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In this paper it was carried out the numerical simulation of the main working parameters (light cur-
rent-voltage curves, quantum yield spectral distributions) of SnS-based (SnS/SnS2/ITO, SnS/ZnS/ITO) so-
lar cells (SCs) using the SCAPS-3102 simulation package. Using the basis input simulation parameters
such as wide band gap Eg, layers thicknesses d, electron affinities y, etc. there were estimated the next
SCs characteristics: open-circuit voltages Uoc, short-circuit current densities Jsc, fill-factors FF and their
efficiencies 7. These data allows us to estimate the optimal constructive parameters of simulated SCs.
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1. INTRODUCTION

Nowadays, the widening usage of photoelectric con-
verters (solar cells — SCs) of photon irradiation energy is
one of the ways of solution the global energy crisis [1].
For example, SCs based on CdTe semiconductor, such
as based on CdTe/CdS hetero-junction, due to their ac-
ceptable energy conversion efficiency (more than 20 %)
and to the optimal band gap value {E; = 1.5 eV} are the
most widely used thin-film photo-converters [2]. Unfor-
tunately, CdTe/CdS-based SCs because of the cadmium
presence are toxic and non-valuable for green-energy
applications. On the last decade it was revealed the al-
ternative for usage as absorber layer in high-efficiency
SCs CIGS (Cu(In,Ga)S(Se)z) ternary compounds [3]. But
they consist of the scarity materials, such as indium (In)
and gallium (Ga). So, these facts have motivated to
search the alternative non-toxic and earth-abundant
materials [4].

Tin mono-sulfide (p-SnS) and bi-sulfide (n-SnSz) IV-
VI group semiconductor compounds pay a higher atten-
tion of researchers due to their physical properties, such
as: their band gap (BG) values which are closed to BGs
of CdTe/CdS system (Eg=1.34 eV — for SnS; E;=2.3 eV
— for SnS2 compounds) and may be used as an absorp-
tion (SnS) and window (SnS2) layers in SCs [4 — 5]. Be-
sides, these materials due to the relationship between
sufficiency and their prices, have a great potential in
solar energy conversion usage [2].

Another promising material in optoelectronics appli-
cation is zinc sulphide (ZnS). Because of its BG value
(Eg=3.60-3.70 €V) this compound may be used as a
window layer in tandem solar converters [2, 6]. In addi-
tion, it should be noted that all of these compounds
(SnS, SnS2, ZnS) do not contain a heavy and toxic metal
— cadmium (Cd) for example, which is very important in
ecological aspects [7 —9].

In recent time the efficiency of SnS-based SCs is
equal to 2-3 % [3, 10]. So, the further possibility of their
energy conversion efficiency may be improved by opti-
mizing its deposition condition, such as: thicknesses of
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SCs layers — absorption, window, buffer or conduction
layers; operation temperature, etc. [11]. These pro-
cessing conditions formed the aim of this work — the
numerical simulation of the SCs working parameters
(open-circuit voltage Uoc, short-circuit current density
Jsc, fill-factor FF, efficiency 7) as a function of the lay-
ers characteristics and the exploitation temperature.

2. NUMERICAL SIMULATION PROCESSING

The light current-voltage characteristics (I-V curves)
and dependencies “quantum efficiency — wavelength”
(QE) were modeled by us using the simulation package
SCAPS-3102 [3, 11-12]. The simulation process is based
on Poisson’s equation:

d? e
w0

r

(p(x)-n(x)+Np-N,+p,-p,) (1)

where ¥ is electrostatic potential; e is an electron
charge; & is relative and & is vacuum dielectric permit-
tivity; p and n are hole and electron concentrations; Np
(INa) are charged impurities of donor (acceptor) types;
po(on) are holes and electrons distributions [13].

The continuous equations for electrons and holes are
presented below:

d _on(x) %: B
den(x) e o e o G(x)-R(x) 2)
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dep(x)+eiat +e py G(x)-R(x) 3)

where o, and J, are electron and hole current densities;
G(x) and R(x) are charge generation and recombination
rates [13].

SCAPS simulation package allows us to calculate I-
V curves and EQ dependencies respectively. Additional-
ly, the recombination in deep levels and their filling is
described by the Shockley-Read-Hall formalism. Recom-
bination levels at the interfaces are calculated using the
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extension of the Shockley-Read-Hall formalism connect-
ed to the exchange of electrons between the junction
states and energy bands (valence and conduction, re-
spectively). In SCAPS package the interface states may
be distributed by energy values. The metal-
semiconductor (contact-layer) junction is processed by
thermion emission of charge carriers (Bethe theory)
[13].
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3. RESULTS AND DISCUSSION

The thickness of the basis (absorption) layer is an
important working parameter of SCs due to its ability of
the charge carrier absorbance and probable solar conver-
sion efficiency improving [11].

On Fig. 2 and Table 2 are presented the simulation
results of SnS/SnSe/ITO and SnS/ZnS/ITO SCs with

Schematic structure of SCs design based on 0
SnS/SnS2(ZnS)/ITO  structure is presented on Fig. 1. —1-d(SnS)=1,0 um
ITO (indium-tin-oxide) was selected by us as an upper [ - 2-d(SnS)=1,5 pm
conduction layer due to its n-type of conductivity and -SF- - 3-d(SnS)=12,0 ym
light-transparency nature [11]. | —--4-d(SnS)=2,5 ym
; "= ~=5-d(SnS) = 3,0 um
ITO (conduction layer) — front contact ;Eu -0 6 - d(SnS) = 3,5 pm
SnS, or ZnS (window layer) g
Sost
1 5
204k
SnS (absorption layer) | [ (et ltotiotties oo LTI
-V 0,0 0,3
Uv
Mo - back contact a
0
Substrate | —1-d(Sn8)=1,0 pm
——- 2 -d(SnS)=1,5 ym
S 3-d(SnS)=2,0 um
Fig. 1 — Schematic structure of simulated SCs [ —--4-d(SnS)=2,5 pm
. . . “g -10F  5_4(SnS)=3,0 ym
Before the start of simulation procedure it needs to 8 6 -d(SnS) = 3,5 pm
select the input layers simulation parameters, such as: <
. . . . E -15
absorption, window and conduction layers thicknesses <
(d), BG values (Ey), their electron affinities (y) and die-
lectric constants (&/ &), electrons (un) and holes () mo- -20
bility, their effective masses (mn»/mo and mp /mo, respec-
tively), densities of states in conduction (Nc¢) and va- 25 e
lence (IVv) bands, etc [11]. :
The main input simulation parameters are given L i L
p p gl
on Table 1. U, ¥
Table 1 — The input simulation parameters b
Layer I SnS I SnS, I 7nS | ITO Fig. 2 —Light I-V curves of SCs with the structure
Parameters SnS/SnS:ITO (a) and SnS/ZnS/ITO (b) at different thicknesses
E, oV 134 294 3.68 3.68 of the SnS absorption layer
X eV 4.20 4.24 4.45 4.80 Table 2 — SCs working characteristics at different SnS ab-
&/ &, a.u. 16.00 6.19 8.30 8.90 sorption layer thicknesses
Nc, cm -3 8.90-1018 5.10-1017 6.34-1018 5.20°1018
Nv,ecm-3 | 1.00-1018 | 2.24'108 | 1.46:10° | 1.00-10!8 dnm | Uoc,V [ JscmAlem2 | FF,.% | n.%
Hn, cM2/s 100 50 30 10 SnS/SnSe/ITO
Lp, c2/s 25 20 7 10 1000 0.66 18.99 80.91 10.13
mn/mo - 0.21 0.40 0.30 1500 0.65 22.17 71.80 10.32
mp/mo 0.50 - - - 2000 0.65 22.09 72.62 10.47
2500 0.66 21.94 74.16 10.68
The simulation process is carried out using the fol- 3000 0.66 21.10 79.05 11.02
lowing starting modeling conditions: solar irradiation 3500 0.66 21.68 76.48 10.93
zone AM 1.5; Three of four (SnS thickness, SnS2{ZnS} SnS/ZnS/ATO
thickness, ITO thickness, operation temperature) simu- 1000 0.53 23.36 49.60 6.19
lation parameters were as usual fixed while the fourth 1500 0.54 24.00 53.78 7.03
of them was changed. 2000 0.55 24.24 54.98 7.38
2500 0.56 24.34 54.36 7.44
3000 0.57 24.38 52.95 7.38
3500 0.58 24.39 51.15 7.25
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changing the absorption layer thickness. As a starting
condition, the thicknesses of two other layers were con-
stant — dsns2@zns) = 25 nm, diro = 25 nm.

Analysis of I-V curves shown that in both cases of
modeled solar cells it was observed that at increasing of
the SnS layer thickness from 1.0 to 3.5 um in both cas-
es the open-circuit voltage Uoc is negligible oscillated
(Uoc=0.65-0.66 V in case of SnS/SnSo/ITO and
Uoc=0.53-0.58 V in case of SnS/ZnS/ITO); short-circuit
current density in both cases is significantly increased
— from 18.99 mA/cm?2 to 22.17 mA/cm? and some de-
creased to 21.68 mA/cm? in case of SnS/SnSo/ITO; in
case of SnS/ZnS/ITO SC Jsc was permanently in-
creased from 23.36 mA/cm? to 24.39 mA/cm2, while the
absorption layer’s thickness was increased.

In both cases of simulated solar cells it was ob-
served the complex changing of efficiency: in case of
SnS/SnSo/ITO SC the solar cell efficiency at the in-
creasing of SnS layer thickness from 1.0 ym to 3.0 pym
is increased from 10.13 % to 11.02 %, after that while
the SnS layer’s thickness reached to 3.5 pym 7 is some
decreased to 10.93 %. Similar view is observed in case
of SnS/ZnS/ITO SC where efficiency value was in-
creased from 6.19 % to 7.44 % and some decreased to
7.25 %. This effect may be caused by the total light ir-
radiation absorption at the SnS layer thickness of:
3.0 pm in case of SnS/SnSe/ITO and 2.5 um in case of
SnS/ZnS/ITO. At these values of absorption layer
thickness a number of generated electron-hole pairs
reached to saturation. Further layer thickness increas-
ing improves the increasing of the series-resistance [8].
So, as a result of the performed calculations, it is eval-
uated that obtained optimal values of 3.0 um
(SnS/SnSo/ITO) and 2.5 um (SnS/ZnS/ITO) might be
used in further calculations. The mismatch between
dzns values may be caused y the difference of the carri-
er generation regions and energy band values [14 — 15].

On Fig. 3 and Table 3 are presented the results of
SCs simulation with different window layer thickness,
which is an important working parameter because of
its allowable of determination the amounts of irradia-
tion entering the absorption layer [11].

As a result of calculations it was determined that in
case of SnS/SnSs/ITO SC the value of Uoc at SnSs layer
increasing from 25 to 200 nm was constant (0.66 V).
Besides, in case of SnS/ZnS/ITO SC the Uoc value was
negligible decreased from 0.56 V to 0.53 V. In both cas-
es of calculated SCs at window layer increasing <Jsc
values were significantly decreased from 23.54 mA/cm?2
to 19.54 mA/cm? (SnS/SnS2/ITO) and from
24.34 mA/cm? to 20.45 mA/cm? (SnS/ZnS/ITO). The SCs
efficiency in both cases is also some decreased while the
window layer value is increased. It may be caused by
the increasing of the photons absorbing in window lay-
er while increasing of their thickness [11].

It should be noted that obtaining continuous SnS2
or ZnS films with thickness lesser than 25 nm is very
difficult, so, the simulation processing of window layers
(and ITO conduction layer) with thickness d < 25 nm is
not performed.

It was determined that optimal window layer
thickness values are: in case of SnS/SnSo/ITO — 25 nm;
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Fig. 3 — Light IV of SCs with the structure

curves
SnS/SnS:ITO (a) and SnS/ZnS/ITO (b) at different thicknesses
of the SnSs (ZnS) window layer

Table 3 — SCs working characteristics at different SnSz (ZnS)
window layers thicknesses

d, nm | Uoc, V | Jsc, mA/cm? | FF, % | 17, %
SnS/SnSy/ITO
25 0.66 23.54 79.30 12.42
50 0.66 22.55 79.20 11.84
75 0.66 21.74 79.12 11.39
100 0.66 21.10 79.05 11.02
150 0.66 20.16 78.96 10.50
200 0.66 19.54 78.91 10.15
SnS/ZnS/ITO
25 0.56 24.34 54.36 7.44
50 0.54 23.44 64.86 8.26
75 0.54 22.64 65.72 8.05
100 0.53 22.00 65.66 7.81
150 0.54 21.07 65.46 7.45
200 0.54 20.45 65.32 7.21

in case of SnS/ZnS/ITO — 25 nm, respectively. These
data are used in further calculations.

On Fig. 4 and Table 4 are presented the results of
SCs simulation with different thickness of ITO conduc-
tion layer (front contact).
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Fig.4 —Light IV curves of SCs with the structure

SnS/SnS2ITO (a) and SnS/ZnS/ITO (b) at different thicknesses
of the ITO conduction layer

Table 4 — SCs working characteristics at different ITO con-
duction layer thicknesses

d, nm | Uoc, V | Jsc, mA/cm? | FF, % | 1, %
SnS/SnS/ITO
25 0.66 23.70 79.30 12.49
50 0.66 23.66 79.31 12.47
75 0.66 23.62 79.30 12.44
100 0.66 23.58 79.30 12.42
150 0.66 23.51 79.29 12.38
200 0.66 23.44 79.29 12.34
SnS/ZnS/ITO
25 0.56 24.34 54.36 7.44
50 0.54 23.41 64.87 8.25
75 0.54 23.38 64.88 8.24
100 0.54 23.35 64.89 8.23
150 0.54 23.28 64.91 8.21
200 0.54 23.23 64.92 8.19

It was determined that in both cases the value of »
while ITO layer thickness was increased from 25 nm to
200 nm is negligible changed — some decreased in case
of SnS/SnS2/ITO SCs; some increasing in case of
SnS/ZnS/ITO SCs. In both cases A <0.5%. This fact
allows us to use ITO conducting layer with minimal
thickness — 25 nm because of the presence in this com-
pound indium (In) rare element.
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There were estimated the optimal ITO layer thick-
ness conditions for simulated SCs: diro=25nm for
SnS/SnS2/ITO and drro =50 nm for SnS/ZnS/ITO struc-
tures, respectively.

During their exploitation SCs can be warming up
in the operation of solar irradiation. This fact would be
significantly influenced on the SCs working parame-
ters. So, we studied the influence of operation tempera-
ture on processing characteristics of SnS/SnS2/ITO and
SnS/ZnS/ITO SCs in the range of 290-340 K with opti-
mized layers thicknesses values, determined by us ear-
lier. The results of simulation are presented on Fig. 5
and Table 5.

0
| —1-T=290K 1
- 2-T=300K 2
S 3.T=310K 3
- 4-T=320K 4
g l0f - 5-T=330K 5
s L 6-T=340K 6
-
E 15}
b-‘"
20
25F - :
0,0 L e
U, v
a
" ,
— 1-T=290K 1.
- 2-T=300 K 2 }:
SE3.T=310K 3
L 4-T=320K 4
e -10p - 5-T=330K S R
g | 6-T=340K J '
-«
E s
h-s
-20
25—, — :
i 0.3 0,6
U, v
b

Fig. 5 —-Light IV curves of SCs with the structure
SnS/SnS:2ITO (a) and SnS/ZnS/ITO (b) at different operating
temperatures

In both cases of calculated structures the value of
energy conversion efficiency 7 is significantly decreased
at increasing of the operation temperature (from
13.00% {290 K} to 10.45 % {340 K} for SnS/SnS«/ITO
structure; from 8.50 % {290 K} to 6.91 % {340 K} for
SnS/ZnS/ITO structure, respectively). Calculated data
are physically-correct because the increasing of opera-
tion temperature T leads to decreasing of layers BGs,
so it performs the decreasing of the heterojunction con-
tact potential difference.

Dependences of quantum efficiency of calculated
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Table 5 — SCs working characteristics at different operation
temperatures

TK | Uoe,V | Jse,mAlem? | FF.% | 5%
SnS/SnSo/ITO
290 0.68 23.69 80.26 13.00
300 0.66 23.70 79.30 12.49
310 0.65 23.70 78.30 11.97
320 0.63 23.71 77.26 11.46
330 0.61 23.71 76.19 10.95
340 0.59 23.71 75.10 10.45
SnS/ZnS/ITO
290 0.56 23.39 65.27 8.50
300 0.56 24.34 64.36 7.44
310 0.53 23.48 64.36 8.00
320 0.51 23.50 63.71 7.69
330 0.50 23.52 62.82 7.33
340 0.48 23.53 61.65 6.91
80
60F
< ‘J,
= r
o 40 .
—— SnS layer
20r ----SnS, layer |
- ITO layer
0 1 1 1
400 500 600 700 800 900 1000
A, nm
a
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SCs with different physical and technological fea-
tures of structure components design are presented on
Fig. 6.

It should be noted that calculated SCs are photo-
sensitive in wide range of the wavelengths.

On Fig. 7 are presented the generalized dependenc-
es of designed SCs — fill factor FF and efficiency 7 as a
function of selected simulation conditions.

4. CONCLUSIONS

It was performed the numerical simulation of the
SnS/SnS/ITO and SnS/ZnS/ITO solar There were ob-
tained light I-V curves and spectral dependences of
quantum efficiency. As a result of the simulation there
were determined the optimal design parameters which
provide their maximal efficiency. It was performed the

— SnS laver
— - ZnS layer
- ITO layer

- ——SnS layer s

- ZnS layer 600 7002'..?‘1:0 900
< 1TO layer
0 1 1
400 500 600 700 800 900 1000
A, nm
b

Fig. 6 — Dependences of the quantum efficiency of SCs with the structure SnS/SnSzITO (a) and SnS/ZnS/ITO (b) on the heterosys-

tem layers thicknesses
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Fig. 7 — Variations of fill-factor FF and SCs efficiency 7 as a function of: SnS absorption layer thickness dsns (a); SnSz (ZnS) win-
dow layer thickness dsns2zns) (b); ITO conduction layer thickness drro (c) and operation temperature 7' (d)
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numerical simulation of the SnS/SnSo/ITO and
SnS/ZnS/ITO solar There were obtained light -V
curves and spectral dependences of quantum efficiency.

As a result of the simulation there were determined
the optimal design parameters which provide their
maximal efficiency. They are: for SnS/SnS/ITO struc-
ture — dsps=3.0 um, dsss2=25nm, diro=25nm,
T =290 K; for SnS/ZnS/ITO structure — dsns = 2.5 pm,
dzns =50 nm, diro=50nm, T=290K, respectively.
Optimal working characteristics of simulated solar

J. NANO- ELECTRON. PHYS. 10, 03004 (2018)

cells are: for SnS/SnSeo/ITO structure — Uoc=0.68 V,
Jsc=23.69 mA/em?, FF=280.26%, n=13.00%; for
SnS/ZnS/ITO structure —Uoc=0.56V,
Jsc=23.29 mA/em?, FF=65.27%, n=28.50%, respec-
tively.
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YucioBe MOOeIIOBAHHA COHIYHUX €JIEMEHTIB Ha OCHORBI SnS

M.M. Iramenko?, A.C. Onanacwoxk?, I.I1. Bypuk!, JI.B. Kyspmiu!

1 Konomoncokuil incmumym, Cymcvruti Oepicasruil yHisepcumem, np. Mupy, 24, 41615 Kornomon, YVkpaina

2 Cymcorull deporcasruti yrigepcumem, 8yn. Pumcvrozo-Kopcarosa, 2, 40007 Cymu, Yrpaina

B naniit po6oTi mpoBeIeHe YKMCIIOBE MOJEIOBAHHS OCHOBHHMX €KCILIyaTAI[IMHUX XapaKTePUCTUK (CBITJIO-
Bl BOJIBT-aMIIEPH] XapPAKTEPUCTUKHY, CIEKTPAJIbHI PO3IIO/ 1IN KBAHTOBOI e(heKTUBHOCTI) COHSYHUX eJIEMEHTIB
(CE), Bukomanux Ha 6asi mrapy SnS (SnS/SnS2/ITO, SnS/ZnS/ITO) 3 BUKOPHUCTAHHSIM IIPOTPAMHOTO IAKETy
SCAPS-3102. O6paBmu Taki 6a30B1 XapaKTePUCTUKH JIJIsI MOJIEJIIOBAHHS, SIK IIUPUHA 3a00poHeHO1 30HU Ky,
TOBIIWMHY IIapiB d, CIOPIIHEHOCTI eJIEKTPOHIB J, TOIIO, OyJIM OTPUMAHI HACTYIIHI €KCILIyaTaliifHi xapakre-
puctuku CE: Hanpyra xosocroro xony Uoc, ryctrHa cTpyMy KOPOTKOTO 3aMUKAHHS Jsc, arTOp 3all0BHEHH S
FF ra roediiieHT KopucHOI ail doroneperBoperHs 7. OTpuMaHi 3HAYEHHS J03BOJININA BU3HAYUTH OLITAMA"
JIBHI KOHCTPYKTHBHI IIapaMeTpy 3MOJeIbOBAHUX COHIYHUX eJIEMEeHTIB.

Knrouosi ciosa: Cousiunmii erement, Momemoanust, ®axrop samosuennus, K.K.JI., SCAPS.

YucneHHoe MOJEIMPOBAHNUE COJTHEUYHBIX 3JIEMEHTOB Ha 0ase SnS

M.H. UBamenxo!, A.C. Onanacioxr?, N.I1. Byprix!, JI.B. Kyapmmum!

1 Konomoncrkuti uncmumym, Cymckuil 2ocyoapemeernmiii yHugepcumem, np. Mupa, 24, 41615 Konomon, Ykpaura

2 Cymcruli 2ocyoapcmeerubtil ynusepcumem, yni. Pumcrozo-Kopcarosa, 2, 40007 Cymot, Yipauna

B nannoit pabore ObLI0 IPOBEIEHO YNCIEHHOE MOJE/IMPOBAHNE OCHOBHBIX dKCILIyaATAIMOHHBIX XapaKTe-
pUCTHK (CBETOBBIE BOJIBT-aMIEPHBIE XaPAKTEPUCTUKH, CIEKTPAJIBbHOE PACIpeesIeHUsI KBAHTOBOM addex-
THUBHOCTH) COJIHEUHBIX as1eMeHToB (CD), MCImoIHEeHHBIX Ha 0CHOBe c¢j1od SnS (SnS/SnSy/ITO, SnS/ZnS/ITO) ¢
ucnosb3oBanueM nporpammuoro naxera SCAPS-3102. M30pas Takme XapaKTepHUCTHKH JJIsI MOJEJIHPOBa-
HUSI, KaK MIUPUHA 3aIPEeNeHHON 30HbI Eg, TOJNIIUHEL CI0eB d, 3JIEKTPOHHOE CPOJCTBO ¥, U T.J., OBLIH II0JIy-
YeHBI CJIEAYIOIINe IKCILUIyaTaluoHHble XxapakTepuctukn CO: HanpsixeHue xosocToro xona Uoc, IIIIOTHOCTH
TOKA KOPOTKOIO 3aMbIKaHus Jsc, haxrop 3amosnnenus FF u koadduimenT mosesnoro neiictsust GpoTompeod-
pasoBanus 7. [losy4yeHHbIe 3HAUEHUS [T03BOJIMIN OIPEIEJIUTh OITHMAJIbHEIE KOHCTPYKTUBHEIE IIaPAMETPEL

CMOOeJIMPOBAHHBIX COJTHEYHBIX 3JIEMEHTOB.

Knouessie cnosa: Cosmneunsiit aaemenT, Mogemmposanue, ®axrop sanonuenns, K.I1.J1., SCAPS.
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