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Cu2Zn1−yFeySnS4-based solar cells with different mole fractions of iron have been analyzed using numerical simulations in this
study. The analysis deals with the effect of the iron content on the overall electrical performance of solar cells. Results revealed
that the Voc is affected by the increase of the iron content even if it improves the other parameters. We found that the CZFTS
solar cell with a mole fraction of iron equal to 1 (CFTS) showed the best results in terms of power conversion efficiency (PCE).
Moreover, variations of several structural and physical parameters of the buffer CdS and the best absorber CFTS on the overall
electrical characteristics of the cell were investigated. Simulations showed promising results with PCE of 20.35%, Jsc of
26.09mA/cm2, Voc of 0.93V, and FF of 83.93%. The results obtained can serve as a basis for the design and manufacture of
high-efficiency CZFTS solar cells.

1. Introduction

Recently, earth-abundant Cu2ZnSn(S, Se)4 nanocrystals are
being considered as alternative and ideal absorber materials
to CIGS and for thin-film solar cells, thanks to their large
absorption coefficients and their tunable direct bandgap
energy ranging from 1.0 to 1.5 eV [1–10]. On the other hand,
earth-abundant Cu2II-IV-(S, Se)4 (II =Mn, Fe, Co, Ni, Hg;
IV= Si, Ge, Sn) chalcogenide semiconductor nanocrystals
have gained broad interest due to their analogous structures
to CZT(S, Se), suitable direct bandgaps, and high absorption
coefficients; also, quaternary Cu2-II-SnS4 (II =Co2+, Fe2+,
Ni2+, Mn2+) compounds are considered to be important
potential solar cell materials [11]. The best PCEs for kesterite
CZTS and CZTSe-based solar cells have been reported to be
8.4% and 12.6%, respectively [12, 13]. The quaternary mate-
rial CZT(S, Se) can thus lead a new generation of economic

and environmentally benign photovoltaic (PV) devices with
sufficient availability of their constituent elements. One of
the major factors in the success of the synthesis of this kind
of solar cell is precise control of secondary phases and deep
defect levels as well as the mastery of high-quality phase
formation.

Another key factor in optimizing the PCE of CZTS-based
solar cells to be mature as its counterpart CIGS-based solar
cells is the bandgap grading. It has been shown that the addi-
tion of iron in the CZTS lattice can tune its bandgap and
hence can improve its PCE [14, 15]. The ionic radius of
Zn2+ (0.64Å) and Fe2+ (0.66Å) [16] is almost similar, and
iron shows good miscibility in the CZTS lattice. The Fe/Zn
alloying is therefore possible and can lead to solid-state mate-
rials of the type Cu2Zn1−xFexSnS4 (0 < x < 1). These materials
are composed of comparatively cheap, abundant, and envi-
ronmentally friendly elements. The bandgap can be tuned

Hindawi
International Journal of Photoenergy
Volume 2020, Article ID 8840411, 8 pages
https://doi.org/10.1155/2020/8840411

https://orcid.org/0000-0003-4807-5397
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2020/8840411


across the visible range of solar radiation, which makes them
potentially useful in a variety of electronic, optoelectronic,
and magnetoelectronic applications [17]. One of the best
ways to study the role of bandgap grading or iron addition
in optimizing the PCE of these solar cells is to use numerical
simulations. Numerical simulation is an important step that
can allow understanding different ways to improve the PCE
of solar cells as well as a better comprehension of the physics
involved in their design and their operation. Numerical sim-
ulations of CZTS-based solar cells have been reported already
[18–21]. Khattak et al. reported the numerical baseline for
high-efficiency CFTS-based solar cells using the SCAPS soft-
ware and found an optimized simulated solar cell with
19.97% of PCE [22]. Konan et al. found a PCE of 22.33% of
an optimized simulated CFTS-based solar cell by SCAPS
[23]. But there is a lack of reports on the numerical simula-
tions of CZFTS-based solar cells.

In this study, numerical results were recorded using the
Analysis of Microelectronic and Photonic Structures
(wxAMPS-1D) program to evaluate and improve CZFTS
solar cells’ performances. The ZnO:Al/ZnO/CdS/CZFTS/Mo
solar cells with different mole fractions of iron were simu-
lated and analyzed. The analysis deals with the effect of the
iron content on the overall electrical performance of solar
cells. The variations of several structural and physical param-
eters of the buffer layer CdS and absorber layer CFTS on the
overall electrical characteristics of the solar cells were also
investigated. The results obtained can serve as a basis for
the design and manufacture of high-efficiency CZFTS solar
cells. Details of the structure and simulation procedure of
the cell are stated in the following sections.

2. Simulation Program and Device Structure

2.1. Simulation Program. In this study, numerical modeling
of CZFTS thin-film solar cells was carried out by one-
dimensional device simulation program wxAMPS. The
structural and physical parameters of each layer of the cell
were introduced into the program as input parameters to
the simulation. Developed by Fonash and his group at the
Pennsylvania State University, it was created first as AMPS
to examine a variety of device structures such as homojunc-
tion and heterojunction p-n and p-i-n, solar cells, detectors,
and microelectronic structures, multijunction structures,
compositionally graded detectors, Schottky barrier devices
with optional back layer, and novel microelectronic, photo-
voltaic, and optoelectronic structures [24, 25]. It was origi-
nally developed for crystalline Si, GaAs, and multiple
models. Later, standard models for polycrystalline devices
at the level of best efficiencies were developed such as CdTe,
CIGS, and a-Si [26]. The AMPS simulation program can sim-
ulate up to 30 layers, in addition to two layers corresponding
to the front and the back contacts [24]. It incorporates all
recombinations and charges defect mechanisms compared
to other simulation programs. Outputs, such as current-
voltage characteristics under dark and illumination condi-
tions, quantum efficiency, generation and recombination
profiles, electric field distribution, free and trapped carrier
densities, energy band diagram at equilibrium, and under

illumination, can be recorded from a simulation by AMPS.
All this information is computed by AMPS based on Pois-
son’s equation and the continuity equation for free electrons
and free holes [24]. Several extensions have been imple-
mented in a new shape named wxAMPS by the Angus Rock-
ett group at the University of Illinois. Beyond the original
AMPS kernel, wxAMPS incorporates two tunneling models
and can simulate an unlimited number of layers and graded
solar cells. Five separate input windows are combined into
one for quick editing and viewing. The iteration times were
reduced, and the convergence has been significantly
improved [26–28].

2.2. Device Structure and Input Parameters. The CZFTS
structure used for our simulations consists essentially of the
following layers: a ZnO:Al window layer, ZnO window layer,
CdS buffer layer, CZFTS absorber layer, and Mo back layer
acting as metal contact. Figure 1 illustrates the vertical
cross-section of the cell used in this work. The device is illu-
minated from the front ZnO:Al to the end of the device with
the default AM1.5G illumination spectrum for all simula-
tions. The default working temperature was fixed at 300K.
The basic physical and optoelectronic input parameters used
in simulations are listed in Table 1. These parameters were
chosen from experimental measurements from AZoM and
literature [17, 29–34]. The front surface reflectivity and the
back surface reflectivity are set to 0.1 and 0.8, respectively,
to reflect experimental quantum efficiency data.

3. Results and Discussion

3.1. Calculation of the CZFTS Bandgap Energy. The addition
of iron in CZTS lattice tunes its bandgap. As the iron content
increases in the compound, its bandgap decreases according
to the bandgap bowing model described by the following
equation and depicted in Figure 2 [34].

ECZFTS
g yð Þ = yECFTS

g + 1 − yð ÞECZTS
g − by 1 − yð Þ, ð1Þ

where y is the iron content and b is the specific optical bow-
ing constant which describes the degree of nonlinearity and is
the result of combined effects; b = b1 + b2 + b3 where b1 is
related to electron exchange charge and redistribution, b2 is
the effect of crystal lattice variation on band structure, and
b3 is the internal structural relaxation of the anion-cation
bond lengths and angles [15, 34, 35]. The bandgap of CZTS

CdS (buffer layer)

ZnO (window layer)

ZnO:Al (window layer)

CZFTS (absorber layer)

Mo (back metal contact)

Substrate

Figure 1: CZFTS solar cell structure used in this work.
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and the corresponding iron phase CFTS were set at 1.512 eV
and 1.362 eV, respectively. The bowing constant b was cho-
sen as 0.05. A small value of b indicates good miscibility of
the alloying constituents [34, 36].

The parabolic trend observed in the bandgap as Fe con-
tent increases in Figure 2 could be attributed to both electro-
negativities of Zn and Fe atoms and the transition from
kesterite to stannite phase [34].

3.2. Effect of Iron Content on Output Parameters. The effect of
iron content was evaluated by varying its value from 0 to 1 by
step of 0.1. Figure 3(a) shows the variations in electrical
parameters and quantum efficiency due to the change in iron
fraction mole values of different solar cells. It is seen that the
values of the short circuit current density (Jsc), the fill factor
(FF), and the power conversion efficiency (ɳ) increase with

the Fe content in the compound until the maximum value
of 1, while the open-circuit voltage (Voc) decreases linearly
with it. The increase in Fe content narrowed the bandgap
energy of the material and improves its absorption profile.
The absorption of more photons can allow generating a sig-
nificant amount of electron-hole pairs and therefore an
important collection of free electrons at the front contact of
the cell. This significantly improves the values of Jsc and
PCE. Contrariwise, a decrease in bandgap energy can reduce
the Schottky barrier height between the absorber layer and
the back contact layer and can allow strong recombination
of the charge carriers. This phenomenon can affect the value
of Voc. There is an increase in the QE with the increase of Fe
content due to the improvement in the absorption coeffi-
cients. Figure 3(b) shows in real value the variations of J-V
characteristics of solar cells with different fraction mole
values of iron. It is well seen that the value of Jsc increases
while that of Voc decreases.

As the PCE increases substantially with the Fe content up
to the value of 1, this layer (CFTS) has been chosen for the
solar cell optimization.

3.3. Effect of Physical Parameters

3.3.1. In CdS Buffer Layer. To study the effect of carrier con-
centration in the CdS buffer layer on the electrical outputs of
the solar cell, its value has been varied from 1 × 1016 to 1 ×
1017 cm-3 which corresponds to experimental values of Cu-
doped CdS material [37]. The variations of solar cell electrical
parameters for different carrier concentrations can be seen in
Figure 4(a). It is seen that the PCE and FF increase when the
carrier concentration increases while the Voc and the Jsc
slightly decrease. The decrease in the Voc values is probably
due to the nonradiative recombination process which starts
at the CdS/CFTS interface. This phenomenon increases the
saturation current density resulting in a decrease in the value
of Voc [38]. When the carrier concentration increases in the
CdS buffer layer, the diffusion length of charge carriers
decreases, and this contributes to narrow the value of Jsc

Table 1: Input parameters used in our simulations.

Parameters Window layer Window layer Buffer layer Absorber layer
Material ZnO:Al ZnO CdS CZ1−yFyTS

Thickness (μm) 0.3 0.1 0.05 2

Bandgap energy (eV) 3.5 3.4 2.42 Varying

Electron affinity (eV) 4.5 4.5 4.2 4.5

Dielectric permittivity (relative) 8.5 8.5 8.9 10

CB effective density of states (cm-3) 2:2 × 1018 2:2 × 1018 2:2 × 1018 2:2 × 1018

VB effective density of states (cm-3) 1:8 × 1019 1:8 × 1019 1:8 × 1019 1:8 × 1019

Electron mobility (cm2/Vs) 50 200 350 50

Hole mobility (cm2/Vs) 25 180 40 50

Donor density ND (cm-3) 1 × 1020 1 × 1018 1 × 1017 0

Acceptor density NA (cm-3) 0 0 0 1 × 1016

Gaussian defect NG (cm-3) 1 × 1018 1 × 1017 1 × 1018 1 × 1013

Absorption coefficient (cm-1) From SCAPS From SCAPS From SCAPS Varying
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Figure 2: The plot of the variation of the bandgap with increasing
Fe content.
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[39]. The increase observed in the PCE values is due to the
lowering of the barrier potential at the CdS/CFTS hetero-
junction interface when the carrier concentration increases,
thus leading to an enlargement of the space charge region
[40]. This situation allows a good collection of photogener-
ated carriers and can increase the PCE [41]. The best value
of carrier concentration in the CdS buffer layer giving the
best PCE is chosen as 1 × 1017 cm-3.

The CdS buffer layer thickness was varied from 0.02 to
0.12μm to find its suitable value in the improvement of
PCE. The carrier concentration was fixed at the result of
the previous simulation, that is, 1 × 1017 cm-3. Figure 4(b)
shows the different variations in the solar cell electrical
parameters as a function of the thickness. It is observed that

all output parameters exhibit the same behavior. They are
almost unchanged between 0.02 and 0.047μm, increasing
substantially to 0.05μm before stabilizing above. The
improvement in output parameters with increasing buffer
layer thickness is due to the increasing amount of photon
absorption outside the hole diffusion length, reducing there-
fore the recombination rate [42]. At the same time, the values
of Voc and Jsc are both affected by the concentration of car-
riers in the buffer layer which does not allow them to increase
further, and thus, they start to stabilize after a certain thick-
ness [40].

3.3.2. In CFTS Absorber Layer. The influence of the CFTS
absorber layer thickness was studied by varying its value from
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Figure 3: (a) Calculated normalized output parameters and quantum efficiency of the CZFTS solar cells as a function of the Fe content and
(b) variation of J-V characteristics with Fe content.
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0.5 to 5μm by step of 0.5μm. The carrier concentration and
thickness of the CdS buffer layer were kept constant at 1 ×
1017 cm-3 and 0.05μm, respectively, as they were found as
optimal values by previous simulations. All other parameters
were kept unchanged. Figure 5(a) exhibits the effect of CFTS
absorber layer thickness on the electrical characteristics of
the whole cell. As absorber thickness increases, short current
density (Jsc), open-circuit voltage (Voc), and power conver-
sion efficiency (PCE) increase up to an optimal value of
2.6μm and start stabilizing beyond. The fill factor (FF)
decreases following an opposite trend. The increase in Jsc,

Voc, and PCE is mainly due to the absorption of a greater
number of longer wavelength photons, which in some way
can affect the amount of photogenerated carriers [22]. A sig-
nificant amount of electron-hole pairs is generated by an
enhanced absorption of photons, and so, a good number of
free carriers can be collected at the front; this improves the
Jsc values and therefore the PCE. Consequently, a significant
number of photogenerated carriers can affect their mobility
and this will foster their recombination before reaching the
front contact and be collected. This situation can explain
the decrease in FF values.
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Figure 4: Calculated normalized output parameters of CFTS solar cell as a function (a) of carrier concentration and (b) of the thickness in the
CdS buffer layer.
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Figure 5: Calculated normalized output parameters of CFTS solar cell as a function (a) of the thickness and (b) of carrier concentration in the
CFTS absorber layer.
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Carrier concentration in the CFTS absorber layer was
varied from 1 × 1013 to 1 × 1019 cm-3 as shown in
Figure 5(b) to see its variations on electrical outputs of the
cell.

It can be seen in Figure 5(b) that Jsc, FF, and PCE are
nearly unchanged when carrier concentration varies between
1 × 1013 and 1 × 1017 cm-3 and start decreasing above. On the
other side, the Voc increases from 1 × 1013 to 1:5 × 1017 cm-3

and stabilizes beyond. The decrease in Jsc can be explained by
the creation of new recombination centers into the layer as
the carrier concentration increases. This situation enhances
the recombination process which reduces the ratio of photo-
carriers to be collected at the front contact. This can also
cause a drop in the FF values and therefore the PCE. A higher
number of carrier concentrations in the CFTS absorber layer
cause a drop of the saturation current of the cell which
decreases when the carrier density increases; this decrease
leads to an improvement in Voc values according to the sim-
ple p-n junction model. Finally, the value 1 × 1017 cm-3 was
found to be the optimal value of the carrier concentration
in the absorber layer.

3.4. Comparison between the Traditional and the Optimized
CFTS-Based Solar Cell. A thickness of 0.05μm and a carrier
concentration of 1 × 1017 cm-3 in the buffer layer, as well as
a thickness of 2.6μm and a carrier density of 1 × 1017 cm-3

in the absorber layer, were found to be the best parameter
values of our previous simulations. A simulation using these
optimal parameter values has been done to evaluate their
contribution to the traditional case. J-V characteristics and
quantum efficiencies of the traditional and optimized CFTS
solar cells are shown in Figures 6(a) and 6(b), respectively.
The optimized values of solar cell parameters for CdS buffer
and CFTS absorber layers for this simulation and that of the
traditional case are summarized in Table 2. The values are
comparable with those of other authors [22, 23]. A significant
improvement in Voc even if the Jsc decreases slightly is seen

in Figure 6(a). A slight increase in photon absorption in the
visible range for the optimized structure compared to the tra-
ditional case is also seen in Figure 6(b).

4. Conclusion

In this work, the baselines of ZnO:Al/ZnO/CdS/CZFTS/Mo
solar cells have been analyzed via the wxAMPS software.
The effect of iron was first evaluated, and CZFTS-based solar
cells with a fraction mole value of iron equal to 1 showed the
best performance. Then, variations of different parameters of
the CdS buffer and CFTS absorber layers on electrical output
parameters have been studied. Promising optimized results
were achieved with a PCE of 20.35%, a short circuit density
(Jsc) of 26.09mA/cm2, an open-circuit voltage (Voc) of
0.93V, and a fill factor (FF) of 83.93%. These promising
results can bring researchers to have a broad interest in the
manufacture of high efficient CZFTS-based solar cells. But to
better understand this kind of solar cell, it is important and
even necessary to conduct several other simulations taking
into account other physical or chemical parameters, different
other conditions, and different other structure configurations
to find the one exhibiting the best performance.

Data Availability

The CZ0F1TS.dev and CZFTS.dev data used to support the
findings of this study are available from the corresponding
author upon request.
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Figure 6: J-V characteristics and quantum efficiency of traditional and optimized CFTS solar cells.

Table 2: Output parameters for traditional and optimized CFTS
solar cell.

Structure Voc (V) Jsc (mA/cm2) FF (%) PCE (%)

Traditional 0.8676 26.6364 84.6216 19.55

Optimized 0.9289 26.0976 83.9344 20.35
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