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Abstract

The study of thin-film solar cells based on tin sulphide is becoming increasingly relevant due to its
advantages over similar technologies, such as its low cost, toxicity, and the fact that its constituent
elements are more abundant in the earth’s crust; besides, they could be made by thigh vacuum tech-
niques like thermal spraying, sputtering, co-evaporation, or thermal evaporation. On the other hand,
Simulations allow modelling of the behaviour of solar cells to understand the processes and improve
the device's efficiency. Therefore, in this work, the simulation process is carried out using mathematical
models that represent the physical behaviour of the solar cell made of heterojunction of several thin
films with ZnO/ZnS/SnS configuration. Two radiation models were evaluated, one using a theoretical
equation and the other with data from the incident radiation. Until today, different simulations of so-
lar cells have been carried out mainly using a Solar Cell Capacitance Simulator (SCAPS); however, this
research was developed using MATLAB due to its performance and efficiency. The optimal thickness
of the absorbent layer was established from the results obtained for open circuit voltage (Voc), short
circuit current density (Jsc), fill factor (FF) and conversion efficiency (O).

Resumen

El estudio de células solares de pelicula delgada basadas en sulfuro de estafio estd adquiriendo cada vez
mas relevancia debido a sus ventajas frente a tecnologias similares, como su bajo coste, toxicidad y el hecho
de que sus elementos constitutivos son mas abundantes en la corteza terrestre; Ademas, podrian fabricarse
mediante técnicas de vacio muslo como pulverizacion térmica, pulverizacién catodica, coevaporacion o
evaporacién térmica. Por otro lado, las Simulaciones permiten modelar el comportamiento de las células
solares para comprender los procesos y mejorar la eficiencia del dispositivo. Por lo tanto, en este trabajo, el
proceso de simulacion se lleva a cabo utilizando modelos matematicos que representan el comportamiento
fisico de la célula solar formada por heterounidn de varias peliculas delgadas con configuracion ZnO/ZnS/
SnS. Se evaluaron dos modelos de radiacion, uno utilizando una ecuacion teérica y el otro con datos de la
radiacion incidente. Hasta el dia de hoy se han realizado diferentes simulaciones de células solares utilizan-
do principalmente un Simulador de Capacitancia de Células Solares (SCAPS); sin embargo, esta investiga-
cion se desarroll6 utilizando MATLAB debido a su rendimiento y eficiencia. El espesor dptimo de la capa
absorbente se establecié a partir de los resultados obtenidos para voltaje de circuito abierto (Voc), densidad
de corriente de cortocircuito (Jsc), factor de llenado y eficiencia de conversién (n).
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Why was it conducted?:

In this work, a simulation of a thin film solar cell with ZnO/ZnS/SnS configuration was performed because our research group
is interested in theoretically and experimentally investigating this technology. Our interest is to delve into the most efficient
thin film solar cells in tropical areas because this technology is made of less toxic and expensive elements than those currently
used in similar technologies and it is a technology that could make transit to a commercial level in Colombia, due to the syn-
thesis methods in which it can be manufactured.

What were the most relevant results?

In addition, we decided to perform the simulation in Matlab because it allows us to understand the processes of electrical
transport better, we can vary the parameters of interest to determine from the theoretical point of view how the cell would
behave.

What do these results contribute?

Among the most relevant parameters we have, the efficiency can reach values higher than 16% for thicknesses in the order

of 10mm. In the synthesis process it should be taken into account that the fill factor presents reduced values for thicknesses
of the order of 2 and 6 mm, the width of the space charge zone is important because the thickness of the buffer layer (ZnS)
should be less than this thickness to have better efficiencies.

Graphical Abstract
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Introduction

Solar cells are a renewable energy technology that directly converts solar energy to electrical
energy. The cells are compounds for different materials in the form of layers, and the junction
among the p-type semiconductor and the n- type semiconductor creates a Space Charge Zone,
which, when being irradiated with solar light, generates the photovoltaic effect (1). In thin-film solar
cells, the absorber layer or p-type semiconductor creates the charge carriers, and the buffer layer is
both an n-type semiconductor and a bridge between the absorber layer and transparent conductive
oxide (2). Researchers are developing different materials for every layer to increase the efficiency of
solar cells (3).

The objective of manufacturing solar cells without toxic and abundant elements in the earth’s crust
has made tin sulfide (SnS) a potential candidate to be used as an absorber layer in photovoltaic
devices (4,5). On the other hand, SnS has attracted the attention of researchers owing to its being
composed of elements non-toxicity, low cost, element abundance and have a theoretical efficiency
of 25% (6). SnS absorbers are semiconductors inorganic films with an intrinsic conductivity p-type,

a direct band gap of around 1.3 eV, and an absorption coefficient greater than 10* cm™ (7,8).
Besides, this kind of thin film can be made by different high vacuum techniques like sputtering, co-
evaporation, vacuum evaporation, thermal evaporation, close spaced sublimation, electrodeposition,
did deposition process, spray pyrolysis and so on (9).

In literature, it is possible to find some papers that simulate thin film solar cells, such us (10) who
performed a numerical simulation with device configuration FTO/WS2/Cu2Te/Cu20/Au using
WxAMPS program, L. Hafaifa et al. make a simulation of Cadmium Telluride (CdTe) thin-film solar
cell whit different buffer by means of the Silvaco-Atlas semiconductor device simulator. Hafaifa
(11) and many papers used SCAPS-1D in the thin film solar cell (12-15). Respect to the simulation
of SnS thin film solar cell most of the paper found perform the simulation using SCAPS (16-21),
and some papers make simulations by COMSOL Multiphysics (22). However, an investigation of the
SnS thin film solar cells varying the thickness of the absorber layer by mean of MATLAB has been
unexplored.

This research was carried out using MATLAB software, and each film'’s optical and electrical
properties which comprise the structure as input data. This paper is focused on the simulation

of thin film solar cells with ZnO/ZnS/SnS structure through Software a MATLAB script to obtain,
analyze and compare the outputs of main operation’s parameters as such open-circuit voltage
(V) short-circuit current density (J_), fill factor (FF) and conversion efficiency (n). The simulation is
carried out using mathematical models that represent the physical behavior of the solar cell. The
script developed in Matlab gives greater versatility in the research, because it allows the authors
to modify physical parameters of each material, include information on new data, include radiation
data from a particular study site, and so on.

The development of this research contributes to selecting and understanding a structure that allows
obtaining efficiencies to compete commercially with silicon cells. On the other hand, carrying out
the simulation process reduces operational and experimental costs. Hence, in the future, resources
can be optimized and prioritized in synthesizing new materials.

Methodology
Numerical Models

In this section, two irradiance models are introduced, and the mathematical equations that
represent the behaviour of the ZnO/ZnS/SnS structure have been used to develop the simulation
to figure out the output parameters as a function of absorber layer thickness. Besides, it is also
presented the features that represent every film in the structure. This research will be able to
determine an absorber layer thickness which increases the efficiency of the structure. Below (Figure
1), we can see the dimensions of every film representing the structure under study.
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Figure 1. Dimensions of ZnO/ZnS/SnS structure

w, is the fraction of the Space Charge Zone (SCZ) in the buffer layer and w, is the fraction of the
SCZ in the absorption layer. T_represents the thickness of the buffer layer which for this analysis is
equal tow,, T_represents the thickness of the absorption layer and L is the sum of T 'y T. X, is the
thickness of the neutral charge zone of the n layer which takes a value of zero for this analysis, X is
defined as X = w, + w,, and L' is the thickness of the neutral charge zone of the p layer.

Mathematical definition of SCZ

Based on the figure and assuming the reference axes starting point from the ZnS as a zero, it has
been established from the literature (23,24) w.y w, as shown in the Ec. 1 and 2, respectively. V,is
the diffusion potential, €, is the permittivity of the buffer layer (ZnS), and ¢, is the permittivity of the
absorber layer (SnS).

1 L
2V £,8, z N5z
= (G e ) () M
e egN;+eN, N,
N, 5
W, = —w.
=W (2)

Where, V is determined by the next Ec. 3 [11].

E.,+x,—x, N_N
Vd=~§'-—-l_|_urgn( a d) (3)
e Ny Nirs

Where x, and x, are the electronic affinities of the absorbent and buffer layers, respectively, U, is
the thermodynamic potential that take a value of 25.7 mV, N_and N, are acceptors and donors’
concentrations, respectively, N, is the effective conduction band density of the states, N, is the
effective valence band density of the states, and E , is the SnS gap.

Irradiance Models

To carry out the research on the behaviour of ZnO/ZnS/SnS structure was applied both a
theoretical model and an experimental model to determine the solar spectrum irradiance at
ground level as a function of wavelength. The theoretical model is represented with Ec. 4 (25). The
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experimental model is got from experimental data supplied by Nacional Aeronautics and Space
Administration (NASA). In figure 2, both models can be observed.
2282l _(3-0.26053)

—(A-0.26053)
) g  0.15994 (4)

I..(1) =0.06977 + 7.0625 (1 — ¢ 0.15994

The solar spectrum irradiance at ground level as a function of wavelength is given below (Figure 2).

Figure 2. Solar spectrum irradiance at ground level as a function of wavelength. The experimental
data was plotted in cyan, and the theoretical model was plotted in green.

Current density
The photocurrent’s integral allows for calculating the current density (J ) for the entire range of
the solar spectrum. The equation (Ec. 6) for the photocurrent is given by (26).

Az

Jor = N Jon (A, Lon (A) = Is (A) + Jsez (D) + 1,(4) (6)

Where integral was evaluated by A, and A, with values of 0.29 um and 8 um, respectively. J , (A) is
the sum of the current density due the movement of the electrons in the semiconductor type p
(Ec. 7), the movement of the holes in the semiconductor type n (Ec. 8), and the current density in
the space charge zone (Ec. 9). Each of the current densities has been obtained by the following
equations (27).

[ L.(M(1-Ra,lL,
Jp(4) = (q hv [:r:xiL:;, - 1) ) 7

SL +(e _'”")[ cnh(X)+smh(Lp))

p
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a, is the absorption coefficient of ZnS, a, is the absorption coefficient of SnS, R is their effectivity,
D and D, are the diffusion coefficients of electrons and holes, respectively, and L and L represent
the electron and hole diffusion length, respectively.

Optical window absorption

In this analysis configuration, the ZnO and n-type ZnS are the optical window. ZnS have a

wider bandgap of 3.58eV and is transparent in the wavelength of 350-550 nm (28) and ZnO is

a Transparent conductive oxide. Then, knowing the amount of energy absorbed and in which
wavelength it happened allows recognize how much irradiance arrives at the absorber layer. In
Figure 3, the solar flux is plotted as a function of wavelength. It is observed that only a tiny fraction
of solar flux is absorbed when the wavelength takes approximate values from 0.3 um to 0.38 um.
Therefore, it is established that the ZnO is almost transparent to the configuration.

Figure 3. Solar flux at ZnO as a function of wavelength.

Simulation Parameters

The parameters used to carry out the simulation were established from the bibliographic research
consulted. The optical constants data were obtained by applying transmittance as experimental
data and COPS II as virtual data.
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Absorption coefficient

The absorption coefficient and band gap were calculated from the transmittance spectra of the
SnS and ZnS and the software COPS II (licensed product) software. Transmittances spectra was
determined from thin film synthetized by evaporation in Universidad Industrial de Santander
Laboratory. COPS Il was developed by Universidad Industrial de Santander. Absorption coefficient
of SnS and ZnS as a function of wavelength are shown in Figure 4.

a) b)

Figure 4. Absorption coefficient as a function of wavelength. a) SnS and b) ZnS

The band gap determined for the SnS thin film is 1.37 eV, for the ZnS thin film is 3.58 eV and for the
ZnO thin film is 3.37 eV.

Features of structure ZnO/ZnS/SnS

In this study is used ZnO as transparent conductive oxide (TCO), SnS as absorbent film and ZnS as a
buffer layer, resulting in the simulation of ZnO/ZnS/SnS structure. The parameters that were used in
the simulation are presented in Table 1.

Table 1. Parameters used on simulation of both SnS and ZnS

Layer Properties Symbol Unit SnS ZnS Reference

Acceptor concentration N, m-3 1.8x10% (29)

Donor concentration N, m- 9x1023 (30)

Relative permittivity € 12.5 9 (31,32)
Effective density of states N, m-= 7.5 x10% (33)
Effective density of states N, m-= 1.0 x10% (34)
Affinitive X eV 4.2 3.9 (35,36)
Recombination speed of the holes S, m/s 10 (32)

Hole diffusion length Lp m 2.27x10% 2.48x10°¢  (31,32)
Diffusion coefficient of holes D'D m? s’ 1.03x10~ 1.03x104  (31,32)
Recombination rate electrons S, m/s 200 (37)
Diffusion coefficient of electrons D, m? s 2.57x10# 591x10*  (31,32)
Electron diffusion length L m 1.13x10~ 3.44x10°  (31,32)

Band gap energy E, eV 1.37 3.58

Electron mobility M m2/V.s 1x10°2 0.023 (31,32)
Holes mobility W m?/V.s 4x10# 4x10°3 (31.32)
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Simulation development

Development of the model was performed through the software MATLAB. The structural

parameters of every film in the researched cell and the irradiance models were used as input data.

From the code and the input data, the J | was determined as a function of wavelength. This value
was calculated for every thickness value of the absorber layer. Afterwards, using the values of Jph,

the open circuit voltaje (V_), short circuit current density (J_) fill factor (FF) and conversion efficiency
(n) were calculated. With the results, the optimal thickness of the absorbent layer was established. A

schematic representation of simulation development is presented in the Figure 5.

Figure 5. schematic representation of simulation development.

Results and discussion

The structure of solar cell ZnO/ZnS/SnS was simulated with the parameters presented in Table

1. The simulation was carried out by varying the thickness of the absorber layer from 1 pm to

15 um. In this study, it was evaluated the short-circuit current density, the open-circuit voltage,
the fill factor, and the conversion efficiency. This research considered a theoretical irradiance
model (model 1) and an experimental irradiance model (model 2). Figure 4 presents the results
obtained, and it is possible to see that both V__and J_ show an increase in wavelengths among 1
um and 8 um, besides the plotted achieve higher values when the thickness is greater than 8 um
approximately. In this point, the V__and J_ for model 1 are 0.757 V and 214 mA/m?, respectively.
The V__and J_ for model 2 are 0.759 V and 228 mA/m?, respectively. It could be established that
model 2 generates values of conversion efficiency (n) higher than model 1. These values are
approximately 1.4% higher. The values of conversion efficiency for model 1 and model 2 were
14.7% and 16.1%, respectively. Eventually, the FF achieved a value greater than 80.95% for the
model 2. This is because the model 2 takes real values while the model 1 is a mathematical model
(Figure 6).
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Figure 6. Open circuit voltaje (V_), short circuit current density (J_) conversion efficient (n) and fill
factor (FF) as a function of absorber layer thickness.

The values of w, inside the ZnS layer and w, inside the SnS layer are 6.589 nm and 329.45 nm,
respectively. Hence, the SCZ thickness have a value of 336.04 nm. Due to the values generated for
the simulation, it is possible determined that values of SnS layer greater than 8 um present high
efficiency. Thence, it is possible to stablish that for thickness higher than 8 um the structure could
absorber almost all of energy of the radiation. Besides, the structure could be built with Xn = 0.

Conclusions

In this research, it was made a simulation of the structure of solar cell ZnO/ZnS/SnS having a ZnS as
a buffer layer and SnS as an absorber layer. The simulation allowed to study the influence through
the variation of absorber thickness on the cell parameters.

The simulation was carried out in Matlab by mathematical model and experimental model of
irradiance. It allowed to determine a width of the SCZ was 336.04 nm and due to this, is possible
established that the J_ grow quickly when the thickness of absorber layer is less than w,. Besides,
the results indicate that if the absorber thickness is higher than 8 um, it is possible absorber almost
all of energy of radiation. The efficiency was achieved by thickness of 8 um with the model 2 was
16.1% with an FF of 80.95%.

Also, the research gives as a result that the irradiance affects the cell parameters. Therefore, the
experimental dates produced higher V_,J_, n and FF.
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