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Research progress and challenges of copper indium gallium selenide
thin film solar cells

TAO Jia-Hua', CHU Jun-Hao"*
(1. Nanophotonics and Advanced Instrument Engineering Research Center, Ministry of Education, Key Laboratory
of Polar Materials and Devices, Ministry of Education, East China Normal University, Shanghai 200241, China;

2. National Laboratory for Infrared Physics, Shanghai Institute of Technical Physics, Chinese Academy of
Sciences, Shanghai, 200083, China)

Abstract: The industrialization of copper indium gallium selenide (Cu (In, Ga) Se,, CIGS) solar cells has attracted
worldwide attention. As a thin film solar cell with high conversion efficiency, its efficiency can be compared with that
of crystalline silicon solar cell, and the highest efficiency reaches 23. 35% at present. For small-area laboratory solar
cells, the main research focus is to accurately control the stoichiometric ratio and efficiency of absorption layer. For in-
dustrial production, besides stoichiometric ratio and efficiency, cost, reproducibility, output and process compatibility
are very important in commercial production. The research progress of different preparation processes, gradient control
of absorption layer composition, post-deposition treatment of alkali metal, wide band gap cadmium-free buffer layer,
transparent conductive layer and flexible substrate were reviewed. From the perspective of the efficiency of CIGS solar
cells, the transfer of record-breaking high-efficiency solar cell technology in the laboratory to the average industrial pro-
duction level brings obvious challenges.

Key words: copper indium gallium selenide (Cu(In, Ga)Se, CIGS) solar cell, component gradient, alkali metal, cd-
free buffer layer, industrialization, tandem
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Fig. 2 (a, b) Schematics of the device structure of the small-area cell and the monolithically-connected module structure, respec-

tively. (¢) Schematics of the typical band profile in the CIGS absorber layer. E. and E, represent the energetic positions of the con-

duction band minimum and the valence band maximum, respectively. Front and back correspond to the buffer/CIGS and the CIGS/

Mo interfaces, respectively' ™
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Fig. 3

Schematic illustration of different co-evaporation processes: (a) single stage process, (b) bilayer or Boeing process in

which the first layer was deposited at lower substrate temperature, and the second layer was deposited at a higher substrate tempera-

ture, (c) three stage process in which In and Ga are deposited in the first and third stage, whereas Cu was deposited in the second

stage (after Ref. [33])
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Fig. 5
bandgap in the CIGS absorber layer to explain the condition of

(a) Schematics of the profiles of composition and

the device simulation. (b) Device simulation results with vary-
ing surface [S]/([S]+ [Se]) composition and position of the

bandgap minimum (xE,,, ) (after Ref. [20])
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Fig. 7 After Na incorporation into the CIGS film, the fol-

lowing changes were observed: (a) enhanced carrier density
and grain boundary passivation, (b) gallium segregation, and

(¢) changes in crystallographic orientation (after Ref. [45])
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Table 2 The influence of different alkali metal combi-
nations on the photovoltaic parameters of
CIGS solar cells

NaF KF

Eff./  V/ J. FF/
PDT/ PDT/ GGI  CGI
) ] (%) mV  (mAlem®) (%)
min min
0 0 0.34 079 12.0 541 34.9 63.6
20 0 0.35 0.8 13.2 624 34.5 61.5
20 5 035 079 17.5 673 34.7 74.9

20 20 0.36 0.80 18.5 695 35.0 76.0
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Fig. 8 Surface chemical analysis (a) Schematic view of the three investigated absorbers. The purple layer on the KF absorber in-
dicates the modified surface composition, (b-e) XPS peak of Cu 2p,,, In 3d,,, Ga 2p,, and Se 3s, respectively, obtained from the
surface of CIGS absorbers with no alkali evaporation (no PDT), only NaF addition and only KF addition, (f) Sputtering of the
CIGS absorber subjected to KF-PDT shows the appearance of the Cu 2p,, peak within the first approximately 20 nm with similar in-
tensity as in the case of no PDT, (g) K is clearly measurable at the surface up to a depth of approximately 20 nm, (h) Schematic
view of two absorbers measured after sputtering through the CdS layer, (i) XPS peak of Cu 2p,,, In 3d,,, Ga 2p,, and Se 3s, re-
spectively, at the CdS/CIGS interface with only NaF addition and only KF addition, (m) XPS spectra of K at different sputtering

depths (after Ref. [48])
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Fig. 9 Schematic drawing of the NaF PDT and the NaF&KF PDT applied on low-temperature coevaporated CIGS thin films
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Fig. 10 External quantum efficiency for CIGS cells with different buffer materials. All cells with anti-reflection coatings. The

shaded areas below the curves represent the current gain relative to the corresponding CdS reference when available (after Ref. [53])
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Table 3 Summary of best performing small-area CIGS cells with different buffer layers and respective deposition

methods
. s . Eff. / J.! FF/ Area/ . 2%
Gz IR AVIRES 12 (%) A (At (%) o WFR LI -
7n(0,8,0H) /Zn, Mg, ,0  CBD/ALD Zn0:B 23.35  0.734 39.6 80. 4 1 SF [18]
CdS CBD i-Zn0/Zn0:B 22.9 0.744 38.77 79.5 1. 041 SF [44]
Zn(0,S,0H) CBD (Zn,Mg)0/Zn0:B 22.8 0.711 41.4 77.5 900 SF [54]
CdS CBD i=Zn0/Zn0: Al 22.6 0.741 37.8 80. 6 0.25 7ZSW [47]
CdS CBD i=Zn0/Zn0: Al 21.7 0. 746 36.6 9.3 0.5 ZSW [55]
7n(0,8) CBD Zn, Mg, ,0/Zn0:Al  21.0  0.717 37.2 78.6 0.5 Solibro  [56]
Zn(0,S) ALD i=Zn0/Zn0:B 19.8 0.715 36.5 75.8  0.522 SF [57]
Zn(0,S) Sputtering Zn0:Al 18.3 0. 654 38.4 72.8 0. 49 ZSW [58]
InS Evaporation i=Zn0/Zn0: Al 18.2 0. 673 36.3 74.5 0.5 AN [59]
Zn,_Sn0, ALD i~Zn0/Zn0; Al 8.2 0.689 35.1 753 0.49  Uppsala  [60]
Zn, Mg O ALD i~Zn0/Zn0: Al 18.1  0.668 35.7 75.7 0.5  Uppsala  [61]
ZnS(0,0H) CBD i-Zn0/Zn0:B 17.9 0. 66 38. 1 71.1 900 Sams [62]
Zn,_ Mg 0 ALD i~Zn0/In,0,:Sn 155 0.92 23.4 72.2 0.433 SF [63]
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Fig. 11

and BZO with comparable sheet resistance. The high transmis-

(a) Comparison of the optical properties of AZO

sion in the near-infrared region for BZO stems from the re-
duced carrier density (AZO n=4.4*10* cm®, BZO n=9.2*
10” cm”) (after Ref. [64]). (b) Damp heat stability (85 °C,
85% r. h. ) of different, nonencapsulated TCO materials (after
Ref. [70-72])
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Fig. 12
CIGS thin film solar cell template and building integration

Photovoltaic application products such as flexible
73]
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Fig. 13

(a) Schematic of the 4-T perovskite/CIGS tandem solar cell. (b) J-V curves of the CIGS cell with and without filtering,

and reverse and forward scanning curves (scanning rate of 50 mV s') and steady-state efficiency of the semi-transparent

perovskite. (c¢) Transmittance and absorption spectra and EQE of the transparent perovskite cells, and EQE of the standalone CIGS

and that placed under a filter (after Ref. [89])
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Fig. 14 Performance of the perovskite/CIGS tandem cells. (a) Schematic and cross-sectional SEM image of the monolithic

perovskite/CIGS tandem solar cell. (b)J-V curve and efficiency at the maximum power point (inset) of the champion tandem de-

vice. (¢) EQE spectra for the subcells of the monolithic perovskite/CIGS tandem solar cell. (d) Stability test of the monolithic

perovskite/CIGS tandem solar cell. The unencapsulation device maintained 88% of their initial PCE after 500 hours of aging under

continuous 1-sun illumination and maximum power point tracking at 30 °C ambient environment. The inset shows that the device

can recover 93% of its initial performance after a 12-hour resting period without load and illumination (after Ref. [90])
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