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Abstract

CZTS (C-1/C-II) ultrathin films in 61 nm and 313 nm thicknesses were grown on micro-
scopic glass and n-Si wafer substrates via laser ablation, respectively. C-II ultrathin film
with higher thickness has a more developed crystal structure and consists of larger par-
ticles compared to C-I ultrathin film with reduced thickness. C-II ultrathin film absorbs
more photons and has a lower band gap. The photovoltaic performance of the produced
Ag/CZTS (C-1I)/n-Si/ Al solar cell is higher compared to the other solar cell-based C-I
ultrathin film. The more improved crystal structure of C-II ultrathin film has increased
the efficiency of the solar cell. The calculated photovoltaic parameters of the solar cells
modeled with the SCAPS-1D simulation program were found to be compatible with the
experimental parameters. This situation has proven that the operating performance of solar
cells is reliable.

Keywords: heterojunction solar cell; ultrathin film; CZTS; laser ablation; SCAPS-1D simulation

1. Introduction

CupZnSnS, (Copper Zinc Tin Sulfide) material, one of the second-generation solar
cells, attracts attention because it has p-type semiconductor electrical conductivity, a high
absorption coefficient (>10* cm~!), an adjustable band gap between 1 and 1.5 eV, and
environmental friendliness; it is also composed of elements that are abundant in the
environment [1-3]. These features of CZTS (CupZnSnS,) make it stand out compared to
CdTe (Cadmium Tellur) and CulnGaSe; (Copper Indium Gallium Selenide) solar cells,
which consist of toxic and expensive elements [4]. In general, CZTS second-generation
solar cells (SGSC) include Mo-(Molybdenum)/p-CZTS/n-CdS-(Cadmium Sulfide)/i-ZnO-
(intrinsic Zinc Oxide)/ITO-(Indium-Tin Oxide) thin film layers. However, these layers
are produced with different coating techniques and each layer goes through a long and
difficult production process. Cracks, pinholes, defects, and traps that can occur in thin films
due to environmental and production conditions during the deposition of many layers on
top of each other adversely affect the solar cell’s performance [5,6]. In addition, it contains
toxic Cd (Cadmium), an element which is dangerous to human health [7]. At this point,
n-5i (Silicon wafer) /p-CZTS solar cells have the advantages of ease of production, a short
production time, environmental friendliness, and stable film growth [8-11]. Moreover,
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since the crystal lattice constants of the CZTS material (a = 0.5427 nm/c = 1.0848 nm) and
the Si semiconductor (a = 0.5430 nm) are close to each other, the lattice mismatch between
the two semiconductors is low [12] and CZTS thin film can be produced epitaxially on
Si wafer [13]. Thus, the formation of interface states, dangling bonds, defects and traps
between the p-n junction is limited and more charge is accumulated at the boundaries of
the depletion region, thus increasing the V. (open-circuit voltage) and Js. (short-circuit
current density) values.

Solar cell modeling is performed using SCAPS-1D (One-dimensional Solar Cell Ca-
pacitance Simulator software) to determine and verify the operating performance of solar
cells [11,14]. A functional study can be carried out on the modeled solar cell PV (photo-
voltaic) performance depending on parameters such as the operating temperature, interface
defect density, acceptor /donor defect density, and Auger electron/hole capture coefficient.
While calculating the PV parameters of solar cells consisting of different layers, the effects
of the electrical, optical, and defect structures of the layers on the PV performance can be
revealed [15].

The PLD (Pulse Laser Deposition) technique was used to fabricate the CZTS/n-Si
heterojunction solar cell in this study. PLD is a very advantageous technique for the
stoichiometric transfer of multi-element complex materials and for the growth of qualified
epitaxial and crystalline, homogeneous ultrathin films under high-vacuum conditions. The
ultrathin films (with thickness below 500 nm) [15,16] with desired morphological, electrical,
optical, and crystalline properties can be produced by adjusting the laser wavelength,
fluency, pulse number, and background gas pressure [17-20]. In particular, epiaxial CZTS
ultrathin film growth on Si wafer with PLD is achieved with high success [16].

In this study, we ablated CZTS material with two different laser pulse numbers and
grew their ultrathin films. Ag/CZTS (C-I and C-II)/n-Si/ Al heterojunction solar cells
were produced with these two thin films whose morphological, crystalline and optical
properties were examined. The solar cells with measured PV parameters were modeled
using SCAPS-1D simulation software. The experimental and theoretical PV parameters for
two solar cells are compatible and the operating performances of the solar cells have been
verified. A simulation study has been carried out depending on the acceptor defect density
in the CZTS semiconductor, operating temperature, and interface defect density.

2. Materials and Methods

The laser beam (Continuum Minilite NdYAG laser; Electro-Optics, Inc.; Santa Clara;
CA; USA (1064 nm wavelength, 15 m] laser energy, 10 Hz repetition rate, 5 ns pulse width))
with two different laser pulse numbers ablated the CZTS sputtering target and the CZTS
species deposited separately on the microscopic glass and n-Si wafer substrates at room
temperature under 1 x 10~% mbar of vacuum pressure. A photograph of the plasma formed
by laser beam ablation is shown in Figure 1a. The procedure used to clean the substrates
was described in our previous study [16]. The CZTS ultrathin films produced with 2.400
and 12.000 laser pulse number are named C-I and C-II. Afterwards, these ultrathin films
were placed next to 50 mg of powder and annealed in a vacuum environment at 375 °C
temperature, as seen in Figure 1b.

Solar cell production stages: CZTS ultrathin films were grown on the shiny side of the
n-Si wafer (10 OQ).cm resistance/1 cm? area/(100)crystalline orientation/500 pwm thickness)
as mentioned above. Then, using the PVD technique, Al metal contact was deposited on
the matte side of the Si wafers and the annealing process was carried out. Finally, the
Ag/CZTS/n-Si/ Al solar cell structure shown in Figure 1c was formed by depositing Ag
finger metal contacts on the CZTS ultrathin films using a specially prepared mask.
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Figure 1. (a) Plasma photography of CZTS material ablated with laser beam. (b) Photo of CZTS
thin film to be annealed in quartz tube furnace. (c¢) Schematic view of Ag/CZTS (C-I/C-II) /n-Si/ Al
heterojunction solar cell.

XRD (X-ray Diffraction; Bruker AXS, Karlsruhe, Germany), HR-TEM (high-resolution
transmission electron microscopy; JEOL Ltd., Tokyo, Japan), a UVvis (ultraviolet—visible;
JASCO, V-670, Waltham, USA) spectrophotometer, and SEM (Scanning Electron Microscopy;
ZEISS, Oberkochen, Germany) analysis techniques were used to investigate the morpho-
logical, optical, and crystalline properties of the CZTS ultrathin films. Ag/CZTS/n-5i/Al
heterojunction solar cells were modeled by inputting the electrical and optical properties of
C-I and C-II ultrathin films into the SCAPS-1D simulation program. The reliability of the
photovoltaic values of the produced solar cells was verified by calculating the photovoltaic
parameters of Js., Voc, FF (Fill Factor), and # (power conversion efficiency).

3. Results and Discussion
3.1. Results

The crystal structure of C-I and C-II ultrathin films is shown in the crystal pattern
in Figure 2. The thin films are crystallized in (112), (200), and (220) orientations on
20 = 28°, 33°, 47° angles, respectively, and have a tetragonal and polycrystalline crystal
structure [21,22]. The C-I ultrathin film deposited with low laser pulse number has a weak
crystal structure. While the main peak intensity in the (112) orientation is very low, the
peak intensity of the (200) crystal orientation is high due to the low formation energy.
As the deposition rate of atoms ablated from the CZTS sputtering target that increased
with high laser pulse numbers, the atoms arranged more ideally, improving C-II ultrathin
film’s crystal structure and the intensity of the main peak increased significantly [23]. The
minority charge carriers in the more developed crystalline C-II ultrathin film are less likely
to recombine in defects and traps, resulting in higher charge lifetimes.

The ultrathin film crystallite size has been calculated using the Scherrer equation
(D = 0.94A/ Bcosf) [15]. D = crystalline size; B = the full width at half-maximum of diffrac-
tion peak; A = X-ray wavelength; § = Bragg diffraction angle. The calculated crystallite
sizes of C-1I and C-I ultrathin films are 22.25 nm and 7.34 nm (Table 1), respectively. Since
the enhancement in the laser pulse number augments the number of deposited atoms, the
high number of regularly arranged atoms causes an expansion in the crystal size [23].

Table 1. Thickness and crystal size values of C-I and C-II ultrathin films.

Ultrathin Films Thickness Crystal Size

C-1 61 nm 7.34 nm
C-II 313 nm 22.25 nm
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Figure 2. XRD pattern of C-I and C-II ultrathin film.

3.2. TEM and SEM Property

The HR TEM image in Figure 3 indicates that the CZTS ultrathin film has a devel-
oped crystal orientation. The space between the crystal orientations was determined as
0.31 nm [24]. SEM images in Figure 4a,b show that the particle sizes and numbers form-
ing the C-II ultrathin film are larger and denser than those of C-I. The number of atoms
deposited side by side and on top of each other, which increases with augmentation laser
pulse numbers, and this causes the atoms deposited on the substrate to combine with each
other, leading to an expansion in the particle size [15,16,25,26]. The ultrathin films are
composed of partially inhomogeneous particle. Since the number of deposited atoms is
higher and the particle size is large, the thickness of the C-II-ultrathin film is upward of
than that of C-1, and the thickness of C-II thin film is shown in the SEM cross section image

in Figure 3b.

Figure 3. (a) TEM and HR-TEM (insert square) images of CZTS ultrathin film and (b) SEM cross
section image of C-II ultrathin film.

The EDX Spectra in Figure 4 and Table 2 that show the elements” atomic weight ratios
that form the C-I and C-II ultrathin films. These ultrathin films are Sn and Zn rich, Cu
poor [27,28]. While CZTS sputtering targets are ablated with low laser energy, the amount of
Cu is slightly low in the ultrathin films due to the possibility of the laser fluency remaining
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below the Cu threshold value [27]. The amount of Sn was determined to be slightly
higher because the Sn element atoms diffused to the ultrathin film surface to evaporate
at the annealing temperature of 375 °C [29]. However, the ultrathin film’s stoichiometric
structure developed with the high in film thickness and a more ideal composition ratio was
approached.
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Figure 4. EDX spectra and SEM (insert square) images of (a) C-I and (b) C-II ultrathin films.
Table 2. The elements’ atomic weight ratios in C-I and C-II ultrathin films.
Samples Cu-(%) Zn-(%) Sn-(%) S-(%) Cu/(Zn + Sn) Zn/Sn S/Metal
C-I 11.20 17.34 32.60 38.78 0.22 0.53 0.63
C-II 19.54 15.78 18.23 46.45 0.57 0.86 0.86
3.3. Optical Property
C-II ultrathin film has higher photon absorption from UV to visible region compared to
C-1, in the absorption graph in Figure 5a. Since the C-II thin film consists of larger particles
and has a higher thickness, it absorbs a higher amount of photons and is darker in color
(insert square in Figure 5a). In contrast to this situation, C-I, which is more transparent in
color, has low photon absorption due to its low thickness [15,16]. The band gaps (Eg) of
C-I and C-II ultrathin films, which were found to be 1.95 eV and 1.45 eV from the energy
band graph obtained using the Tauc equation of (vchv)2 = A(hv — Eg) [15], respectively.
The high-photon absorbing C-II ultrathin film is in the lower band gap and has suitable
optical properties to employ as an absorber layer of solar cells.
4
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Figure 5. (a) Absorption spectrum (the photographs of C-I and C-II ultrathin film at insert square)
and (b) Tauc plot graphs of C-I and C-II ultrathin films.
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3.4. Modeling of Ag/CZTS/n-Si/Al Heterojunction Solar Cell and Calculation of Photovoltaic

Parameters Using SCAPS-1D Simulation Software

In this study, C-I and C-II solar cells were modeled and PV parameters were computed

by using SCAPS-1D [11,14] and the work steps in Figure 6a,b. The physical parameters

of C-I and C-II ultrathin film semiconductors in Table 3 were input into the program to

perform modeling. The absorption coefficients («) of ultrathin films were calculated using
o = 2303 x (%) equation [30,31] (A: absorption; W: thickness) and («) vs. wavelength
spectra were plotted in Figure 6c¢.

(a)

Sun
light

~4.5%x107
-
| 0X 7
g 4.0x 10
= 3.5% 107
g 7
'S 3.0x 10
§ 2.5% 107
(&)

= 2.0x 107
s 1.5x 107
s

9 1.0x 107
o]

< 5.0x 10°

0.0x 10°

250 350 450 550 650 750 850 950

Wavelength (nm)

(b)

Figure 6. (a) Ag/CZTS (C-II) /n-Si/ Al solar cell diagram; (b) working steps of SCAPS-1D simulation
program; (c) absorption coefficient spectra of C-I and C-II ultrathin film.

Table 3. The physical parameters of n-Si semiconductor, C-I and C-II ultrathin films.

Parameters of These Layers n-Si CZTS (C-I/C-ID)
Band Gap—(eV) 1.12 1.95/1.45
Electron affinity—(eV) 4.05 39
Dielectric permittivity—(relative) 11.7 7
Conduction band effective density of states—(cm—3) 2.80 x 10" 2.20 x 10'8
Valence band effective density of states—(cm—3) 1.04 x 10" 1.80 x 10"
Electron thermal velocity—(cm/s) 1.00 x 107 1.00 x 107
Hole thermal velocity—(cm/s) 1.00 x 107 1.00 x 107
Electron mobility—(cm?/Vs) 350 10
Hole mobility—(cm?/Vs) 450 26
Shallow donor density Np—(cm—3) 1.5 x 107 0
Shallow acceptor density No—(cm—3) 0 5.00 x 10%°
Defect type Donner Acceptor
Absorption coefficient SCAPS Absorption coefficients (Calculated)
Thickness 500 um 61/313 nm
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Comparative | — V curves of experimentally measured and theoretically calculated
PV parameters of C-I and C-II solar cells are given in Figure 7. Theoretical /experimental
PV data of these solar cells are presented in Table 4. The experimental/calculated data
are found to be somewhat close to each other, which shows that the solar cells operate
reliably [11,15,16,32]. According to the experimental parameters, the efficiency of the C-1I
solar cell is much higher than that of the C-I solar cell. The improved crystal structure of
the C-II thin film indicates that the number of grain boundaries and the number of traps
and defects in the CZTS thin film are lower. Therefore, since the lifetime of the minority
charge carriers in the C-II-ultrathin film is longer, charge transitions also occur easily. Thus,
the charge accumulation in the contact areas at the boundaries of the depletion region
increases, resulting in an enhancement in V. and Js. values. Some functional studies have
been carried out on C-II solar cells, and several such studies are described below.

V,. (V) vV, (V)
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
_0 1 ,’ 0
. (a) s (b)
- -0.3 0.4
£ -os E 0.6
< -0.7 <
E ., < -0.8
T’ - g _1-0
v —1.1
- — C-I (Exp.) 1.2 — C-II (Exp.)
-1.3 === C-I (Theor.) ~1.4 === C-ll (Theor.)
-1.5 -1.6

Figure 7. The experimental/theoretical ] — V characteristics of (a) C-I and (b) C-II solar cells.

Table 4. The calculated and experimental PV parameters of C-I and C-II solar cells.

Solar Cells Jsc (mA/cm?) Voc (mV) FF (%) n (%)
C-I (exp.) 1.34 300 32 0.16
C-1 (calc.) 1.36 305 40 0.17
C-II (exp.) 14.62 320 29 1.73
C-TI (calc.) 14.73 324 25 1.72

3.4.1. The Effect of Radiative Recombination Coefficient (B,) in CZTS (C-II) Ultrathin Film

The radiative recombination in CZTS (C-II) ultrathin film negatively affects the Js. and
Voc parameters of the solar cell. The electron in the conduction band emits a photon during
the transition without recombining with the change in the valence band, which is called
radiative recombination [33,34]. This phenomenon is an important factor establishing the
lifetime of the charges in the thin film. In the CZTS (C-II)/Si heterojunction solar cell, the
increase in the radiative recombination coefficient (B;) from 5 x 10712 cm3/sto 1 x 107>
cm? /s that deteriorated the solar cell performance as indicated in Figure 8a—d. While there
is no change in the parameters between Br =5 x 10712 cm3/s~1 x 1078 cm3/s, there is a
decrease in all PV values after B, =1 x 1078 cm3/s. Voo = 0.326 mV, Js = 14.72 mA /cm?,
FF = 24.89%,n =1.73 for B, =1 x 1078 cm3/s, while Vo = 0.239 mV, J¢. = 10.83 mA /cm?
FF =24.84%,1 = 1.073 for B =1 x 107° cm3/s.
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Figure 8. Vo, Jsc, FF and 1 parameters depending on (a—d) B; and (e-h) N; values.

3.4.2. The Effect of Defect Density (N;) at the Interface of CZTS (C-II) /n-Si Heterojunction

Defect structures that can occur at the interface of heterojunction solar cells can cause
the load carriers to recombine, resulting in a drop in PV performance [15]. In particular,
factors such as the SiOy layer that can form on the surface of the Si wafer, sagging bonds,
morphological disorders during CZTS thin film deposition, and the possibility of pinholes
and cracks can cause defect formation at the interface of the CZTS/Si heterojunction. There
was a decrease in the parameters (Jsc, Voc, 1) after Ne=1 x 1019 cm—3 in the change graph of
PV parameters depending on the N interface defect density in Figure 8e-h. Vo = 0.240 mV,
Jse = 11.75 mA /cm?, FF = 26.79%, ) = 1.09 for N = 5 x 10'% cm 3. The increase in N; led to
a significant decrease in the efficiency of the solar cell [35,36].

3.4.3. The Effect of Operating Temperature of Ag/CZTS (C-1I) /n-Si/ Al Heterojunction
Solar Cell

The temperature values of the environment where solar cells are accommodated have
an effect on the operating performance of the solar cell. As the operating temperature
augments, the kinetics of the charges in the semiconductor can enhance and exhibit un-
stable movements. This can cause current leakage and a higher in the saturated current.
Additionally, the decline in the band gap of the semiconductor with the increase in temper-
ature reduces the building voltage in the depletion region. This leads to a decrease in the
electrical field in the depletion region and a weakening of charge separation, and thus there
is a drop in the V. value. The graph in Figure 9a—d shows that the PV parameters decrease
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VOC (v)

J,c (mMA/cm?)

FF (%)

n (%)

linearly as the temperature rises from 260 K to 340 K. When the temperature reaches 260 K
to 340 K, Vo, Jsc, FF and 1) that decreases from 0.330 mV to 0.322 mV, from 15.22 mA /cm?
to 14.30 mA /cm?, from 24.97% to 24.88% and from 1.80% to 1.65%, respectively. These
results show that the solar cell is negatively affected by temperature and needs a cooling

mechanism.
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Figure 9. Vi, Jsc, FE and n parameters depending on (a-d) operating temperature and (e-h) N, values.

3.4.4. The Effect of the Shallow Acceptor Defect Density (N,) in CZTS (C-II) Ultrathin Film

The acceptor/donor defect density is a factor that determines the electrical conductiv-
ity of a semiconductor. The density of acceptor defects (N,) can cause the charge carriers
to recombine. Especially, the increase in the N, value of a p-type CZTS semiconductor
containing an electron minority charge carrier can cause more recombination for electrons.
Therefore, CZTS thin film includes minority charge carriers whose lifetime is limited, mean-
ing that the charge accumulation in solar cell decreases and the operating performance
is negatively affected by this situation [37]. According to Figure 9e-h, there was no sig-
nificant difference in the operating performance of the solar cell for values lower than
N, =5 x 10" cm 3. As this N, value increases, so does the hole charge number increment.
Therefore, the lifetime of the active layer is reduced and the solar cell efficiency decreases
due to the recombination of the hole/electron charges within the CZTS ultrathin film. Here,
the efficiency of the solar cell for N, =5 x 1015 cm 3 has been verified. When the N,
augments from 5 x 10 ecm 3 to 1 x 10 em™3, Vi, Jse, FF and 1 decrease from 0.324 mV
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to 0.094 mV, from 14.73 mA /cm? to 3.66 mA /cm?, from 25% to 24% and from 1.72% to
0.12%, respectively.

4. Conclusions

In this study, the PLD system was used to produce CZTS ultrathin films with 61 nm
and 313 nm thicknesses. The crystalline sizes of C-I and C-II ultrathin films are 7.34 nm
and 22.25 nm, and their band gaps are 1.95 eV and 1.45 eV, respectively. C-I and C-II thin
films are Sn-rich and Cu-poor. Ag/CZTS (C-1, C-1I)/n-Si/ Al heterojunction solar cells were
fabricated and the SCAPS-1D simulation program was employed to model these solar cells.
The efficiency of the C-II solar cell is considerably higher than that of the C-I solar cell. The
PV parameters calculated as a result of using the physical parameters of the semiconductors
in the simulation program are in good agreement with the experimental parameters, which
shows that the solar cells operate reliably. Js., Voo, FF, and 1 values of C-II solar cells (at
highest efficiency) were calculated as a function of the radiative recombination coefficient,
operating temperature, interface defect density, and acceptor defect density and thus the
possible values of these parameters were determined.
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Abbreviations

CuyZnSnSy Copper Zinc Tin Sulfide.

CulnGaSe; Copper Indium Gallium Selenide.
CdTe Cadmium Tellur.

CdS Cadmium Sulfide.

I-ZnO Intrinsic Zinc Oxide.

ITO Indium-Tin Oxide.

SGSC Second Generation Solar Cells.

Si Silicon.

SCAPS-1D One-dimensional Solar Cell Capacitance Simulator.
Jsc Short-Circuit Current Density.
Voc Open-Circuit Voltage.

FF Fill Factor.

n Power Conversion Efficiency.

Ag Silver.

Al Aluminum.
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C1 Copper Zinc Tin Sulfide -1.

C-II Copper Zinc Tin Sulfide -2.

PLD Pulse Laser Deposition.

SEM Scanning Electron Microscope.
HR-TEM High-Resolution Transmission Electron Microscopy.
XRD X-ray Diffraction.

UVvis Ultraviolet-visible.

eV Electron Volt.

nm Nanometer.

o Absorption coefficient.

W Thickness.

A Absorbance.

B: Radiative Recombination Coefficient.
PV Photovoltaic.

N Interface Defect Density.

K Kelvin.

Na Shallow Acceptor Defect Density.
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