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Among the causes of the degradation of the performance of kesterite-based solar cells is
the wrong choice of the n-type buffer layer which has direct repercussions on the
unfavorable band alignment, the conduction band offset (CBO) at the interface of the
absorber/buffer junction which is one of the major causes of lower Voc. In this work, the
effect of CBO at the interface of the junction (CZTS/Cd1-xZnxS) as a function of the x
composition of Zn with respect to (Zn+Cd) is studied using the SCAPS-1D simulator
package. The obtained results show that the performance of the solar cells reaches a
maximum values (Jsc = 13.9 mA/cm?, Voc = 0.757 V, FF = 65.6%, n = 6.9%) for an
optimal value of CBO =-0.2 ¢V and Zn proportion of the buffer x = 0.4 (Cdo.6Zno.4S).
The CZTS solar cells parameters are affected by the thickness and the concentration of
acceptor carriers. The best performances are obtained for CZTS absorber layer, thichness
(d =2.5 pm) and (Nb = 10® cm3). The obtained results of optimizing the electron work
function of the back metal contact exhibited an optimum value at 5.7 eV with power
conversion efficiency of 13.1%, Voc of 0.961 mV, FF of 67.3% and Jsc of 20.2 mA/cm?,
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1. INTRODUCTION

A recent explosion of Kesterite Cu2ZnSn(S,Se)4 (CZTSSe)
solar cells has led scientists to adopt extensive research
towards this surprising absorbent thin-film technology
considered to be the ideal materials because of their
environmental affinities, the abundance of its constituent
elements on the ground, their direct band gaps (1-1.5 eV)
without forgetting their high absorption coefficients compared
to their counterparts, chalcopyrite, chalcogenide and
perovskite [1-5].The progress of experimental research aimed
at improving the performance of this type of material has
revealed a conversion efficiency of 12.6% for the sulfur-
selenium alloy CZTSSe [6], 11.6% for the compound based on
Selenium CZTSe [7], while a yield greater than 9%
characterized the compound based on pure sulfur CZTS [8].
Despite all the efforts made in this discipline, the best
performance for Kesterite remains below their neighbors,
chalcopyrites, in particular solar cells based on Cu2InGaS4 [9,
10] and CdTe [11]. Worth mentioning that the absorbent layer
CZTS contains non-toxic elements, absence of selenium Se
and therefore more ecological than the CZTSSe
semiconductor. Also, CZTS semiconductor structure is very
analogous to chalcopyrite semiconductors, which allows
applying their different technologies.

Despite all the qualities mentioned, CZTS cells constantly
endure from weak electronic properties, mainly due to the high
recombination of carriers in the interface between the absorber
(CZTS) and the buffer layers where the atomic arrangement is
extremely disordered and then conversion efficiency of the
CZTS absorber solar cells is mainly limited by the significant
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deficit of open circuit voltage (Voc). Several factors could
reduce the Voc among them the unwanted energy bands
alignment at the absorber/buffer heterojunction, which can
cause strong recombination at these interfaces [12]. Different
values of conduction band offset (CBO) have been described
[13]. From first-principles calculations, CBO is reported to be
“cliff*-like and most recent investigations including
measurements admit that the “cliff’-like CBO acts
significantly to the interface recombination and thereby Voc
deficit. The “cliff” creation would act as a barrier to stop the
flow of injected electrons (majority carrier) from the buffer to
the absorber under forward bias [14, 15]. To remedy this in
terms of the Voc deficit and avoid the degradation of the
performance of our kesterite cell, the choice of the buffer layer
is essential in order to reduce the losses by recombination at
the interface of the absorber/buffer junction.

Much research work on the effect of band offsets at the
absorber/buffer interfaces has been undertaken primarily for
the ZnS and CdS buffer layers [16]. The conduction band
minimum (CBM) of the ZnS as a buffer layer in the CZTS
solar cells is located above the CBM of the CZTS absorber
layer, then it forms barrier to photo generated electrons and
leads to high carrier losses, whereas in the case of CdS its
CBM is located below the CBM of the CZTS absorber layer
causing a large negative CBO which increases the interface
recombination. In this perspective, and throughout our study,
a good compromise concerning the buffer layer Cd(ixZnxS
with convenient band gaps which will be chosen so that its
CBM can be chosen by controlling the Zn/(Zn + Cd) ratio of
cadmium to zinc. This represents the main goal of our work to
optimize the buffer layer Cdi—x)Zn.S according to x by
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calculating with the SCAPS-1D Software, the energy bands
alignment CBO at the interface of the CZTS/Cd-ZnsS
junction and thus contributes to the improvement of the output
performance of the proposed structure SLG/Mo/CZTS/Cdi-
0ZnyS/Zn0:Al, the open circuit voltage Vo, the short-circuit
current density Jsc, as well as the Fill factor FF and the
efficiency 1 by simulating the effects of various electrical and
optical parameters, the absorber layer thickness, the acceptor
carrier concentration of the absorber layer as well as the
predominant impact of electron work function of the back
metal contact. Our proposed structure and numerical
calculations will be exposed in the following sections.

2. PRESENTATION OF THE DEVICE

Our structure SLG/Mo/CZTS/Cd—x)ZnxS/ZnO:Al, as
illustrated in Figure 1 has been adopted as the basic model
throughout our study, knowing that many authors have
experimentally analyzed its behavior [17]. In this structure
SLG (Soda Lime Glass) acts as substrate, followed by Mo
which acts as back contact over which there is a thin layer p-
type doped CZTS kesterite which acts as absorber active layer.
A thin n-doped Cd(1-xZn\S layer with direct band gap tunable
between 2.64 eV (x =0) and 3.42 eV (x = 1) and the electronic
affinity which varies between 4.8 eV (x =0)and 3.9 (x=1) is
deposited on the CZTS layer, followed by a ZnO type n
window layer, which acts as front contact on which aluminum
contacts are grown.

Solar Light AM 1.5G

Cdq-x)ZngS

Figure 1. Proposed CZTS Kesterite structure

SCAPS-1D solar simulation software for thin layer solar
cells developed at Gent University is exploited to inject the
device parameters as well as material parameters of each layer
based on solving the Poisson equation and electron-hole
continuity equations [18].

The physical parameters are selected from the literature
values and were listed in Table 1 [19-21]. The absorption
coefficients for all materials used in this study are taken from
Scaps. We opted for an operating temperature set at 300°K.
Solar radiation is incident at the front contact with Air mass
1.5 global spectrum (AM1.5G) and a solar light power of (103
W/m?) and taking into account series resistance 3.25 Q and
shunt resistance 400 Q.

In Table 1, we fixed the thicknesses values of the buffer
layers Cd-»Zn«S as well as the window layer and we varied
the thickness of the absorbent layer CZTS. We have also fixed
respectively the values of the bandgaps and the electronic
affinities of the absorbent and window layers. We have also
fixed the values of the density of donor atoms for the buffer
and window layers; by varying the density of acceptor atoms
for the absorbent layer CZTS. We supposed that the electron
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work function of the back metal contact is variable [21]. The
effects of radiative recombination and Auger electron/hole
captures have been considered throughout all the cases. It
should also be noted that the defects influence at the various
interfaces (CZTS/Cd(1-xZnxS) and (Cd(1-xZnxS/Zn0O) is not
taken into account.

Table 1. Physical values for the different layers of the
proposed structure

Parameters CZTS Cda- ZnO:Al
x)ZleS
Thickness [um] Var 0.05 0.2
Bandgap Eg [eV] 15 Var 3.35
Electron affinity y [eV] 4.25 Var 44
Relative dielectric
permittivity er [eV] 10 10 9
Nc [cm™?] 2.2x1018 2.2x1018  2.2>10'8
Nv [em?] 1.8<1019  1.8x10°  1.8x10%°
Electron themal velocity ; ; 7
[cmis] 110 110 110
Hole themal velocity 1407 1407 1107
[cm/s]
Electron Toblllty o 1102 1102 1102
[ecm?/V 5]
Hole mobility pp 1 1 1
[cm2/V.s] 2.5x10 2.5x10 2.5x10
Donor density ND [cm™] 110! 1x10Y7 11018
Acceptor dg?sny NA Var 0 0
[cm™]
AbsorptlcE(r:I nﬁg;,\ffluent o Scaps Scaps Scaps
Radiative recombination 9
coefficient Br [cm3/s] 5x10 ) )
Auger electron capture 29 i i
coefficient [cm®/s] 110
Auger hole capture 29 ) )
coefficient [cm®/s] 1-10
Defect type (A/D/IN) A:8.5x10% D:1x10Y D:1x10%
Defect density [cm™] 71015 5x10'6 11016

N¢ — Conduction band effective density of states, Ny — Valence band effective
density of states

3. RESULTS AND DISCUSSIONS
3.1 Energy bands calculation

Before optimization, the first step of this work consists in
simulating and validating by the SCAPS 1D software the basic
structure proposed SLG/Mo/CZTS/CdS/ZnO:Al with the
experimental results [19]. The energy band alignment diagram
for the non-equilibrium condition of the different layers is
shown in Figure 2 as a function of the parameters summarized
in Table 1, showing the offsets of the conduction and valence
band as well as the different band gap and electron affinities at
the CZTS/CdS junction interface. The band gap energy of the
buffer layer is 2.4 eV and its electron affinity is 4.0 eV. The
CBO and the VBO of this junction both are negative, which
causes an increase in the carriers recombination and
consequently a decrease in Voc, due to the activation energy
relatively lower than the absorber band gap [22, 23]. This band
offset causes significant minority charge recombination, thus
the Voc value is reduced Figure 3. The formation of the
heterojunction brings about the alignment of the Fermi level
of the bands of all the layers in equilibrium with the vacuum
level. Under illumination, excess free carriers are generated



and the Fermi level subdivides into quasi-Fermi levels due to
the open circuit voltage Voc. According to the results of the
energy band diagram calculations, there is a spike-like CBO at
the interface of the CZTS/CdS heterojunction Figure 3. The
electron affinity of CdS (~4 eV) is lower than that of CZTS
(~4.25 eV) which will generate a positive spike-like CBO with
AEc = 0.25eV which prevent the movement of electrons from
the kesterite layer to the buffer layer and a negative valence
band offset VBO with AEv =-0.65 eV.
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Figure 2. Energy band diagram representation of the basic
kesterite structure
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Figure 3. Simulated energy band diagram of the basic
kesterite structure before optimization
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Figure 4. Comparison between experimentation and J-V
characteristics of the structure before optimization

3.2 Characteristics current
simulation and validation

density-voltage (J-V)

To validate the model of the basic structure before
optimization and under lighting, the curve representing the
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current density as a function of the voltage (J-V) was
simulated and compared to the experimental curve [24] in
accordance with the parameters exhibited in Table 1. There is
a good agreement between the experimentation and simulation
curves which validates our set of parameters as a baseline for
the simulation in this work Figure 4.

3.3 Influence of [Zn]/([Zn]+[Cd]) rate of Cd(1-x)ZnxS
buffer layer

In this section, we review the study of the impact of [Zn] /
([Zn] + [Cd]) rate of the Cd,1-xZn,S thin layer on energy bands
alignment, therefore on the conduction bands offsets (CBO)
and the valence bands offsets (VBO) leading to the spike or
cliff creation at the interface of the buffer/absorber junction.
These bands offsets prevent the two types of carriers, electrons
and holes from moving and crossing these obstacles. We are
therefore witnessing a strong recombination at the CZTS/Cdi-
0ZnsS junction interface and inside the device, producing
performance degradation of the structure. In this perspective,
pushed computations by the SCAPS-1D simulator were
undertaken in such a way as to introduce a promising buffer
layer Cd1-xZn,S into the basic structure, by varying the rate x
between the value 0 (CdS) and the value 1 (ZnS), its band gap
therefore varies respectively between 2.64 ¢V and 3.42 eV as
well as the electron affinity between 4.8 eV and 3.9 eV.
Bandgap and electron affinity of Cd(1-xZn.S for different Zn
composition can be calculated by extrapolation of
experimental curves [25, 26] given by the Eqns. (1) and (2), in
the other hand, the CBO and VBO are deduced from the Eqns.
(3) and (4).

Eg(Cd;_xZn,S) = 2.642 + 1.067x — 0.285x%(eV) (1)
%(Cd1-Zn,S) = 4.8 — 0.9x (eV) 2)

AE¢ = %(CZTS) — %(Cd (14 Zn,S) (eV) (3)

AEy = [Eg(CZTS) + % (CZTS)] — [Eg(Cd(1-x)ZnyS) @

+ + x(Cd1-xZn,S)] (eV)

All the simulated computations representing energy bands
alignment of the conduction and valence bands as a function
of the dimensions of the proposed cell are represented in
Figure 5. It has been observed that the CBO at The CZTS/Cdqi-
oZnS plays a large role in controlling the carriers
transmission through the metallic contact. The amount of this
offset is determined by the difference in the buffer/absorber
layer’s electron affinity. The increase in positive and negative
band offsets would respectively form spike-like and cliff-like
structures. With increasing electron affinity of the buffer layer,
the junction interface CZTS/Cd(1-xZnS would change from a
spike-like shape to another cliff-like shape. In order to
determine the conduction band offset CBO, the impact of AEc
on Voc, Jsc, FF and n was simulated. The recombination
process at the CZTS/Cd(.xZn,S layer interface has already
been treated by several authors [27]. In fact energy band
diagram of the SLG/Mo/CZTS/Cd(1-xZnxS/ZnO:Al solar
system in Figure 5 illustrates the easy electrons transfer from
the CZTS absorber layer to the front contact through the Cdi.
0Zn,S/Zn0O:Al interface. The highest conversion efficiency
and FF obtained are 6.9% and 65.6% respectively at an
optimum value of CBO = -0.2eVfor the value of x equal to 0.4.



However the values of Voc and Jsc are respectively 0.757 V
and 13.9 mA/cm? for the same optimal value of CBO.
Nonetheless, out of this range, we can observe a decrease in
the FF and the efficiency parameters Figure 6. The
recombination phenomenon, which is the main factor in the
reduction of the quantum efficiency, is consistent with the
reduction in the fill factor and short- circuit current. It can also
be concluded that the VBO negative values are not an obstacle
in the shift of carriers from the surface at the absorber/buffer
interface to the absorber layer, and do not significantly change
the solar cell’s performance. As a result the CBO will be a
determining factor in improving the produced optical flow and
increasing efficiency.
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Figure 5. Energy band diagram evolution of the proposed
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Figure 6. Variation of Voc, Jsc, FF and 1 with CBO at the
CZTS/Cd-Zn«S junction interface of the proposed structure
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Figure 7. J-V characteristics of the proposed structure before
optimization according to Cd1-xZnxS buffer layers

Simulation results of the proposed structure using
alternative buffer layers Cd(-xZn.S instead of the standard
buffer layer CdS show that these thin-film semiconductor
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materials are suitable to participate in improving the
performance of the device by adopting as an optimal layer, the
buffer layer CdosZnosS. The characteristic J-V of all the
kesterite structure parameterized by the variation of the buffer
layer Cd(1-xZnyS is illustrated in Figure 7. For all these reasons,
this buffer layer will represent the most appropriate layer used
in order to optimize the parameters of the structure.

3.4 CZTS absorbent layer thickness influence

After having optimized the buffer layer CdosZno 4S, we will
place particular emphasis on other factors influencing the
performance of the proposed structure, in particular the
thickness of the absorbent layer [28, 29]. To analyze its impact,
calculations were made for different thicknesses of the CZTS
absorber layer ranging from 10 nm to 10 pm, this layer,
assuming all other parameters constant as described in the
Table 1. As shown in Figure 8, the curves obtained after
simulation show that by increasing the thickness of the
absorber from 200 nm to 10000 nm, Voc, Jsc, FF and n
increase accordingly. We can also notice that Voc has
increased by around 20%, while Jsc has decreased by 18%. FF
and the conversion efficiency were consequently increased by
10% and 11% respectively compared to the basic structure
before optimization. A good improvement was noted for an
optimum absorber thickness of 2.5 pm.
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Figure 8. Variation of Voc, Jsc, FF and n as a function of
CZTS absorber layer thickness



3.5 Acceptor carrier concentration influence of the CZTS
absorber layer

Likewise, the acceptor carrier concentration Na of CZTS
absorber thin layer plays a major role in improving the
performance of the structure. From this perspective one of the
aims of our paper is to study its effect on the overall efficiency
of our solar cell [28, 29]. After setting the optimum value for
the CZTS absorbent layer thickness at 2.5 um, we note the
normalized output parameters (Voc = 0.825 V, Jsc = 23.5
mA/cm?, FF = 65.3%, n = 7.7%) in Figure 9. As carrier
concentration increases from 1x10* cm™ to 1x10'® cm™, the
semiconductor becomes degenerate; this is one of the major
concerns for limiting the higher value of N4. This will generate
a reduction in the space charge region of the absorber side
which in turn leads to a sharp diminution of the photo
generated carriers in this region [21], and therefore a decrease
in the current density Jsc and the energy conversion efficiency.
A good improvement was also noted for an optimum acceptor
carrier concentration N4 of 1x10'¢ cm™,
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Figure 9. Variation of Voc, Jsc, FF and n as a function of
CZTS absorber layer acceptor carrier concentration

3.6 Back metal contact work function influence of the
CZTS absorber layer

The influence of the back metal contact work function
(BMWF) is taken into account in this work. After setting the
optimum value for the CZTS absorbent layer thickness at
2.5um and the optimum value for acceptor -carrier
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concentration N at 1x10'® cm?, and to find the influence of
the electron work function ¢ of metal at the back contact, its
value in the range from 4.6 eV to 6 eV was varied in the
simulation. By an increase in the BMWF an incredible
improvement in solar cell parameters was found, as revealed
from Figure 10 (Voc = 0.961 V, Jsc = 20.2 mA/cm?, FF =
67.3%, n = 13.1%). A remarkably sharp rise is observed for
BMWEF in the range of 5.2 — 6 eV, where Jsc can reach up to
around 20 mA/cm? similar to the authors [30] due to improve
of the interface CZTS/Mo by a good ohmic contact. The
conversion efficiency remains almost constant for BMWF
between 5.7 and 6 eV. According to the graph, the optimal
value is located at 5.7 eV.
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Figure 10. Variation of Voc, Jsc, FF and 1 as a function of
CZTS absorber layer back metal contact work function

4. CONCLUSIONS

In this paper, the impact of conduction band offset (CBO)
at the absorber/buffer (CZTS/Cd(1-xZn«S) junction interface
was investigated using SCAPS-1D software.

We calculated a large negative value of -0.55eV for the
"cliff" like CBO at the CZTS/CdS junction interface for a
proportion of the buffer x = 0, which represents one of the
main recombination mechanisms, whereas a calculated value
of 0.35 eV for the "spike" like CBO at the interface of the
CZTS/ZnS junction for a proportion of the buffer x = 1 shows
the formation of a barrier to the photo generated electrons and
leads to high carriers losses. The results obtained are in good



agreement with the works already published by the authors.

The variation of the proportion x between 0 and 1 allowed
us to simulate a new buffer layer CdoeZno4S, reduce the
recombination at the interface of the junction as well as the
deficit of Voc and therefore improve the efficiency of our cell.
For this buffer layer the results show an improvement in Voc
of 7% compared to ZnS and a clear improvement in efficiency
of 30% compared to ZnS and 20% compared to CdS.

The obtained maximum values (Voc = 961 mV, Jsc = 20.2
mA/cm?, FF = 67.3% and n = 13.1%) are both reached at an
optimal cliff value around -0.2 eV for a composition x = 0.4
(Cdo.sZno.4S) and optimal absorber CZTS layer. The optimized
values of these parameters were 2.5 um for CZTS layer
thickness, 1x10'® ¢cm™ for the acceptor doping concentration
Na, and 5.7 eV for the Molybdenum back metal contact work
function (BMWF).
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