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Abstract: Alternative photo-sintering techniques for thermal annealing processes are used to improve
the morphology, layer properties, and enhance solar cell performance. The fast, nontoxic, low
cost, and environmentally friendly characteristics of CuyZnSnS, have led to its consideration as an
alternative potential absorber layer in copper indium gallium diselenide thin film solar cells. This
work investigates the photo-sintering process for the absorber layer of CuyZnSnS, solar cells. A
CuyZnSnSy layer was grown by hot-injection and screen-printing techniques, and the characteristics of
the photo-sintered CupZnSnSy layer were evaluated by X-ray Diffraction, Raman spectroscopy, Energy
dispersive X-ray analysis, Ultraviolet-visible spectroscopy, and field emission scanning electron
microscopes. Overall, the optimal composition was Cu-poor and Zn-rich, without a secondary phase,
estimated optical band-gap energy of approximately 1.6 eV, and enhanced morphology and kesterite
crystallization. Using an intensity pulse light technique to the CZTS layer, fabrication of the solar cell
device demonstrated successfully, and the efficiency of 1.01% was achieved at 2.96 J/cm?.

Keywords: CZTS solar cell; hot-injection; photo-sintering; Intense Pulse Light System

1. Introduction

Production of copper indium gallium diselenide (CIGS) solar cells is limited because
indium and gallium are facing supply shortages and cost increases from competition with
other manufacturing sectors, such as the display industry. In response to this, kesterite
materials using CupZnSnSey, CupZnSnSy (CZTS), and CupZnSn(S,Se)s have been evaluated
as potential alternatives for chalcopyrite absorber materials, given their similar device
structure to CIGS, with comparable cost reduction and increased production with the use of
naturally abundantly and non-toxic materials [1]. These CZTS absorbers are semiconduct-
ing with a large optical absorption coefficient of 104 cm ! and a direct band gap of 1.13 eV
for a high conversion efficiency of 12.6% [2], which allows for a layer with a thickness of a
few microns. CZTS is a p-type semiconductor material comprised of abundant materials,
lower toxicity, and good photovoltaic properties; as a result, kesterite crystals are potential
candidates for photovoltaic devices, especially for solar cells [3,4]. Generally, greater solar
cell performance requires optimal band gaps, high absorption coefficients, enhanced trans-
port properties, long carrier lifetime, improved doping, and respective conduction band
offset of the heterojunction interface [5,6].

CZTS is a p-type, I,-1I-IV-VI; quaternary compound semiconductor with a crystal
structure that consists of kesterite and wurtzite. Despite several advantages, the kesterite
structure has lower energy and stability. The crystal structure of CZTS is similar to that
of chalcopyrite CIGS, and the self-doped formation produces intrinsic defects such as
vacancies, antisite defects, and interstitial defects. A p-type CZTS semiconductor com-
monly occurs from CuZn antisite defects caused by the Cu-poor and Zn-rich status of
high-performance CZTS solar cells [7]. Additionally, specific CZTS synthesis is required
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because of harmful secondary phases that are quickly formed in nonstoichiometric growth
conditions, and the CZTS phase is an essential requirement for achieving high-efficiency
solar cells [8]. The optical bandgap of kesterite CZTS varies with deposition method. The
segregated secondary phases observed in the CZTS samples are CZTS, CTS, Cu,S, CuS,
SnS, 5nS;, and ZnS [9]. The CZTS phase is very complex, with narrow phase stability that
is not easy to control during synthesis [1].

Hot injection method has been used to synthesize various types of nanoparticles
(NPs) with different types of metal oxides and semiconductors. Non-vacuum fabrication
NPs of this method are inexpensive and easily combined with screen printing, which is
a promising technique because it is simple, fast, and can be applied over a large scale for
module production. This method can control the size, uniformity, composition, phase
formation, and morphology of NPs. The growth mechanism is dissolution of small crystals
and re-deposition of solvent on the surface of larger crystals. After introduction of a rapid
injection precursor solution, the concentration of nuclei and the particles grow quickly,
forming larger nuclei [10,11].

Thermal annealing is an important step during manufacturing, which significantly
affects the morphology, ameliorates the interface properties of the material, and eliminates
the recombination centers at the p—n junction interface [12-14], but some devices have
temperature restrictions of a few hundred degrees Celsius and cannot be applied. A
photo-sintering technique is an alternative thermal annealing process that is useful for
temperature-sensitive materials and restrictive energy demand for a thermal process. The
intense pulsed light (IPL) technique is flashlight sintering and photonic sintering that
use photosensitivity to enhance crystallization, increasing the grain size of the film via
small particles coalescence, and improving the junction interface state by transmission
of high-energy light for rapid thermal annealing of a large area [15]. Modification of the
chemical and solid states causes a sufficient heating change after a few milliseconds. The
IPL technique uses instantaneous heating by fast pulses, with a usual spectrum range of
190-1100 nm created by a xenon source. The applied voltage controls the energy density of
light that was transferred by electric to optical radiation of ultraviolet-visible (UV-vis) near
infrared light. The energy density can be changed by parameters of the IPL system such as
bank voltage, pulse number, pulse duration, pulse frequency, and number of repeats [16].

In this research, we demonstrated a photo-sintering technique as a potential candidate
to replace the conventional thermal annealing process of CZTS thin film devices. This
technique is adaptable for the flexible substrate and environmentally benign process, which
allows usage in broad applications. Using the hot-injection, screen-printing, and IPL, CZTS
NPs were applied to fabricate a photo-sintered CZTS thin film solar cell. With an energy
density of 2.96 ] /cm? sintering condition, a fabricated solar cell device exhibited the 1.01%
cell efficiency; this result demonstrates that light irradiation plainly sintered the CZTS film
and its potential usage as a new approach for making flexible solar cell devices.

2. Materials and Methods

CZTS NPs were prepared by hot-injection methods from the Schlenk line. The Cu,
Zn, and Sn sources were 0.133 mmol copper (II) acetylacetonate, 0.915 mmol zinc acety-
lacetonate, and tin (IV) bis (acetylacetonate) dichloride, respectively. The precursors were
dissolved in oleylamine under purging with nitrogen gas at RT three times. The sulfur-OLA
solution was heated to 60 °C and injected into a flask at 130 °C under nitrogen gas. This
reaction was maintained for 10 min, and then the temperature was increased to 225 °C for
30 min. After the finished process, the flask was cooled to RT, and NPs were washed with
hexane, isopropanol, and methyl alcohol. The solution was centrifuged at 8000 rpm for
5 min to separate the CZTS NPs and remove the solvent. The powder was dried under an
inflow of 4 sccm nitrogen gas.

To apply the CZTS NPs on the substrate, CZTS ink was formed by dispersion of CZTS
NPs in 1-hexanethiol at 200 mg/mL. The deposited CZTS thin film was dried at 80 °C for
10 min, followed by 150 °C for 5 min, and then the photo-sintering process was applied.
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The IPL system (PulseForge 3300, NovaCentrix; Austin, US) was used to perform the
photo-sintering process, and the CZTS films were irradiated with different bank voltages
while pulse duration was fixed for 1 ms. The preferential orientation and crystallinity of
the films were studied by X-ray diffraction (XRD) measurements. Also, the film surface
morphology was examined by an ultrahigh-resolution field emission scanning electron
microscopy (FE-SEM). A Raman study was conducted using an inVia Raman microscope
and a 50 mW air-cooled argon ion laser was used to excite the samples at 514 nm. The
UV-vis spectrophotometry was used to measure the optical properties at wavelengths from
200 to 1000 nm.

To fabricate a solar cell device, the photo-sintered CZTS film was deposited on the
Glass/Mo substrate using the CZTS ink. The film of CZTS was coated with the single-step
screen printing on the substrate using a doctor-blade with the thickness of 1.5 um. Figure 1
illustrates the coated CZTS thin films, which were treated by the IPL for rapid thermal
processing. The thin films absorbed the energy and the exposed areas resulted in a rapid
rise in temperature, heated locally. This led to the metal nanoparticle films undergoing
solid state and chemical modifications, becoming conductive bulk films. By controlling the
energy, the CZTS films were irradiated with an energy density of 2.82, 2.96, and 3.09 ] /cm?,
respectively. After irradiation, a CdS buffer layer was deposited on the CZTS layer using
a chemical bath deposition process. Radiofrequency (RF) magnetron sputtering formed
another buffer layer of intrinsic zinc oxide (i-ZnO) (50 nm) and a high-conductivity window
material of aluminum-doped zinc oxide (AZO) (500 nm). Finally, 500 nm of Al front contact
was deposited by a thermal evaporator, and the area of the 0.39 cm? solar cell device was
fabricated.

Xenon lamp
Intense pulsed light

direction of

photo-sintering

Figure 1. A schematic diagram of the intense pulsed light system.

3. Results and Discussion

The photo-sintered CZTS films have a large absorption wavelength range, as displayed
in Figure 2, from 400 to 1400 nm. An optical band gap results from the extrapolated value
hv in the x-axis at 0 of («hv)?, providing the corresponding 1.6 eV that was used for
the direct band gap materials. A strong absorbance was presented in the visible range,
and a tail extended to longer wavelengths in the infrared region. In the visible range,
CZTS has good absorption, indicating it as appropriate absorber layer of a photovoltaic
device [17]. The photo-sintering process influenced the material characteristics similar to
other studies [14,18,19].

Figure 3 demonstrates the surface of the as-deposited and photo-sintered CZTS films
at various conditions. The as-coated CZTS film had a porous morphology with a uniform
distribution of agglomerated grains and very small grains of several tens of nm. Generally,
as the grain size and crystallinity improved, the CZTS surface was rougher and had island-
like growth because of the increased bank voltage in the photo-sintering process. As
illustrated in Figure 3, when the IPL energy increased, the particle sizes of the CZTS film
also increased, which implies that crystallization occurred in the CZTS film. Increasing the
energy density, duration, or repeat times causes serious destruction to the CZTS layer, as
the high-energy density photo-sintered process causes peeling and cracking of the film.
This damage significantly affects cell performance; so, optimization of sintering condition
is necessary.
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Figure 2. UV-vis-NIR absorption spectra of the as-coated CZTS thin film and corresponding (chv)?
vs. hv curve.

As coated | 2.82 J/lcm?2

Figure 3. FE-SEM images of the CZTS thin film. (A) As-coated, sintered with light intensity of.
(B) 2.82]/cm?, (C) 2.96 ] /em?, (D) 3.09 J /cm?.

For the analysis of the sintering effect to the CZTS films, the XRD analysis was per-
formed. Figure 4 displays the XRD patterns of CZTS films at various treatment conditions.
As illustrated, the peaks of the (112), (200), (105), (220), and (312) planes, corresponded to
the kesterite structure and verified the presence of CZTS for as-coated along with photo-
sintered films [20,21]. As demonstrated in the figures, the broadening of the peaks in the
XRD analysis displayed small-sized particles and the films exposed to more energy tended
to have larger NPs sizes. Also, the XRD pattern broadening for the film demonstrates the
surface diffusion of NPs without changing its dimension. The intensity of the diffraction
peaks changes following increased energy photo-sintering application. The intensity of the
peaks indicating the (112) and (220) orientations present an improvement in crystallinity
of the CZTS thin films, which gradually increases at 2.82 J/cm? and decreases at higher
bank voltages of 2.96 J/ cm? and 3.09 J/cm?. This results in the transformation of the
compound ratio and crystal structure, similar to the FE-SEM and energy dispersive X-ray
analysis (EDX) results. The secondary phases consisting of ZnS, Cu,S, and CuzSnSy are
difficult to observe with XRD. As a result, Raman measurements of the CZTS thin film
after treatment were performed, as illustrated in Figure 5. Raman spectroscopy provided
a detailed analysis of the material compounds. The advantage of this measurement is
observation of secondary phases that influence the performance of the CZTS solar cells
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because of difficulty in band alignment or mismatch in structure. A 532 nm laser was used
to study the CZTS thin film at a range of 200-600 cm~!. The formation was determined on
the basis of one strong peak at 288 cm ™! and two weak peaks at 368 cm ™!, which closely
represent the kesterite CZTS structure in other reports, and the spectra did not indicate
any other characteristics peaks or secondary phases [22]. However, the main peak shifted
from 329.281 to 334.345 cm 1, and the decrease in FWHM from 28.837 to 13.318 indicates
improved crystallinity of the films with increasing energy application. The elemental
compositions of these films were obtained by EDS analyses, as summarized in Tables 1
and 2. The various treatment conditions of the CZTS thin samples present a Cu-poor and
Zn-rich composition with ratios of Cu/(Zn + Sn) and Zn/Sn, which are important for
improving inter-diffusion in the precursor and improving the optoelectronic properties for
high performance [23,24]. The dominant composition ratio occurs at 2.96 J/cm?. Increasing
the bank voltage changed the composition as well as the performance of CZTS solar cells.
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Figure 4. XRD patterns of photo-sintered CZTS thin films on molybdenum glass substrate.
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Figure 5. Raman spectrum of photo-sintered CZTS thin films on molybdenum glass substrate.
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Table 1. Raman analysis of photo-sintered CZTS thin films at the highest peak positions.

Condition Peak (cm™1) FWHM
As-coated 329.281 28.837
2.827]/ cm? 331.307 22.333
2.96 J/cm? 333.838 13.642
3.09 ]/Cm2 334.345 13.318

Table 2. Chemical composition and composition ratios.

Treatment Elemental Component (at%) Composition Ratio (at%)

Condition S Sn Cu Zn Cu/(Zn + Sn) Zn/Sn Cu/Sn S/Metal
As-coated 47.35 25.56 17.77 9.32 0.943 1.906 2.742 0.899
2.82]/cm? 47.88 24.7 16.24 11.18 0.900 1.452 2.209 0.918
2.96J/cm? 46.46 24.66 17.88 11.01 0.853 1.623 2.239 0.867
3.09]/cm? 47.54 23.01 16.98 12.46 0.781 1.362 1.846 0.906

To analyze the performance of the applied photo-sintered film, the solar cell device
was fabricated with the layer of Glass/Mo/CZTS/CdS/i-ZNO/AZO/Al. The overall
fabrication process is provided in Figure 6 and the photocurrent density versus voltage
(J-V) plot and performance of the photo-sintered CZTS solar cell are presented in Figure 7
and Table 3. The device with the photo-sintered CZTS film displayed a photovoltaic
response, which has an energy density of 2.96 J/cm?, and exhibited the efficiency of
1.01% with an open circuit voltage (Voc) of 0.214 V, short circuit current density (Jsc) of
5.913 mA/cm?, and fill factor of 32.789%. These results clearly indicate that the light
irradiation practically sintered the coated CZTS film. Using the sulfurized CZTS film, more
than 10% of the efficiency were reported [25-28]; therefore, further research on applying the
photo-sintering technique is required to replace the conventional thermal annealing process.
Wu et al. have demonstrated that the temperature of the annealing process for CZTS film
can affect the efficiency of the solar cell [29]. By controlling the light intensity and dosage,
a more optimized grain size can be achieved and this may lead to high efficiency of the
photo-sintered CZTS solar cell device.

Cds buffer layer
CZTS absorber layer CZTS absorber layer
Mo back contact Mo back contact Mo back contact

Glass substrate

Glass substrate

Printing CBD
by doctor-blade
Y RF Sputteringl
AZO AZO
| 1Zn0 T-Zno
CdS buffer layer CdS buffer dS buffe
absorber laye absorber laye CZTS absorber layer

oba ontac oba ontact Mo back contact

Glass substrate 4 | Glass substrate Glass substrate
erma

evaporation Sputtering

Figure 6. Schematic of the CZTS solar cell fabrication process.
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Figure 7. A J-V curve of the photo-sintered CZTS thin film solar cell.

Table 3. The measured performance of the photo-sintered CZTS thin film solar cell with CdS and
ZnS bulffer layers.

o Isc Fill Factor  Efficiency Rs
Condition Voc (V) (mA/cm?) (%) %) Rsh (Q0) (Qecm?)
2.96]/cm? 0.224 5.913 32.789 1.01 378.713 26.417

4. Conclusions

We have successfully demonstrated the photo-sintering technique for the CZTS thin
film solar cell. CZTS NPs were achieved by hot injection and a screen printing method
was used to apply the CZTS ink on the substrate. The photo-sintered CZTS thin film
displayed a kesterite structure through XRD measurement, and a Cu-poor and Zn-rich
composition for production of CZTS solar cells was also demonstrated. Raman spectrum
and FE-SEM images demonstrated that the morphology and crystallization were improved
after treatment. Finally, the fabricated solar cell device with photo-sintered CZTS thin
films achieved 1.01% cell efficiency at an energy density of 2.96 ] /cm?. The photo-sintering
technique by light irradiation proves to be an important sintering tool for replacing the
conventional thermal annealing process on the firm or flexible substrate with a fast and
nontoxic process. Although the fabricated device displays low efficiency compared to
the previous thermal sintering method, its advantages—fast processing time, low process
temperature, adoptable for large areas, and suitable for flexible substrate—can open paths
to various applications. The performance of the device can be enhanced by additional
analysis and optimization of surface roughness, different thickness, and photo-sintering
conditions of the CZTS layer. The analysis of photoluminescence spectra for reducing
recombination is also necessary.
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