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ABSTRACT: Planner configuration thin film solar cells (TFSCs) with SnS/CdS heterojunction performed a lower short-circuit current
(Jsc). In this study, we have demonstrated a path to overcome deficiency in Jsc by the incorporation of Se in the SnS absorber. We carried
out the incorporation of Se in VTD grown SnS absorber by rapid thermal annealing (RTA). The diffusion of Se is mostly governed by
RTA temperature (Trra), also it is observed that film structure changes from cube-like to plate-like structure with Trra. The maximum
Jsc of 23.1 mA cm” was observed for 400°C with an open-circuit voltage (Voc) of 0.140 V for the same temperature. The highest
performance of 2.21% with Jsc of 18.6 mA cm'z, Vocof 0.290 V, and fill factor (FF) of 40.9% is observed for a Trra of 300°C. In the end,
we compare the device performance of Se- incorporated SnS absorber with pristine SnS absorber material, increment in Jsc is
approximately 80% while a loss in Voc of about 20% has been observed.
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Nomenclature

E,: band gap, eV

Trra : RTA temperature, °C

Voc : open-circuit voltage, V

Jsc : short-circuit current density, mA cm™
R : series resistance, Q-cm’

. 2
Rgn : shunt resistance, Q-cm

Subscript

SnS : Tin sulfide

CIGS : Cu(In,Ga)Se;

CdTe : Cadmium telluride

XRD : X-ray diffraction

FE-SEM : Field Emission Scanning Electron Microscopy
TCO : Transparent Conduction Oxide

FF : Fill Factor

PCE : Power conversion efficiency

RTA : Rapid thermal annealing

VTD : Vapor transport deposition
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1. Introduction

In the last few decades solar electricity, as a good candidate of
clean and renewable energy, have achieved significant progressl).
In addition to conventional c-Si (single crystal silicon) solar
cells, thin-film solar cells (TFSCs) have also been established in
industry”™®. Recently, metal chalcogenide-based materials have
emerged as a promising absorber for TFSCs due to toxic and
rare earth elements present in established CdTe and CIGS
TFSCs™”. The optical energy band gap (E,) of metal chalcogenide-
based materials lies between 1.1 to 1.7 eV with a high absorption
coefficient of > 10° cm™', making them favorable absorber

), Among these metal-

candidates for next generation TFSCs
chalcogenide-based materials, tin sulfide (SnS) has emerged as
promising absorber material for TFSCs owing to its excellent
optical and electrical properties and intrinsically having p-type
carrier concentration with excellent stabilitym1 " SnS has scalable
potential to fulfill material demand for the thin-film device
industry as it contains non-toxic and earth abundant elements'>".
The electronic properties of absorber material influence the per-
formance of TFSCs largely. The SnS thin film deposited on Mo
by vapor transport deposited (VTD) has a bandgap of about 1.3

eV and solar radiation absorption power of about (> 10° cm™)
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which is most favorable for TFSCs'”. However, except few
cases in which power conversion efficiency (PCE) is above
4.0%, the performance of SnS based solar cells are mostly below
4.0%. More recently, Yun et al. reported a record PCE of 4.8%
for SnS/TiO; based heterojunction'”. Moreover, the PCE of
these high performance SnS TFSCs remains far below the
theoretical reported value of ~32.0%. Such lower performance
of SnS-based TFSCs is mainly due to lower short-circuit current
density (Jsc) value, lower minority carrier lifetime, owing to
higher recombination rate assisted by multi-defect states present
in absorber and unfavorable conduction band offset (CBO) with
n-type buffer'*"”.

SnS thin films can be deposited using various deposition
processes, including chemical deposition as well as physical
vacuum-based deposition processlg'zo). Low complexity, conformal
growth, low cost, and ease in handling stoichiometry of film,
vacuum deposition processes have great importance’. As a
versatile and cost effective method to deposit thin films, VTD
has attracted much attention among other vacuum techniques”).
VTD deployed commercially available high purity material as
a target; thus, conformal surface properties with high purity
and compact thin film were deposited with high speed of

18)

deposition . VID is also for commercial application in the

thin-film industry' " *.

SnS deposited by VTD demonstrate a dense and flat surface
film with minimum pinholes, which help in the improvement of
cell performance'”. Although from VTD a compact, dense
surface morphology film was obtained, but the Jsc of the device
remains low enough in comparison to other materials with the
same range of energy bandgapzl).

Here, we demonstrate a path to enhance Jsc of VID grown
SnS-based TFSCs by Se incorporation in SnS absorber. Se
incorporation in the SnS thin film was carried out in two
steps. First SnS was deposited on Mo coated glass substrates
(Mo/SLG) and after that rapid thermal annealing (RTA) was
deployed to defuse Se powder in the SnS absorber. It was
observed that the Trra strongly influence the performance of

device, specially Jsc enhanced in sufficient amount.
2. Experimental procedure

A one zone VTD furnace was deployed to deposit SnS absorber
on aMo/SLG. Before SnS deposition, Mo/SLG substrate was
sequentially cleaned by isopropyl alcohol (IPA) and deionized

(DI) water for 15 min each in an ultrasonication bath and dried

in nitrogen gas flow. A ceramic boat containing 0.3 g of SnS
powder (5N) was loaded in the middle of heating zone of the
VTD furnace.

Furthermore, clean Mo/SLG was substrate put on a quartz
substrate holder placed at the one end of heating zone of the
VTD furnace and maintained the approximate distance of 10 cm
between source and substrate. Then, a mechanical pump was
used to evacuate the chamber up to a base pressure of 5.0 mTorr.
Next, a flow of Ar gas was introduced in the chamber and a 2.0
Torr controlled and stabilized pressure flow was maintained
inside the chamber. After that the furnace was allowed to heat up
to 600°C at a ramping rate of 30°C per min and maintained at
600°C for 30 min. After the completion of deposition process
furnace was allowed to cool down to room temperature, and
samples were removed, and seal packed up to further device
fabrication process. The Se incorporation in the film was carried
out using tube furnace RTA at different temperatures. A graphite
box contains 0.1 g of Se powder uniformly around the corner
and sample was placed at the center of box and placed at the
center of RTA furnace. The annealing temperature varied from
300°C to 400°C and annealing time of 300 s and ramping time
of 20 s in an Ar flow of 50 sccm remains fixed for all the sample.
A schematic of Se-incorporation by RTA is shown in Fig. 1a.

The chemical bath deposited (CBD) CdS layer was deployed
to form heterojunction with SnS deposited on Mo/SLG substrate.
The proximate thickness of the CdS layer was about 50 nm’”.
Finally, radio frequency sputter was used to deposit transparent
conducting oxide (TCO) film with combination of intrinsic zinc
oxide (i-ZnO) of about 45 nm and Al-doped zinc oxide (AZO)
of about 350 nm thickness™. Al finger electrode were deposited
as front contact using DC sputter to fabricate a solar cell in the
configuration of (Al/AZO/i-ZnO/CdS/Se-graded SnS/Mo/SLG).
The schematic device structure is shown in Fig. 1b.

Approximate thickness and surface morphology of Se-

incorporation inside SnS layer was studied using field emission
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Fig. 1. (a) Schematic of Se grading on the top of SnS at Mo
substrate, (b) Schematic of device structure
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scanning electron microscope (FE-SEM, ZEISS Gemini 500).
Crystal structure and peak pattern of Se-graded SnS film deposited
on different substrate was carried out using X-ray diffraction and
grazing incidence angle GIXRD (XRD; PANalytical PANalytical
X'Pert PRO MPD) with Cu-K, radiation of 1.5406 A. A solar
simulator (San-ei Electric XES-301S, 100 mW cm™) and Keithley
2400 source meter were utilized to measure the current density-
voltage (J-V) characteristic under one sun illumination. The
external quantum efficiency (EQE) of devices was carried out
using IPCE solar simulator (MacScience, K3100 EQX, IPCE

Solar Simulator).
3. Result and discussion

The FE-SEM micrograph of top view microstructure of
pristine and Se graded SnS film prepared at different Trra were
analyzed as shown in Fig. 2(a-d) for 300°C, 350°C, and 400°C
respectively. It was observed that at Trra of 300°C, the grain
size of film was lower compared to pristine film, while beyond
the Trra of 300°C grain size gradually increases. This may be
due to the adsorption of Se atoms in the voids present in the film.
Also, the surface of the film may be covered with secondary
phase crystallitesm'zs).

Also, the structure of the film changes from cube-like to plate

like with an increase in Trra, as evident in SEM top surface

Fig. 2. FE-SEM image of Se graded SnS top surface morphology
(a) As deposited VTD-SnS, (b) 300°C Trra, and (c) 350°C
Trra, and (d) 400°C Trra, and cross-section view (e) As
deposited VTD-SnS, (f) 300°C Trra, (g) 350°C Trra, and
(h) 400°C Twrra and EDS elemental mapping of (i) As
deposited SnS, and selenized SnS at (j) 300°C Trra, (k)
350°C Trra, and (1) 400°C Trra

morphology. In addition, cross-section of pristine as well as
Se-graded SnS on Mo/SLG substrate for Trra 300°C, 350°C,
and 400°C were studied as shown in Fig. 2(e-h) using FE-SEM.
The elemental mapping of the prepared Se incorporated SnS thin
films was performed using Energy Dispersive X-Ray Spectroscopy
(EDS) to confirm chemical composition, as shown in Fig. 2(i-1).
With an increase in the Trra, the Se incorporation was found to
be increased within the SnS with a decrease in the S content.
From the EDS analysis, the Se/(Se+S) ratio was obtained to be
0.57, 0.74, and 0.86 for Trra of 300°C, 350°C, and 400°C,
respectively. The diffusion of Se inside the film was strongly
influenced by Trra, Which is also evident in cross-sectional
FE-SEM image. It was identified that the density of the film
increases owing to reduction in voids with increase in Trra”.

The structural characterization of the pristine and Se-graded
SnS film was carried out using X-ray diffraction and grazing
incidence angle (GI-XRD) with an incident angle of 0.5° for
the film prepared at different Trra as shown in Fig. 3(a, b).
Diffraction patterns indicate SnS thin film (JCPDS; 00-039-0354)
with slightly shifted peak position, and as the Trta increases a
distorted peak of SnSe (JCPDS; 00-048-1225) was observed in
XRD patterns which confirms the diffusion of Se in SnS thin
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Fig. 3. (a) XRD and (b) GI-XRD image of Se incorporated SnS
at different temperatures, and pristine VTD-SnS thin film
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film. Some weak XRD peaks of SnSe, were also observed. All
the diffraction patterns confirm diffusion of Se inside the film.
GI-XRD of as deposited VTD-SnS as well as Se incorporated
samples at different Trra was carried out. As clear from Fig.
3(b) with Trra the distortion in peak position is observed. The
secondary phases get intensify with Trra.

The rough estimation of the particle size was calculated from
crystallite size obtained from XRD analysis. The crystallite

sizes were calculated using the Scherrer formula®”.

_Bx
ﬂhkl COS@

Dyyy =
where K is particle shape factor, 1 is X-ray wavelength, S is
full width at half maxima of obtained XRD peak, and 6 is
Bragg's diffraction angle. The calculated crystallite size of
SnSSe films decreased from 19.6 nm for 300°C Trra to 17.6 nm
for 400°C Trra. During selenization, the Se molecules were
diffused owing to thermal kinetics and rearranged to form
larger-sized crystal grains. Further increasing the selenization
temperature from 300°C to 400°C, leads to a more dense and
uniform crystalline thin film from cube-like to ellipsoid growth
of grains with an increase in grain size, which is advantageous
for suppressing the recombination loss at the grain boundaries.
In the selenization process, recrystallization of film leads to
formation of secondary phases as evident in GI-XRD pattern®.

The photovoltaic characteristic of the prepared device with
Se incorporated SnS absorber at Trra from 300 to 400°C and
pristine samples were measured by utilizing our installed solar
simulator as shown in Fig. 4(a-d) respectively. As Trra increases,

the Jsc of the device increases leading to an increase in the
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Fig. 4. Light J-V parameters of pristine and Se graded SnS (a)
Voc, (b) Jsc, (c) FF, and (d) PCE at different temperature

performance of the solar cell. Also, with increase in Trra, Voc
and FF of the device decreases Fig. 4(a-b). Generally, it was
observed that Se incorporation inside chalcogenide absorber
material led to increase in Jsc while a loss in Voc also observed
at the same time™>". The anticipated trend of decreasing Voc
and increasing Jsc with Se incorporation is observed. The Se
incorporated device has a higher Jsc compared to the pristine
SnS devices, which is explained by an improved collection at the

*". The improved collection could be associated

long wavelengths
with the back surface field provided by Se incorporation, as with
increase in Trra diffusion of Se also increases as observed in
EDS analysis. A similar trend was observed in some previous
reports’> . The PV parameters for champion cells are listed in
Table 1. The PV properties of the device were studied by light
J-V characteristic of pristine VTD-SnS and Se incorporated
VTD-SnS at Trra as an absorber material, as shown in Fig. 5(a).
With an increase in Trra from 300°C to 400°C, decreasing trend
in Voc from 0.290 V to 0.140 V was observed, as seen in Fig.
5(a). The device with Se incorporation at 300°C Trra shows a
slightly increased Voc than the pristine SnS device. The Dark
J-V characteristic was carried out to recognize this behavior. The
interface quality of the junction improves with the incorporation
of Se in the VID-SnS at 300°C Trra, in comparison to other
devices which was observed in the dark J-V characteristic Fig.
5(b). An increase in Jsc with the increase in Trra takes place
from 18.6 to 23.0 mA cm'2, which would be attributed to an
increase in photo-generated current with an increase in Se content
inside the film**>?. To understand the photogenerated current
and charge collection behavior of devices EQE measurement
from a wavelength of 300 nm to 1400 nm was carried out Fig.
5(c). The device with Se incorporation shows better charge
collection'”**. A highest Jsc of 23.1 mA em” with a Voc of
0.140 V, FF 0f 43.3% and PCE of 1.38% for the Trta 0f 400 °C,
while highest performance of 2.21% with Jsc of 18.6 mA cm”,
Voc of 0.290 V, and FF of 40.9% was observed at a Trra of
300°C. EQE had deployed to calculate the bandgap of pristine

and Se incorporated samples at different Trra shown in Fig.

Table 1. Photovoltaic parameters for Se graded SnS absorber
via RTA at different Trra

Trra Jsc Voc FF n Rs Ron
°C) [ (mAcm®) | (V) | (%) | (%) |(@Q-cm) |(Q-cm’)
300 186 | 0.290 | 40.9 | 2.21 42 375
350 218 | 0477 | 454 | 1.75 57 75.0
400 230 | 0140 | 433 | 138 | 47 315
Ref. 139 | 0280 | 491 | 1.89 | 46 150.0
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Fig. 5. A comparison of (a) light J-V characteristic, (b) dark J-V
characteristic, (c) EQE, and (d) bandgap calculated from
EQE of Se incorporated SnS at different temperature
and pristine SnS as an absorber material.

5(d). The approximate bandgap of prepared SnS is 1.323 eV,
300°C Trra is 1.316 eV, 350°C Trra is 1.279 eV, and 400°C
Trrais 1.273 V.

The increment in the Jsc would be attributed to the reduction in
the band gap of materials, which led to increment in absorption
of solar radiation with the incorporation of Se inside the SnS
thin film, which may extend the absorption range to higher
wavelength. The loss in Voc and FF may also attribute to

reduction in bandgap as well as shunt resistance of the device.

4. Conclusion

In conclusion, the Jsc of SnS-based thin film solar cells was
improved significantly by Se incorporation in SnS thin films
using RTA. The diffusion of Se from the top of SnS thin film
through selenization using RTA was evident in the XRD of the
film. The diffusion of Se strongly depends on Trra. As Trra
increases, the diffusion of Se also increases. It is observed that
film structure changes from cube-like to plate-like structure with
Trra. The Se-graded SnS absorber film was used for device
fabrication, which is favorable for band alignment as well as
optical response. Consequently, Se-graded SnS absorber shows
high Jsc, which leads to comparatively better performance of
device. The increase in Jsc was compensated with loss in Voc of
the device. The maximum Jsc of 23.1 mA cm’™ was observed for
400°C at the same time Voc reduces to 0.140 V. The highest
performance of 2.21% with Jsc of 18.6 mA cm™, Voc 0f 0.290 V
and FF 0f 40.9% is observed for an RTA temperature of 300°C.

Acknowledgment

This work was supported by the National Research Foundation
of Korea (NRF) grant funded by the Korea government (MSIT)
(No. 2022R1A2C2006532).

References

1. A.M. Bagher, M.M.A. Vahid, M. Mohsen, American Journal
of optics and Photonics 3, 94-113 (2015).

2. P. Spinelli, V. Ferry, J. Van De Groep, M. Van Lare, M.
Verschuuren, R. Schropp, H. Atwater, A. Polman, J. Opt. 14,
024002 (2012).

3. L. Kranz, S. Buecheler, A.N. Tiwari, Sol. Energy Mater. Sol.
Cells 119, 278-280 (2013).

4. J. Ramanujam, D.M. Bishop, T.K. Todorov, O. Gunawan, J.
Rath, R. Nekovei, E. Artegiani, A. Romeo, Prog. Mater. Sci.
110, 100619 (2020).

5. S. Yadav, S.R. Yashas, H.P. Shivaraju, Environ. Chem. Lett.
19, 3683-3700 (2021).

6. D. Lilhare, A. Khare, Opto-Electron. Rev. 28 (2020).

7. D.G. Moon, S. Rehan, D.H. Yeon, S.M. Lee, S.J. Park, S. Ahn,
Y.S. Cho, Sol. Energy Mater. Sol. Cells 200, 109963 (2019).

8. T. Todorov, O. Gunawan, S.J. Chey, T.G. De Monsabert, A.
Prabhakar, D.B. Mitzi, Thin solid films 519, 7378-7381 (2011).

9. U.A. Shah, S. Chen, G.M.G. Khalaf, Z. Jin, H. Song, Adv.
Funct. Mater. 31, 2100265 (2021).

10. P. Sinsermsuksakul, L. Sun, S.W. Lee, H.H. Park, S.B. Kim, C.
Yang, R.G. Gordon, Adv. Energy Mater. 4, 1400496 (2014).

11. S. Gedi, V.R.M. Reddy, S. Alhammadi, P.R. Guddeti, T.R.R.
Kotte, C. Park, W.K. Kim, Sol. Energy 184, 305-314 (2019).

12. L.A. Burton, A. Walsh, Appl. Phys. Lett. 102, 132111 (2013).

13. P. Nair, A. Garcia-Angelmo, M. Nair, Phys. Status Solidi A
213, 170-177 (2016).

14. J.Y. Cho, S. Kim, R. Nandi, J. Jang, H.-S. Yun, E. Enkhbayar,
J.H.Kim, D.-K. Lee, C.-H. Chung, J. Kim, J. Mater. Chem. A
8, 20658-20665 (2020).

15. H.S. Yun, B.W. Park, Y.C. Choi, J. Im, T.J. Shin, S.I. Seok,
Adv. Energy Mater. 9, 1901343 (2019).

16. K.R. Reddy, N.K. Reddy, R. Miles, Sol. Energy Mater. Sol.
Cells 90, 3041-3046 (2006).

17. J.A. Andrade-Arvizu, M. Courel-Piedrahita, O. Vigil-Galan, J.
Mater. Sci.: Mater. Electron. 26, 4541-4556 (2015).

18. D. Lim, H. Suh, M. Suryawanshi, G.Y. Song, J.Y. Cho, J.H.
Kim, J.H. Jang, C.W. Jeon, A. Cho, S. Ahn, Adv. Energy
Mater. 8. 1702605 (2018).

19. V. Steinmann, R. Jaramillo, K. Hartman, R. Chakraborty, R.E.
Brandt, J.R. Poindexter, Y.S. Lee, L. Sun, A. Polizzotti, H.H.
Park, Adv. Mater. 26, 7488-7492 (2014).

20. Y. Wang, J. Li, C. Xue, Y. Zhang, G. Jiang, W. Liu, C. Zhu,
Mater. Lett. 178, 104-106 (2016).



38

21.

22.

23.

24.

25.

26.

217.

28.

29.

RK. Yadav et al / Current Photovoltaic Research 10(2) 33-38 (2022)

S. Di Mare, D. Menossi, A. Salavei, E. Artegiani, F. Piccinelli,
A. Kumar, G. Mariotto, A. Romeo, Coatings 7, 34 (2017).
R.R. Khanal, A.B. Phillips, Z. Song, Y. Xie, H.P. Mahabaduge,
M.D. Dorogi, S. Zafar, G.T. Faykosh, M.J. Heben, Sol. Energy
Mater. Sol. Cells 157, 35-41 (2016).

R.K. Yadav, P.S. Pawar, K.E. Neerugatti, R. Nandji, J.Y. Cho,
J. Heo, Curr. Appl. Phys. 31, 232-238 (2021).

O. Oklobia, G. Kartopu, S. Jones, P. Siderfin, B. Grew, H.K.H.
Lee, W. Tsoi, A. Abbas, J.M. Walls, D.L. Mcgott, Sol. Energy
Mater. Sol. Cells 231, 111325 (2021).

U.C. Matur, N. Baydogan, J. Nanoelectron. Optoelectron. 12,
352-358 (2017).

M. Heidariramsheh, M. Haghighi, M.M. Dabbagh, S.M.
Mahdavi, Mater Sci Eng B 262, 114701 (2020).

A. Patterson, Phys. Rev., 56, 978 (1939).

G. Liang, X. Chen, R. Tang, Y. Liu, Y. Li, P. Luo, Z. Su, X.
Zhang, P. Fan, S. Chen, Sol. Energy Mater. Sol. Cells211, 110530
(2020).

T.A. Fiducia, K. Li, A.H. Munshi, K. Barth, W.S. Sampath,
C.R. Grovenor, J.M. Walls, IEEE J. Photovolt. 10, 685-689

30.

31.

32.

33.

34.

35.

36.

(2019).

Y. Zhang, J. Li, G. Jiang, W. Liu, S. Yang, C. Zhu, T. Chen,
Sol. RRL 1, 1700017 (2017).

T. Baines, G. Zoppi, L. Bowen, T.P. Shalvey, S. Mariotti, K.
Durose, J.D. Major, Sol. Energy Mater. Sol. Cells 180, 196-204
(2018).

J. Gonzalez, S. Shaji, D. Avellaneda, G. Castillo, T. Das Roy,
B. Krishnan, Appl. Phys. A 116, 2095-2105 (2014).

W. Wang, G. Chen, Z. Wang, K. Wang, S. Chen, Z. Huang, X.
Wang, T. Chen, C. Zhu, X. Kong, Electrochim. Acta 290,
457-464 (2018).

P. Nair, G.V. Garcia, E.a.Z. Medina, L.G. Martinez, O.L.
Castrejon, J.M. Ortiz, M. Nair, Thin Solid Films 645, 305-311
(2018).

P. Armou, C.S. Cooper, S. Uli¢na, A. Abbas, A. Eeles, L.D.
Wright, A.V. Malkov, J.M. Walls, J.W. Bowers, Thin Solid
Films 633, 76-80 (2017).

S.-K. Lee, J.-K. Sim, N.S. Kissinger, I.-S. Song, J.-S. Kim, B.-J.
Baek, C.-R. Lee, J. Alloys Compd. 633, 31-36 (2015).





