorber with efficiencies up to 23.6%
* Long-term stability of the cell: main factors responsible for degradation
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CuInoo7GaO.3Se2: a solar device material

* Cu(In,Ga,,)Se, (CIGS): solar absorber with efficiencies up to 23.6%
* Long-term stability of the cell: main factors responsible for degradation

« Relative humidity (0
M. Theelen, F. Daume, Sol. Energy., 2016 ,133, 586—627

« Temperature ]

« lllumination o Degradation of
o N - +  Gazeous environment | = (|GS material itself?
. I’R'no GO e T Aged surface (=2000 h)

1 pm Glass substrate
Ga 2pg, In 3ds,

X
R

X
< X

& In CIGS

Exposure to air Immersion in water
with 20% of RH ()0 &L 100% of RH Surface

. ii .InA/O% \@FW modifications?

Exposure to air <
No degradation with 60% of RH Surface modification and 3
. m dissolution of oxides 7 o e
m 1125 1120 1115 1110450 445 440
Minimal surface Important surface Bindin g En ergy (eV) Bindin 9 En ergy (ev)
modification modification
Influence of RH for CIGS surface reactivity ::> KinetiCS Of degradationr)

Incigs

S. Béchu et al., Appl. Surf. Sci., 2022, 576 ,151898; S. Béchu et al., SIA, 2020, 52, 975-979



3.0 '(;‘ox/'/fg;.es - 'G" 325/2 Al ka source
. a a - Ga
Evolution of In and Ga TR o %
under aging? < 2.5 /Inge,  -In4d,,
E 2.0+ X X
o X
~, 151
most decomposed L] 5 %
photopeaks g 10- X X X
e X X
. ® g5f{ X %
photopeaks with the w ] X
same probing depth 00t % ¥ * * * & . _*
) 0 500 1000 1500 2000
Crystalline structure of CIGS )
Time (hours)
S. Béchu et al., Appl. Surf. Sci., 2022, 576 ,151898
Atomic level
Kinetic Energy
Depth probed In M, sNy 5N, 5 In 3s In 3p In 3d In 4s Similar kinetics In 4d
381-417 660.6 822.6 1035.6 — 1043.6 1364.6 1470.6
=3 nm =4 nm ~5nm ~6 nm =~/ nm ~8nm
Ga 2s C\ Ay Different kinetics due to the Ga LsMysMy s Ga 3s Ga 3p Ga 3d
188.6 | 343.6—370.6 different probing depths 1058 - 1075 1328.6 1379.6-1383.6 | 1468.6
=2 nm =3 nm =6 nm =7nm =8 nm =8 nm

Extreme surface (=2 - 3 nm)
B.E and K.E of In and Ga elements for an Al Ka source
Probing depths are calculated with the TPP2M formula for C

IGS

Sub surface (=8 nm)



The X-AES transitions: phase identifications and quantification

Wagner plot and modified auger parameter

K.E. (eV)

n

Ga LM, M,

2185 2184
1068 =
Ga
1067
GaSb
A
1066
*
1065 Cu(lng,Gay5)Se,
e /\‘. /|
AAS o GaP
1064
GalnSe,
1063
1062 > 2
Gas0,
1061

Ga 2p,, B.E. (eV)
Ga 2p;, — Ga LMM Wagner plot

1121 1120 1119 1118 1117 1116 1115

2183

2182

2181

2180

Modified Auger parameter (eV)

Quantifications with X-AES lines
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Advanced analysis of copper X-ray
photoelectron spectra
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Surf, Interface Anal. 2017, 49, 1325-1334



Non-linear versus linear least square decomposition

2 methods to decompose the X-AES transitions

Non-linear least square decomposition Linear least square decomposition
Arbitrary use of Gaussian Lorentzian curves to simulate Implementation of a spectral shape
one chemical environment
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Ga L;M, sM, 5 non-linear least square decomposition for CIGS Ga LM, sM, 5 linear least square decomposition for CIGS
@ Possibility of slight adjustments for the positions, the FWHM values Q Easy to implement with different chemical environments
@ For a mix of chemical environments, necessity of many X No FWHM or position adjustments

arbitrary peaks = possible error for a series of fits
J. J. Moré, Numer. Anal., 1978, 630, 105 G. H. Golub and C. Reinsch, Numer. Math., 1970, 14, 403

S. Béchu and N. Fairley, JVST A, 2024, 42, 013202



NLLS decomposition of CIGS X-AES transitions

Modifications induced by the aging
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NLLS decomposition of CIGS X-AES transitions

Modifications induced by the aging
Growth of In,0, and Ga,O, phases in addition to the CIGS one
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LLS decomposition of CIGS X-AES transitions

Modifications induced by the aging
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Evolution of the In M, ;N, ;N, ; X-AES transitions over air aging
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Evolution of the Ga L;M, ;M, ; X-AES transitions over air aging
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LLS and NLLS decompositions comparison

In,O; percentage (%)
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Application to CIGS aging
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Application to CIGS aging
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Application to CIGS aging
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Conclusions

Decomposition of X-AES lines = 2 methods with advantages and disadvantages giving similar results

= « Easy to use, with only one shape per chemical environment
LL
* No possibility to provide any adjustments with aging (FWHM val

ues...)

- » Possibility to perform evolution along with air aging (FWHM values, positions...)

NLLS
« Upto 15 arbitrary peaks to simulate two chemical environments

Application to CIGS aging = access to a depth range probed for 2 elements within the same scale

« 3 different depths probed for Ga and In: 3, 6, and 8 nm using XPS photopeaks and X-AES lines

» Progressive oxidation from the extreme surface to the sub-surface, with a higher level of oxidation on the extreme surface

In,O5 & Ga,04

In,0; & Ga,04

~3nm:In MygNgsNys & Ga 2p (;

~8nm:In4d & Ga 3d

f f f f f f f
20 40 60 80
Oxide atomic percentage in the decomposition
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Want to know more about the degradation of the sub surface of CIGS?

Don’t miss Anna Gagliardi’s talk
This afternoon @ 2.50 p.m.
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