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This work reports on a numerical modeling of CuyZnSnSe4 (CZTSe) thin film
based solar cells using Solar Cell Capacitance Simulator (SCAPS). First, a
conventional CZTSe/CdS/ZnO solar cell structure has been proposed and
optimized. The optimal output parameters (power conversion efficiency
PCE = 24.50%, short circuit current density . = 47.732 mA/cm?, fill factor
FF = 80.478% and open circuit voltage V,. = 0.639 V) have been obtained for
ZnO, CdS and CZTSe layer thicknesses closed to 0.02 ym, 0.02 ym and 1.5 pum,
respectively. Next, to improve on the conventional solar cell performance,
three cell structures with different highly P-doped materials as back surface
field (BSF) layers, such as P*-CZTSe, P*-Cuy0 and P*-CZTS, have been pro-
posed and optimized. In comparison to the conventional cell, devices with BSF
layer have shown improvements of all the photovoltaic parameters. The CZTS/
CZTSe/CdS/ZnO device has provided the highest performance (PCE = 25.83%,
Js = 51.04 mA/em?, FF = 78.14% and V,. = 0.646 V) for ZnO, CdS, CZTSe
and P*-CZTS thicknesses closed to 0.02 ym, 0.02 ym, 1.5 yum and 0.4 um,
respectively. Additionally, the generation rate is no affected by the BSF layer;
however, the recombination rate has decreased in the bulk and back surface of
the CZTSe absorber. Finally, the insertion of the BSF layer has caused an
increase of external quantum efficiency (EQE) up to 94.5% and a slight red

shift of absorption in the long-wavelength region near the band edge.
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INTRODUCTION

In order to meet the growing energy demands,
several research teams in the world focus their
efforts on the synthesis of solar cells based on thin
absorber materials which must provide solar energy
production with higher efficiency and low cost.
During the last decade, research works on the
photovoltaic field have focused on the copper-

(Received August 28, 2020; accepted December 17, 2020;
published online January 15, 2021)

indium-selenide (CIS), copper-indium-gallium-se-
lenide (CIGS) and cadmium telluride (CdTe) thin
films. Solar cells based on these materials have
provided record power conversion efficiencies (PCE)
of 21.5% for CdTe! and 21.7% for CIGS? Despite
this performance, the development of these materi-
als has been interrupted due, in one hand, to the
toxicity of cadmium (Cd) and its membership in
heavy metal family and, in the other hand, to the
lack of telluride (Te) and the high cost of indium (In)
and gallium (Ga)®. Therefore, researchers have
explored other ways using eco-friendly materials
with earth-abundant elements*®.
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Copper-zinc-selenium quaternary CusZnSnSey
(CZTSe) have emerged as a potential photovoltaic
material to substitute CIGS absorber materials in
thin film solar cells®”. It is considered to be the most
promising semiconductor due to its excellent prop-
erties, such as its large natural abundance in the
earth crust (Cu: 25 ppm, Zn: 71 ppm, Sn: 5.5 ppm),
its appropriate direct optical band gap ranging 0.9—
1.4 eV® and its high optical absorption coefficient
exceeding 10* cm ™. However, solar cells based on
CZTSe thin film suffer from low experimental power
conversion efficiency (PCE) in comparison to solar
cells based on CdTe and CIGS thin films, since the
highest measured PCE is 12.6%°, which is still far
from the widely accepted Shockley-Queisser limit
value of 28%"'°. The low efficiency has been mainly
attributed to a large deficit in the open circuit
voltag?re (V,o) relative to the band gap of the absorber
layer'!. The low V,. could be due to recombination
losses at the poorly optimized buffer/absorber and/
or to absorber/back interfaces and to the high series
resistance (R,) especially for thicker active lay-
ers''2. To boost high CZTSe solar cells efficiency
improvements must be performed by minimizing
current and voltage losses. Numerical simulation
methods can guide us in this direction to achieve a
valuable upstream work.

One well-known technique to improve PCE is the
insertion of high P-doping material at the back
surface of the absorber layer thereby forming a back
surface field (BSF). Indeed, it has been reported
that solar cells without BSF layer have produced
lower performance than solar devices with BSF
contact due to loss of photogenerated carriers by
back recombination process'®. Applying a BSF layer
at the back side of the absorber could improve the
carrier collection by an additional drift field induced
by the electrons and the current density is enhanced
by the inhibition of recombination at the back
contact side. Additionally, the BSF material should
have a low lattice mismatch in comparison to the
absorber layer and an energy band structure able to
transfer photocarriers to electrode®’'*.

CZTSeis a quaternary p-type semiconductor due to
the presence of native defects, such as copper vacancy
Vcu, copper on zinc antisite Cug,, zinc on cog?er
antisite Znc, and zinc on tin antisite Zng, defects'®*®
depending on the growth technique. Various methods
have been used to prepare CZTSe thin films including
sputtering, evaporation, hydrazine-based chemical
approach, and electrodeposition techniques®!%21,
The CSTSe alloy exhibits the kesterite type struc-
ture???3 and a direct band gap energy between 0.9 eV
and 1.4 eV at room temperature depending on the
stoichiometry of the compound®?*.

In this work, the photovoltaic behaviour of CZTSe
kesterite thin film based solar cells with and
without a BSF layer has been modelled and anal-
ysed using the Solar Cell Capacitance Simulator
(SCAPS-1D) program. As a comparison basis, a
conventional solar structure ZnO/CdS/CZTSe is
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modelled and optimized. Next, different highly P-
doped materials have been inserted as a BSF
contact and their effect on the photovoltaic perfor-
mance, such as the band diagram energy, the PCE,
the external quantum efficiency (EQE), and gener-
ation (Ge) and recombination (Re) rates was exam-
ined deeply. Finally, a comparative study on the
performance of the proposed devices with and
without BSF material has been carried out.

METHODOLOGY AND SIMULATION
CONDITIONS

Numerical Simulation SCAPS

SCAPS is a one-dimensional solar cell simulation
program developed with LabWindows/CVI of
National Instruments at the University of Gent®®.
It was developed for simulating the electrical char-
acteristics of thin-film heterojunction solar cells
with CIGS and CdTe thin film absorbers. However,
several modifications in this software have
improved its capabilities to work with crystalline
solar cells (silicon, Si, and gallium arsenic, GaAs,
family) and amorphous cells (a-Si and micromor-
phous Si)?°. The need for numerical modeling of thin
film polycrystalline solar cells is relevant as the
absorber/buffer interface involving hetero-junctions
is more complex in nature®®. SCAPS allows alter-
nating current (AC) and direct current (DC) elec-
trical measurements which can be calculated in the
dark and under light illumination and also at
different temperatures, including the open circuit
voltage (V,.), short circuit current density (J.), fill
factor (FF%), power conversion efficiency (PCE%),
external quantum efficiency (EQE%), capacitance
frequency spectroscopy C(f), capacitance voltage
spectroscopy C(V), generation and recombination
profiles, and carrier current densities®®.

SCAPS software provides electrical characteris-
tics of thin-film heterojunction solar cells by solving
the three well-known basic semiconductor equa-
tions (1-3) governing the steady state conditions:
Poisson’s equation (Eq. 1) and electron and hole
continuity equations (Eqs 2 and 3).
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The charge carrier transport described by the
drift and diffusion is expressed by the following
equations:

0 on

Jn = —qnu, a—f +qD, o (4)
oy dp

Jp = —qpu, B qD, ™ (5)

The general current equation is

J=dJo (exp (AqTVT> — 1) —Jon (6)

where  is the electrostatic potential, ¢y/e, is the
permittivity of free space/the relative permittivity of
the absorber, ¢ is the magnitude of charge of the
electron, n and p are the free carrier concentrations,
N} and N, are the density of ionised donors and
acceptors, pger is the charge density of defects, G is
the carrier generation rate, R, /R, is the carrier
recombination rate of electrons/holes, J,,/ J, is the
current density of electrons/holes, K is the Boltz-
mann constant, T is the temperature, J,, is the
photoelectric current density and J, is the reverse
saturation current density given by:

D,P D,n
JOZA(]|: P no+ n P0:|
L, Ly,

(7)

where D, /D, is the diffusion constant of elec-
trons/holes, L, and L, are the diffusion length of
each carrier type, p,, and n,, are the majority
carrier concentrations on the p and n side. A is the
diode ideality factor depending on the current
transport, A = 1 for injection/diffusion mechanism
and A = 2 for recombination mechanism.

The Poisson and the continuity equations, with
appropriate boundary conditions at the interfaces
and contacts, lead to a system of coupled differential

equations in (¥, n, p) or (¥, Eg,, Erp). Solving this
system of equations provides the electrical param-
eters of the solar cell, such as the V., Jg., FF, and
PCE*".

Design of CZTSe-Based Solar Cells

Two types of solar cells, shown in Fig. 1, have
been proposed and studied: the first type is a
conventional device formed of three input layers
(CuyeZnSnSe absorber, CdS buffer and ZnO window
layers) and its substrate structure is Pt/
CuyZnSnSe,/CdS/ZnO/Al and the second type con-
sists of solar cells with BSF material and their
substrate structures are Pt/P*-Cus0/CusZnSnSe,/
CdS/ZnO/Al, Pt/P"-CuyZnSnSe,/CuyZnSnSe,/CdS/
ZnO/Al and Pt/P*-CusZnSnS,/CusZnSnSe,/CdS/
ZnO/Al. For the conventional cell, the p-
CuyZnSnSe, film is the active layer with an acceptor
concentration of 5x10'® ecm 2 and a variable thick-
ness in the range of 0.1-4 um, the n-CdS layer is the
buffer layer with a donor concentration of 1 x 10'®
cm? and a thickness ranging from 0.01 to 0.1 um,
the ZnO material is the window layer with a donor
concentration of 1 x 10'® cm® and thickness
variable from 0.01 to 0.1 yum. For solar cells with
BSF layer, three high P-doped materials (P*-Cuz0,
P*-CuyZnSnSe,, P*-CuyZnSnS,) were inserted at
the back surface of the CZTSe absorber layer in
order to make the back contact more ohmic and,
especially, to improve the efficiency. For each BSF
material, the acceptor carrier concentration was set
to 1 x 10! em ™2 and the thickness was varied in
the range of 0.1-1 um.

Main Input Parameters

The numerical resolution of the basic semicon-
ductor equations via the SCAPS software program
requires knowledge of electrical and physical prop-
erties of all involved layers in the proposed devices
as well as electrical and optical parameters, deep
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Fig. 1. Schematic diagram of the optimized CZTSe based thin film solar cells. (a) Conventional device (b) Device with BSF layer.
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bulk defects and interface defect recombination
(radiative and non-radiative recombination).

Front and Back Contacts and Surfaces

The back and front contacts have significant
effects on the performance of solar cells, especially
the back contact which acts as an optical reflector to
the photons that are not absorbed in the active
medium, and as a metallic contact layer to transport
drive out the photo-generated carriers®®. In addi-
tion, the back contact material should have a higher
work function than the neighboring light-absorbing
semiconductor layer to realize ohmic contact®. In
our simulation, the front and back contacts are in
aluminum and platinum, respectively, and both are
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ohmic, since the following condition
oa = (Eg+ 2 cas'p: = (Eg + 1)ozrse is verified for
the front contact/rear contact, where ¢ai/ ¢y is the
work function of aluminum/platinum and
(Eg + Pczrse/(Eg + 1)cas is the sum of the band
gap energy and electron affinity of p-CZTSe/ n-CdS
material. Additionally, the front surface reflectivity
R¢ and the back surface reflectivity R, were set to
0.05 and 0.8, respectively.

Physical and Electrical Material Parameters
for Layers

In order to simulate photovoltaic characteristics
of the proposed solar cells several parameters
relative to all involved layers have to be inputted

Table I. Basic parameters used in simulation of CZTSe based solar cells.

Contact parameters

Front contact (Al) Back contact (Pt)

Work function @ (eV)

4.45%° 5.4%1

Surface recombination velocity of electrons Se (cm/s)

107 [SCAPS] 107 [SCAPS]

Surface recombination velocity of holes Sh (cm/s) 107 [SCAPS] 107 [SCAPS]
Reflectivity Re 0.05 0.8
n—Zn0?? —Cds?? p-CZTSe
Physical layer properties
Thickness (ym) 0.01-0.1 variable 0.01-0.1 variable 0.14
variable
Band gap (eV) 3.37 2.43 1.02%°
Electron affinity (eV) 4.45 4 4.28%8
Dielectric constant 9.00 9.35 13.63334
CB effective density of state for electron (cm~3) Nc 2.95 x 1018 1.76 x 10 9.15 x 107 calculated
VB effective density of states (cm3) Nv 1.14 x 10*° 1.47 x 10*° 4.54 x 108
calculated
Electron thermal velocity (cm/s) 2.38 x 107 2.83 x 107 3.6 x 107 calculated
Hole thermal velocity (cm/s) 1.52 x 107 1.39 x 107 2.06 x 107 calculated
Electron mobility (cm?/Vs) at 300K 100 100 1003334
Hole mobility (cm?/Vs) at 300K 25 25 12.533:34
Shallow uniform donor density n (cm™3) 1.0 x 1018 1.0 x 10'8 0
Shallow uniform acceptor density p (cm™%) 0 0 5x10
optimized by SCAPS
Defect layer properties
Energy defect level respect to valence band edge Ev (eV) 1.65 1.2 0.05212
0.449
Shallow donor density Np, (cm~3) 1.73 x 1018 1.77 x 1018 0
Shallow acceptor density N (cm~3) 0 0 1.1 x 10%
2.2 x 10"
[SCAPS]
Thermal capture cross section of electron (cm2) 1.0x 1071° 1.0 x 1071° 1.1 x 107%°
[SCAPS]
Thermal capture cross section of hole (cm™2) 1.0 x 1071 1.0 x 1071° 1.0 x 1071°
[SCAPS]
Optical capture cross section of electron (cm™2) 1.0x 10712 1.0 x 10712 1.0 x 10712
[SCAPS]
Optical capture cross section of hole (cm™2) 1.0x 10712 1.0 x 10712 1.0 x 10712

[SCAPS]
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in the SCAPS simulator program. These parameters
include band gap energy (E,), electron affinity (y),
dielectric permittivity (¢), conduction band density
of states (IN¢), valence band density of states (Nv),
electron thermal velocity (Vi ,), hole thermal veloc-
ity (Vinp), electron mobility (u,), hole mobility (u,),
donor density (Np), acceptor density (IV,), as seen in
Table I. For our simulation, the input parameters
were either calculated or extracted from the liter-
ature or imported from the database of SCAPS
program. Also, all calculations have been carried
out at temperature of 300 K and under standard
illumination AM1.5.

Defect States

The SCAPS software can integrate two defect
types for each layer: shallow and deep defects. The
first is defined as one shallow level completely
ionized and it does not contribute to the recombi-
nation process. The second can be represented by
more than three deep levels governed by the
Shockley-Read-Hall model®®. Deep levels con-
tribute to the recombination process in different
interfaces and within layers and the charge of each
level is defined by its occupation and its conduc-
tivity type (donor or acceptor or neutral). The
energy distribution of deep levels can be modelled
either by a single level, uniform band, Gaussian
distribution or exponential repartition. The input
parameters relative to defect states are the capture

cross sections for electron and hole, ¢, and o,
defect distribution, Ng.r (E) and total density of
deep levels, N In this simulation, CdS and ZnO
layer defects have been assumed as neutral deep
levels with Gaussian distributions, whereas two
uniform acceptor single levels localised at 0.449 eV
and 0.052 eV in respect to valence band edge Ey
have been introduced for CZTSe absorber layer.
These acceptor defects are due to the copper
vacancy Vg, and copper antisite tin Cug, defects,
respectively 2.

Furthermore, more input parameters relative to
defects for each BSF material must be introduced.
In the case of the P*-CuyO layer, two uniform
acceptor single levels localised at 0.21 eV and 0.5 eV
with respect to valence band edge Ey are considered
due to Cu di-vacancy and Cu vacancy defects,
respectively®®. For P*-CZTSe and P*-CZTS BSF
layers the input parameters of defects are similar to
those used in P-CZTSe absorber material as
depicted in Table II.

RESULTS AND DISCUSSION

The main objective of this work is to provide the
optimal design and performance of solar cells based
on CZTSe thin films. To achieve this objective, two
types of CZTSe solar cells (with and without BSF
contact) have been simulated and optimized and
their photovoltaic parameters have been calculated
and analyzed.

Table II. Added input parameters for the simulation of BSF layers.

P*-CZTSe P*-CZTS P*-Cu0

Physical properties of BSF layer

Thickness (um)

Gap energy (eV)

Electron affinity (eV)

Dielectric constant

CB effective density of state for electron (cm~3) Nc

VB effective density of states (cm™3) Nv
Electron thermal velocity (cm/s)

Hole thermal velocity (cm/s)

Electron mobility (cm?/Vs) at 300K

Hole mobility (em?/Vs) at 300K

Shallow uniform donor density n (cm™3)
Shallow uniform acceptor density p (cm™2)
Defect layer properties

Defect energy respect to valence band edge

Density of carriers in defect (cm™2)

Optical capture cross section of electron (cm™2)
Optical capture cross section of electron (cm™2)

0.1-1 variable

0.1-1varaible 0.1-1 variable
39,40

1.0%;24 1'503373:38 40
g Tow i
9.15 x 107 2.07 x 1018 2.46 x 100
Calculated Calculated Calculated
4.54 x 108 1.59 x 10%° 1.1 x 10
Calculated Calculated Calculated
3.6 x 107 2.68x 107 1.17 x 107
Calculated Calculated Calculated
2.06 x 107 1.39 x 107 1.53 x 107
Calculated Calculated Calculated
100"} 100 200"

12.5%% 25 67
1.0 x 10%! 1.0 x 10*! 1.0 x 10%!
0.449%° 0.44915 0.5%6
0.0521° 0.052'° 0.213%6
1.1 x 10Y7 1.1 x 10Y7 2.3 x 10'°
2.2 x 10%7 2.2 x 10%7 6.1 x 10
[SCAPS] [SCAPS] [SCAPS]

10715 [SCAPS]
101 [SCAPS]

1015 [SCAPS]
101 [SCAPS]

10715 [SCAPS]
101 [SCAPS]
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Fig 2. Energy band diagram of the conventional solar cell generated
by the SCAPS software at the dark and zero bias voltage.

Analysis of the Conventional CZTSe Solar Cell
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Fig 3. Photovoltaic characteristics for the conventional solar cell as a
function of CZTSe absorber thickness.

Band Diagram

The band diagram of the CZTSe/CdS/ZnO con-
ventional solar device is shown in Fig. 2. The
diagram was generated by the SCAPS program in
the dark at zero bias and the energy levels are given
with respect to the Fermi level which is set to 0 eV.
The diagram is plotted for CZTSe absorber, CdS
buffer and ZnO window thicknesses closed to
1.5 ym, 0.08 um, and 0.05 um, respectively. It is
observed that n-type and p-type regions and the
associated valence band (VB) and conduction band
(CB) edges and the interfaces and their positions are
clearly shown in the figure. Also, we note the
presence of reflecting barriers with heights of
0.16 eV and 0.24 eV for the Pt/CZTSe interface in
conduction and valence bands, respectively, and a
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positive conduction band offset CBO (spike) of
AE, = 0.3 eV for the interface between CZTSe and
CdS layers. The observed spike can be attributed to
the difference between electron affinity of absorber
and buffer layers and its value is less than values of
0.41-0.48 eV reported by Haight et al.®® for a
CZTSSe/CdS solar device. It should be noted that
a small spike can be tunneled by photogenerated
carriers and does not imply any major limitation on
device performance by inhibiting the recombination
process at CZTSe/CdS interface; however, a large
spike can act as a barrier to electron flow from the
absorber to the buffer, thus reducing the current
density J¢.*2.

CZTSe Absorber Layer Optimization

Theoretically the minimum thickness required is
approximately 2 um for CZTSe layer to absorb 99%
of the incident photons with energy greater than E,.
However, further numerical analysis must be done
to reduce the thickness of CZTSe, CdS and ZnO
layers aiming to conserve the material usage and
cost of cell production. In this sense, the CZTSe
absorber thickness has been varied from 0.1 to 4 ym
to look for its optimal value. The obtained results
are plotted in Fig. 3. It is observed that the PCE and
Js are unaffected with a decrease of the CZTSe
thickness from 4 to 1.5 um; however, the V. and the
FF have increased. Further reduction of CZTSe
thickness (< 1.5 um) results in a slowly decrease of
Js. and PCE, whereas the V. and FF increased up
to 0.3 yum and 1 um, respectively. For CZTSe thick-
ness less than 0.3 um, J,. has decreased sharply
from 39.22 mA/cm® to 26.47 mA/cm® du to the
shorter minority carrier diffusion length, but the
FF and V. have been slightly affected because they
have decreased from 80.44% to 80.38% and from
0.652 V to 0.649 V, respectively. As a combined
effect, the PCE has decreased from its maximum
value of 23.31%, when reducing CZTSe thickness
below 1.5 ym. Above this value, the PCE has been
slightly affected by a minor decreasing due both to
the increasing of the resistivity and minor recombi-
nation losses occurring at different layer interfaces
and at the back contact. According to this analysis,
the optimal CZTSe thickness can be considered 1.5
um and the corresponding output parameters are
PCE = 23.31%, V,. = 0.637 V, J,. = 45.377 mA/cm?
and FF = 80.633%.

Otherwise, in order to confirm the found optimal
CZTSe thickness, we have calculated the total
carrier generation rate Ge at various positions
within the absorber of the conventional solar cell
and plotted its variation in Fig. 4. From this figure,
it is shown that the Ge value was 1.44 x 10%*
em 257! at the position near of the CZTSe/CdS
interface and then it decreased drastically to
1.34 x 10%° em 3 57! (by two orders of magnitude)
within just 1.5 um of CZTSe thickness before
becoming constant for a CZTSe absorber thickness
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up to 8 um. This behavior confirms once more that
the optimal CZTSe thickness is 1.5 um, since the
carrier generation is not affected by the increase of
the thickness above 1.5 um.

CZTSe Absorber, CdS Buffer and ZnO Window

Optimization

It is well known that the window and the buffer
layers affect the photovoltaic performance of solar
cells. Thereby, to optimize the buffer CdS and ZnO
window layers, the thickness of each material has
been varied from 0.01 to 0.1 yum. The obtained
results are presented in Fig. 5. One can remark
that all output parameters have decreased with
increasing ZnO thickness up to 0.1 um, while the
PCE and FF have increased with increasing CdS
thickness up to 0.02 ym and then decreased. Nev-
ertheless, the V.. and J, have decreased with
increasing CdS thickness up to 0.1 um. From this
analysis the optimal thickness for ZnO and CdS
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Fig 4. Total carrier generation rate for the conventional solar cell.
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layers can be considered 0.02 ym. Furthermore, the
optimization of ZnO and CdS layers has led to
improvements of all photovoltaic parameters. The
corresponding optimal values are summarized in
Table III and are PCE = 24.50%, J. = 47.732 mA/
cm?, V,. = 0.639 V and FF = 80.378% for ZnO, CdS
and CZTSe thicknesses of 0.02 ym, 0.02 yum and
1.5 um, respectively. Thus, the optimization of ZnO
window and buffer CdS layers has lead to an
enhancement of the PCE from 23.31 to 24.50%.

On the other hand, the conventional device
(without BSF) has been modeled by the classical
equivalent electrical circuit and its series resistance
and shunt resistance have been calculated (see
Table III). It is observed that the calculated series
resistance is much lower than 1 Q.cm? and the
obtained series resistance and shunt resistance
values are close to those reported in the litera-
ture***®. Furthermore, the calculated series resis-
tance value is one order of magnitude lower than
that of CZTS devices, while the calculated shunt
resistance value is close to that reported by H.
Katagiri et al for CZTS thin film based solar cells
(Rq = 4.25 Q.cm? and Ry, = 370 Q.cm?)*. After the
optimization of ZnO and CdS layers, the series
resistance has slightly increased, while the shunt
resistance has decreased significantly. This can be
explained by the fact that when the layers become
thin, the recombination process at CZTSe/CdS
interface enhances.

External Quantum Efficiency

Quantum efficiency is used as a tool for measur-
ing the spectral response of the device. It provides
detailed information about the absorption of pho-
tons and creation of carriers at different wavelength
or photon energy levels. It is defined by the ratio of
collected electrons from the device per incident
photons at each wavelength:
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Table III. Optimal output parameters values for the conventional based solar cell.

Photovoltaic characteristics PCE (%) J.. mA/cm?) FF (%) Vo, (V) R, (Qcm? Ry (Qcm?)
CZTSe/CdS/ZnO 23.31 45.377 80.633 0.637 0.481 409.61
After optimization of ZnO and CdS layers 24.50 47.732 80.378 0.639 0.505 354.53
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Fig 6. EQE spectra of the conventional CZTSe based solar cell.

EQE(}) Numberofcollectedelectrons  1(4)/q
)~ Number of incident photons ¢y (/)
(8)

where the I(1) and ¢;,(1) are photogenerated
current and photon flow, respectively.

Figure 6 shows the external quantum efficiency
(EQE) of the conventional solar cell for various
CZTSe thickness values ranging from 0.1 to 1.5 ym
(for thickness greater than 1.5 um, the curves are
overlapped, not seen here). From the figure, the
EQE spectra have shown a broad absorption feature
in the wavelength range 200- 1400 nm and both
EQE and the long-wavelength spectral response
have decreased with decreasing the CZTSe thick-
ness due to an insufficient absorption of photons
which has occurred when the CZTSe layer has been
thinner and/or to back recombination losses have
become important. For the CZTSe absorber thick-
ness greater than 1.5 ym, the EQE has remained
constant and its maximum value is closed to 93% in
the wavelength range 510-1100 nm. This result
confirms once more that the optimal CZTSe thick-
ness is 1.5 ym.

Analysis of CZTSe Solar Cells with BSF Layer

It has been reported that solar cells without BSF
layer produce photovoltaic performance lower than
solar devices with BSF contact due to the photo-
generated carrier losses induced by the back recom-
bination process'®. Indeed, the BSF layer produces a
back field which could repel the photogenerated

carriers at the back surface of the absorber and,
therefore, would increase the collected photocur-
rent. Additionally, the BSF material should have a
low lattice mismatch in comparison with the
absorber layer and an energy band structure able
to transfer photocarriers to electrode®.

In order to improve photovoltaic performance of
the studied conventional CZTSe based solar cells,
three highly P-doped appropriate materials has
been carefully selected and inserted at the back
surface of the CZTe active layer. The used BSF
materials are P*-Cuy0, P*-CuyZnSnS, and P*-
CuyZnSnSe, and their optical thicknesses have
been varied and tuned to get the best possible
PCE. A comparative study on photovoltaic charac-
teristics of the conventional solar cell and the solar
cells with BSF contact has beee performed.

Band Diagrams

Figure 7 shows the optimized band diagrams
generated by SCAPS for the three proposed CZTSe
solar devices with BSF contact at zero bias in the
dark within the cells. The energy levels are shown
in respect to the Fermi level, which is set to 0 eV in
the band diagram. The substrate structures of the
cells are P*-CuyO/CZTSe/CdS/ZnO, P*-CZTSe/
CZTSe/CdS/ZnO and P*-CZTS/CZTSe/CdS/Zn0O. In
comparison with the conventional solar cell, it is
observed that the application of the BSF layer
results in a positive band offsets (spikes) in the
conduction and valence band at the back surface of
the absorber for all the proposed BSF layers which
would act as barriers for the photogenerated carri-
ers. These barriers would reflect back the electrons
from the conduction band interface of CZTSe-BSF
towards the front contact and thus reduce the
recombination losses of photogenerated carrier at
the back interface.

Back Surface Field Layer Optimisation

In order to determine the BSF effect on the
photovoltaic performance, numerical simulation of
the main output parameters has been achieved. The
absorber (CZTSe), window (ZnO) and buffer (CdS)
thicknesses were set to their optimal values close to
1.5 um, 0.02 yum and 0.02 yum and the BSF layer
thickness was varied in the range of 0.1 to 2 yum for
each BSF material. The obtained results are pre-
sented in Fig. 8. In comparison with the conven-
tional cell (without BSF layer), all devices have
shown an enhancement of PCE, J, and V,,
whereas the FF has slightly decreased due probably
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Fig 7. Optimized energy band diagrams of CZTSe solar devices at the dark and zero bias voltage with (a) P*-Cu,0, (b) P*-CZTSe and (c) P*-

CZTS as BSF layers.

to an increase of series resistance. The analysis of
the mean working parameters has showed that the
insertion of a BSF layer has provided further
improvement on the performance for all proposed
devices and the solar cell with P*-CZTS BSF layer
has given the highest photovoltaic parameters.
Figure 8 shows the variation of all output param-
eters as function of BSF layer thickness. From the
figure, all output parameters have increased for P*-
CZTS layer thickness up to 0.4 um, reached its
maximum for 0.4 um and then decreased for P*-
CZTS thickness varying from 0.4 to 2 um, while
they have decreased continually with increasing P*-
CZTSe and P*-CuyO BSF layer thicknesses up to
2 ym, respectively. Based on this behavior, the
optimal BSF layer thickness can be considered 0.4
um for P*-CZTS layer and 0.1 um for both P*-Cuy,0O
and P*-CZTSe materials.

The photovoltaic characteristics of the optimized
CZTSe thin film based solar cells with BSF layers
are summarized in Table IV. In comparison to the
conventional cell, the PCE has enhanced from 23.31

to 25.83%, the .. from 45.377 to 51.035 mA/cm? and
Vo from 0.637 to 0.646 V; however, the FF has
decreased from 80.633 to 78.135%. The decrease in
the fill factor (FF) is due to the parasitic resistance
and the rather high reverse saturation current
density J, of the devices**. In addition, the calcu-
lated series resistance R, has slightly increased
while the shunt resistance Ry, has decreased due

probably to the increase of the electrical resistivity
of the cells*®.

Effect of BSF Layer on Generation
and Recombination Rates

In the literature, the reported efficiencies of
kesterite solar cells are limited by interfacial recom-
bination as the dominating recombination paths!!.
It has been demonstrated that sulfide-containing
absorbers produce a conduction band cliff at the
CZTS/CdS interface leading to interface recombina-
tion process*’. This recombination process consti-
tutes a major challenge to the front interface for
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Table IV. Optimal photovoltaic output parameters of CZTSe solar cells with BSF layer.

Solar cell

PCE (%) Jse (mA/cm?) FF (%) Voc (V) R, (Q cm®) R, (Q cm?)
P*-Cug0/CZTSe/CdS/ZnO 2491 48.138 80.432 0.643 0.512 354.70
P*-CZTSe/CZTSe/CdS/ZnO 24.97 48.257 80.433 0.643 0.506 350.95
P*-CZTS/CZTSe/CdS/ZnO 25.83 51.036 78.135 0.646 0.541 316.80

improving the efficiency. On the other hand, the
back contact plays a key role in the performance of
kesterite solar devices. The back contact must
contribute to produce an extra drift field for minor-
ity carriers, thus enhancing the carrier collection
and inhibiting the bulk and surface recombination.
According to our band diagram for the conventional
CZTSe device, wherein a positive conduction band
offset (spike) has been observed, it is expected that
the carrier recombination does not occur at the
interface between CdS buffer and CZTSe absorber.
Furthermore, it is shown also that the presence of a
barrier at the BSF/CZTSe interface for devices with
BSF contact prevent back recombination from tak-
ing place. To confirm these, the generation (Ge) and
recombination (Re) rates across the solar cell width

for all studied structures are calculated and plotted
in Fig. 9. Referring to the figure, one can see that
the generation rate Ge is not affected by the BSF
layer within the absorber film. Also, the recombi-
nation rate Re is closed to 8.4 x 10%° cm ™2 s ! in the
window layer and then it has decreased sharply at
the buffer/absorber and absorber/BSF interfaces.
Furthermore, the insertion of a BSF layer has
caused an important decrease of the Re within the
CZTSe absorber in comparison to the conventional
cell and a remarkable intense peak has appeared in
the highly doped CSZTS BSF layer due to the high
acceptor concentration of defects. These defects
have acted as traps of photogenerated carriers and
then enhanced the recombination process in the
BSF material, as reported by Chen et al'®. Based on
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band diagrams (Fig. 7) and recombination rate Re
variation curves (Fig. 9), it seems that a combined
effect of the observed positive conduction band offset
(spike) at the CZTSe and CdS interface and the BSF
layer has provided high efficiency.

Back Surface Field Layer Effect on External
Quantum Efficiency

The external quantum efficiency (EQE) has been
calculated for the optimized CZTSe based solar cells
with and without BSF layer and plotted in Fig. 10.
According to the figure, the insertion of the BSF
layer has lead to an enhancement of the EQE with a
maximum value of 94.5% achieved on device with
the P*-CZTS BSF layer and to a slight redshift of
the absorption edge. The increase of EQE can be
attributed to a weak recombination loss deep in the
absorber layer and/or longer minority carrier diffu-
sion length®®.

CONCLUSION

An effective method to increase the V,. and the
PCE of CZTSe thin film based solar cells by
insertion of a back surface field (BSF) layer is
reported in this work. Solar cells with and without
BSF layer have been simulated using the SCAPS
program. First, the influence of all involved layers
on the CZTSe/CdS/ZnO conventional solar cell
performance has been investigated and analyzed.
The optimization of the CZTSe absorber layer, CdS
buffer and ZnO window layers has led to an
enhancement of the mean photovoltaic characteris-
tics, except the V. which has slightly decreased,
and provided the following output parameters:
PCE = 24.50%, Jee = 47. 732 mA/cm?,
FF = 80.478% and V,. = 0.639 V for ZnO, CdS and
CZTSe layer thicknesses closed to 0.02 ym, 0.02 um
and 1.5 um, respectively. Next, to boost the conven-
tional cell efficiency, three appropriated highly P-
doped materials, such as P*-CZTSe, P*-Cu,O and
P*-CZTS, have been applied and optimized. This
results in an improvement of all photovoltaic char-
acteristics. The highest output parameters
(PCE = 25.83%, Js = 51.04 mA/cm?, FF = 78.14%
and V,. = 0.646 V) have been achieved on the device
with P*-CZTS BSF material for ZnO, CdS, CZTSe
and P*-CZTS layer thicknesses closed to 0.02 um,
0.02 ym, 1.5 ym and 0.4 um, respectively. Addition-
ally, the generation rate Ge has not been affected by
the BSF layer within the absorber film, while the
recombination rate has decreased sharply at the
buffer/absorber and absorber/ BSF interfaces. Also,
the insertion of BSF layer has caused a slight
increase of EQE and a redshift of the absorption
edge in the long-wavelength region. Finally, accord-
ing to our results a combined effect of the observed
positive conduction band offset (spike) at the CZTSe
and CdS interface and the BSF layer has provided
high efficiency.
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