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Fig. 1. (a) Influence of different deposition time on CdS transmission spectra; (b) CdS growth rates at different temperatures;

(c) AFM topography image of CdS.
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Fig. 2. Statistic photovoltaic performance ((a) Voc; (b) Jso; (¢) FF; (d) PCE; (e) Rg and (f) Rg,) of CZTS/CdS heterojunction

treated by heat in different atmospheres.

F 1 ARIB KU e misk CZTS Wbk rES 2L

Table 1.  Detailed device performance parameters of the best CZTS in different atmospheres.

Device Voco/mV Jso/(mA-cm™) FF/% PCE/% R,/(2-cm?) R,/ (Q-cm?) Ng Jrgr/(mA-cm2)

CdS-wo 519 15.31 43.70 3.47 10.6 188 2.69 15.55

CdS-air 526 13.98 43.87 3.23 11.8 130 2.78 14.92
CdS-S/Ar 611 16.51 56.27 5.68 5.6 318 1.88 15.89
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Fig. 3. Characteritic of CZTS/CdS heterojunction treated by heat in different atmospheres (a) Vo versus illumination intensity;

(b) external quantum efficiency; (c) external quantum efficiency ratio; (d) E, curves of absorb layer fitted according to EQE of cells.
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Fig. 4. Raman spectra and multi peak fitting of CZTS/CdS heterojunction prepared by (a) no annealing, (b) air annealing, and

(c) annealing in sulfur-containing argon atmospheres.
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Fig. 5. Full XPS spectra of CdS surface after heat treatment of CZTS/CdS heterojunction under different atmospheres;
(b)—(d) high-solution XPS of S 2p split peak fitting spectra; (¢) Cd 3d and (f) O 1s high-solution XPS spectra.

# 2 CZTS/CdS SREETEAR R TR SR CdAS RMA R B 2 AR B9 & i L AT LBl

Table 2. Ratio of sulfur content and atomic ratio of different valence states on the surface of CdS after annealing of
CZTS/CdS heterojunction in different atmospheres.
[5*1/18]/% [S°]/[81/% [S*]/18]/% [S]/[Cd] [O1/[8] [5*1/[Cd]
CdS-wo 90.04 0 9.96 0.47 2.05 0.43
CdS-Air 84.73 0 15.28 0.63 1.27 0.54
CdS-S/Ar 76.71 23.29 0 1.03 0.08 0.79

TORE AR N AR 22, B R 1 Cu-
7 JCA AR B fRARIE T K I B GG R R AR
Y. CZTS/CdS Sl 4576 & it sl

B IR, HEL I A R I T 7 1SN T 24 45 T CdS
LERL AR LF H CAS I PN A SRR A, T R e T
Y CAS I, DRI FR T R P DR A 2 W S B T

088802-7


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 £ 3R Acta Phys. Sin. Vol. 72, No. 8 (2023) 088802

70

R 7N PNeed/\ L\t
60+ —a— CdS-wo

—o— CdS-air
50 b —a— CdS-S/Ar

40

30 F

Transmittance/%

20

0 1 1 It 1 1 1
2.2 2.3 2.4 25 2.6 2.7
hv/eV
0 . . . . .
300 400 500 600 700 800 900
Wavelength/nm

10

6 CdS MRAEA ] AT B U B SO (i 2
& CdS ZE7 58 BE 1Y Tauc &)

Fig. 6. Transmission spectra of CdS thin films annealed in
different atmospheres (the illustration is the Tauc diagram
fitting the CdS band gap width).
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Fig. 7. XRD diffraction patterns of CdS after annealing in

different atmospheres.
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Fig. 9. Cell performance of heat-treated CZTS/CdS heterojunctions after different temperatures and time: (a) J-V,. and (b) PCE-
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Table 3.  Characteristic parameters of CZTS cell devices obtained by heat treatment of CZTS/CdS heterojunction at differ-
ent temperatures and durations in sulfur-containing argon atmosphere at 0.5 atm.

Temperature/ C Time/min Vie/mV PCE/% FF/% Joo/ (A-m?)
275 5 574 1.83 38.70 82.5
300 5 628 2.22 37.62 93.9
325 5 658 2.51 37.49 101.6
350 5 700 3.26 38.44 121.0
275 30 658 1.70 34.44 75.1
300 30 718 3.11 34.91 124.2
325 30 718 3.67 37.66 135.9
350 30 688 1.93 26.05 107.9
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Abstract

Efficient copper based thin film solar cells usually use inorganic n-type semiconductor material CdS as the
buffer layer. Therefore, the interface quality and energy band matching between the buffer layer and the
absorption layer are crucial to the collection and utilization of carriers. Heat treatment can promote the mutual
diffusion of interface elements, the migration of ions in the material, and the change of defect state, and the
appropriate temperature will change the Cu-Zn ordering degree in the absorption layer, so as to improve the
efficiency of the solar cells. Based on the optimization of CdS basic process, the strategy of annealing
CdS/copper-based thin film heterojunction in sulfur atmosphere further improves the quality of CdS thin film,
and is applied to copper-based solar cells to regulate the p-n heterojunction energy band gap matching of
copper-based thin film cells. The results show that the annealing of CdS thin film in sulfur-containing inert
atmosphere can effectively improve the crystal quality of CdS thin film and inhibit the non-radiative
recombination loss caused by defect trapping at the interface of CZTS/CdS heterojunction, and the open-circuit
voltage of the device can significantly increase to 718 mV. In addition, annealing CZTS/CdS heterojunction in
S/Ar atmosphere can effectively improve the p-n heterojunction energy band gap matching, which not only
improves the electron transmission, but also reduces the carrier recombination, thus improving the V., and FF
of the device. Besides, the oxygen element in CdS film can be replaced by sulfur element in sulfur atmosphere to
improve the quality of CdS film, and thus enhancing the short-wave absorption of solar cell device. Therefore,
in terms of device efficiency, the efficiency of CZTS solar cell based on sputtering method increases from 3.47%
to 5.68%, which is about twice that of non-annealing treatment. Its device structure is Glass/Mo/CZTS/CdS/
i-ZnO/Al:ZnO/Ni/Al, providing a reliable process window for copper based thin film solar cell devices to
achieve high open-circuit voltage. Meanwhile, this study strongly demonstrates the importance of annealing
atmosphere selection for CdS quality and energy band matching of CZTS/CdS heterojunction. In addition to

interface interdiffusion, the composition and crystallinity of thin film material are controlled.

Keywords: copper based thin film solar cells, CdS buffer layer, annealing atmosphere, cadmium sulfide/

copper-based thin film heterojunction
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