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Quaternary CuyZnInS4-x (CZIS) thin films have been prepared by a facile and cheap sol-gel spin coating
technique. Low-temperature solution-based methods were used to fabricate a heterojunction solar cell in
the superstrate architecture with CZIS thin film as the absorber, vertically aligned ZnO nanorod arrays, and
CdS as the window and buffer layers respectively. ZnO nanorod arrays were prepared by hydrothermal
technique and nanocrystal layer deposition technique were employed for the deposition of CdS-coated ZnO
nanorod arrays. CZIS absorber layer was spin coated on the CdS-coated ZnO nanorod arrays and annealed at
different temperatures. The vertically aligned ZnO nanorod arrays, and uniformly distributed CdS shell layer
were confirmed from morphological studies. The device had a final configuration of Glass/ITO/ZnO NRs/CdS/
CZIS/Ag. HRSEM revealed a nanoflake-like morphology and a band gap between 1.5 and 1.77 eV for the CZIS
thin films. CZIS superstrate solar cell had a power conversion efficiency of ~ 0.61%, an open circuit voltage of
~ 0.8V, a short circuit current of ~ 0.95 mA cm™2 and a fill factor of ~ 61.35%. This method demonstrates a
novel, facile and eco-friendly technique for synthesizing nanocrystalline CZIS thin films with promising
photo response from the fabricated device indicating a proof of principle that this material can find ap-
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plication in solar cells.
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1. Introduction

Due to increase in the world’s population and the relentless en-
ergy demand and consumption, the fabrication of inexpensive, en-
vironmentally friendly, and photovoltaic devices with high efficiency
have received considerable attention from the photovoltaic research
community for developing clean, and sustainable energy technolo-
gies. Among the various types of photovoltaic devices that have been
studied in recent years, inorganic chalcogenide semiconductor ma-
terials when compared to silicon have tunable direct bandgaps and a
high absorption coefficient that allows the conversion of 90% of the
incident sunlight into electrical energy within a layer of few mi-
crometers [1,2]. CdTe and CIGS are among the most successful in-
organic thin film solar cells, with efficiencies of over 20%. However,
they are hampered by the fact that the method involved in the
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production is highly expensive thereby hindering their scalability
[3-7]. In the last decades, studies have shown that Cu,ZnSnS, (CZTS)
and its alloy Cu,ZnSn(SxSeq-x)4 are low cost potential replacement/
substituent to CdTe /CIGS based thin films solar cell. The reason
being that their constituent elements are readily available, non-
toxic, exhibit p-type conductivity, and have strong optical absorption
of greater than 10* cm™ in the electromagnetic spectrum visible
region. In addition to the above, they have tunable direct bandgaps
of 1.1-1.5 eV and high theoretical efficiency (32%) suitable for pho-
tovoltaic applications [7-13]. Ito and Nakazawa [ 14] were the first to
fabricate a CZTS heterojunction diode by vacuum sputtering method.
Several other researchers have fabricated CZTS/CZTSSe thin films by
numerous methods such as sol gel spin coating, microwave, hot
injection, electrodeposition, hydrothermal, spray pyrolysis, pulsed
laser ablation, ultrasonic spray pyrolysis, thermal evaporation and
sputtering [4,14-22]. Due to several benefits including low-tem-
perature processing, decreased energy usage, simplicity of control-
ling the doping, stoichiometry, and deposition conditions, the sol-gel
technique has been employed extensively among the aforemen-
tioned methods. Additionally, it is a low-cost method that is ideal for
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large-scale applications and emits less pollutants [23,24]. Despite
reasonable research progress made on CZTS/CZTSSe the highest ef-
ficiency is still stalled at<13%. It is a general consensus among
kesterite researchers that the major factors causing the under-
performance is the large open-circuit current voltage deficit, V¢
(600 meV) with respect to the theoretical maximum ( i.e. the band
gap, E,, divided by the electron charge) which is much larger than
400 meV of CIGS-based solar cells [25]. Thus, the search for sus-
tainable and affordable energy generation materials is still ongoing
and a possible proposed approach to address the issue without
having to sacrifice energy conversion efficiency is by partially sub-
stituting In with Zn [26]. In 2016, Ghosh et al. [26] developed a novel
family of quaternary semiconductor Cu,ZnAS,-x and CuZn,AS, (A =
Al, Ga, In) nanocrystals and they were able to demonstrate that their
novel nanomaterials possess the prerequisite optical properties for a
material to be used as a cost effective and non-toxic absorber layers
in photovoltaic applications. There is therefore no doubt that more
novel materials will soon be developed as preparation technology is
being continuously improved.

Majority of CZTS photovoltaic devices are fabricated with the
architecture of Mo/CZTS/buffer/metal oxide nanostructures/metal
electrodes and it has been shown that these configurations has some
shortcomings such as metal oxide deterioration due to the thermal
instability of the absorber layer which leads to the creation of the
buffer interfaces and additionally, during heat treatment, there is
usually an erosion reaction between CZTS and Mo back contact, as
well as surface instability of CZTS. To address the aforementioned
issues, one possible solution is to incorporate a superstrate structure
in the solar cell, in which the metal oxide is directly deposited on the
substrate preceded by annealing at a high temperature to prevent
direct contact between CZTS and the conducting substrate [27]. The
superstrate configuration is crucial for stability because a natural
encapsulation and shielding of the window layer from the outside
environment is provided by light entering the cell from the substrate
side [28]. Combining the advantages of nanostructures with a thin
film has been shown to improve the performance of thin film solar
cells [2] and metal oxide nanostructures due to their controllable
dimensions and aligned morphologies have been shown to provide a
more effective charge generation, collection, and transfer due to the
large junction area and the short collection distance to the interface.
Several metal oxide nanostructures such as SnO,, TiO,, and ZnO have
been widely used as photoanodes in quantum dots or dye-sensitized
solar cells and bulk heterojunction solar cells [29]. Zinc oxide (ZnO),
due to its large family of nanostructures is the most widely used and
the most appropriate candidate for window layers in a superstrate
solar cell because of its large optical band gap (3.30 eV), large exciton
binding energy (60 meV) at room temperature and cheap cost
[28,30]. In comparison to traditional spherical particles, vertically
aligned ZnO nanorods enhances trapping of light in solar cells by
increasing the diffuse reflection in between the nanorods thereby
facilitating the separation of photogenerated charge carriers by fa-
cilitating charge transport along the axis of the nanorods which ef-
fectively reduces the recombination loss that originates from the
particle-boundary electron hopping or scattering [28,31]. There are
only a few studies in the literature on heterojunction superstrate
solar cells employing metal oxide nanostructures. In 2012, Chen
et al. [32] developed a solar cell with superstrate architecture of FTO/
TiO,/In,S3/CZTS/carbon entirely by a non-vacuum process and the
solar cell had a short-circuit current density, open circuit voltage, fill
factor and photovoltaic efficiency of 8.76 mA cm™, 250 mV, 0.27%
and 0.6% respectively. Lee and Yong [29] prepared solution-based
Cu,ZnSnS, superstrate solar cell with the configuration CZTS/CdS/
ZnO NR by using a vertically aligned ZnO nanorods and the device
exhibited a maximum power conversion efficiency of 1.2% and a fill
factor of 0.438. Berruet et al. [18] have achieved an efficiency of
3.53% using electrodeposition technique for a CZTS superstrate solar
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cell with the architecture of FTO/ TiO,/In,Ss/Cu,ZnSnS4/graphite.
Ghosh et al. [2] combined hydrothermal, chemical bath deposition
and spin coating assisted route for a Cd free kesterite Cu,ZnSnS, thin
film superstrate solar cell with the configuration ITO/ZnONR/ZnS/
CZTS/Au and achieved a maximum power conversion efficiency of
3.63%. This is the highest efficiency ever reported for a metal oxide
nanostructured superstrate CZTS solar cell.

In the present study, we have fabricated polycrystalline
CuyZnInS4-x (CSIZ) thin films for the first time by a facile and an
inexpensive sol-gel spin coating method. The effects of annealing
temperature on the crystal structure, surface morphology and op-
tical properties were also investigated. The window, buffer and ab-
sorber layer were all deposited by low temperature solution-based
technique and a superstrate solar cell device was fabricated based on
CZIS/CdS heterojunction with vertically aligned zinc oxide nanorod
arrays. Sulfurization and selenization processes were avoided to
prevent the oxidation and diffusion of CdS and the degradation of
the ITO that may arise during the device fabrication processes.

2. Experimental details
2.1. Materials

Acetone (C3HgO, 99.8%), copper (II) chloride dihydrate (CuCl,, >
99.99% trace metal basis), ethanol (C,HsOH, 99.8%), hexamethyle-
netetramine (HMT) ((CH;)sN4, ACS reagent > 99.0%), indium (III)
chloride (InCl3, 98%), isopropanol (CHsCHOHCH3, 99.5%), 2-meth-
oxyethanol  (CH30CH,CH,OH, anhydrous, 99.8%), mono-
ethanolamine (HOCH,CH,NH,, purified by redistillation, > 99.5%),
thiourea (CH4N,S, 2 99%), zinc acetate dihydrate (Zn(NOs),.6 H,0,
98%), zinc chloride (ZnCl,, 98%), zinc nitrate hexahydrate (Zn
(N03),-6 H,0) were purchased from Merck, Johannesburg, South
Africa. The chemicals and solvents were used exactly as received
with no further purification.

2.2. Preparation of vertically aligned ZnO nanorod (NR) arrays

Vertically aligned ZnO nanorod arrays was grown on a patterned
indium tin oxide (ITO) coated glass substrates of sheet resistivity of
20 Q/sq and size of 20 mm x 15 mm by hydrothermal synthetic
route. Prior to the hydrothermal deposition, the patterned ITO glass
substrate was cleaned ultrasonically in succession with 2%
Hellmanex solution, acetone, ethanol, and isopropanol for 20 min
each. Finally, the ITO coated substrates were dried by blowing with
nitrogen. ZnO seed layer was synthesized from zinc acetate dihy-
drate, 2-methoxyethanol (solvent) and monoethanolamine (stabi-
lizer). The method of Ghosh et al.[2] was used for the growth of ZnO
nanorods with little modification. Firstly 0.5 M zinc acetate dihy-
drate was dissolved in a mixture of 0.5 M monoethanolamine and 2-
methoxyethanol. Then, the resulting mixture was stirred at 60 ¢ C for
2 h until a clear and transparent homogeneous solution was formed.
Finally, the solution was aged for 24 h at room temperature. After-
wards 100 pL of the solution was spin coated on the ITO substrate at
3000 rpm for 30 s using a spin coater. The as deposited thin film was
heated on a hotplate at 200 °C for 30 min to remove the solvent. To
increase the thickness, the spin coating and drying process were
repeated three more times to achieve the desired thickness. After the
formation of the seed layer, ZnO nanorod arrays were formed by
suspending the ZnO seed layer upside-down in a 20 mL glass vial
filled with an aqueous solution of 50 mM zinc nitrate hexahydrate
and 50 mM hexamethylenetetramine (HMT) heated at 90 ¢ C for 4 h
and then rinsed with deionized water and ethanol for 1 min and
blow dry with nitrogen then placed on a hotplate at 250 ¢ C for
10 min.
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2.3. Cadmium Sulphide (CdS) deposition on ZnO nanorod arrays

The nanocrystal layer deposition (NCLD) method was employed
for the deposition of CdS on ZnO surfaces as reported by Lee and
Yong [29]. The ZnO nanorods coated ITO substrates were immersed
in a mixed aqueous precursor solution containing an equal amount
of 20 mM CdCl, and 20 mM thioacetamide for 50 min at room
temperature. After 50 min the samples were taken out and cleaned
several times with distilled water and dried in air.

2.4. Photovoltaic device fabrication

To fabricate the heterojunction in a superstrate configuration,
CZIS light absorber layer was coated on CdS-coated vertically aligned
ZnO nanorod arrays by sol-gel spin coating technique. Ghosh et al.[ 2]
with little modification was used for CZIS sol gel preparation. The sol
gel was prepared by dissolving 0.4 M copper (II) chloride dihydrate,
0.2 M zinc chloride, 0.2 M indium (III) chloride and 2.4 M thiourea in
2-methoxyethanol and few drops of monoethanolamine was added
as a stabilizer. To compensate for sulfur loss during the process of
annealing, excess thiourea was used. The reagents were added in
sequence and stirred at 50 °C for 1 h. A clear transparent sol-gel was
obtained after one hour and it was spin coated on the CdS-ZnO
nanorod arrays at 1500 rpm for 30 s and placed on a hot plate at
150 °C for 10 min to remove any unwanted solvent. After drying at
150 °C, it was transferred immediately to an already preheated
hotplate at 250 °C and was annealed for 10 min. The spin coating,
preheating and processes of annealing were repeated 3 times to
achieve a thickness of between 800 nm and 1.00 pm. The solar cell
devices were completed by carefully painting a silver paste across
the ITO fingers and the top of the superstrate structure. After
painting the Ag paste, the cell was placed on a hotplate at 100 °C to
dry the paste. For CZIS thin films the annealing was done at 150, 250
and 350 °C respectively. Fig. 1 shows the schematic representation of
fabricating the superstrate CZIS solar cell.

3. Characterization

X-ray Diffraction (XRD), Raman scattering, high-resolution
scanning electron microscopy (HRSEM), energy dispersive X-ray
spectroscopy (EDX) and UV-visible spectroscopy were used to
characterize the thin films. The XRD patterns of CZIS, ZnO nanrods
and CdS coated ZnO nanorods thin films were taken with a D8
Advance Multipurpose X-ray Diffractometer (BRUKER AXS, Berlin,
Germany) with Cu-Ka radiation at a wavelength of 1.5406 A fitted
with a Lyn-Eye detector. The patterns of the XRD were collected from
15 to 70 (260) with a typical step size of 0.034 ° in 26 and an effective
time of 92's per step. Raman spectra of the CZIS thin films were
performed using Xplora Olympus BX41 Raman Spectrometer
(Horiba, Tokyo, Japan) with a 532 nm laser as the excitation source.
Optical absorption spectra of CZIS thin films, ZnO nanrods and CdS
coated ZnO nanorods thin films were obtained using Varian Cary 300
UV-Vis-NIR spectrophotometer (Agilent, Santa Clara, CA, USA) in the
wavelength region of 300 - 900 nm at room temperature. The
morphological and elemental analyses of CZIS, ZnO nanrods and CdS
coated ZnO nanorods thin films were performed with Auriga Field
Emission Scanning Electron Microscope (FESEM) fitted with an
Energy Dispersive X-ray Spectrophotometer (EDS) from Carl Zeiss
Microscopy GmbH (Jena, Germany), which is operated at an accel-
eration of 200 kV. Current-voltage characterization of the hetero-
junction devices were measured with Ossila XTRALIEN X200 Source
Measure Unit (Ossila Ltd, Sheffield, United Kingdom) using an illu-
mination of AM 1.5 G, 100 mW cm™ provided by a solar simulator
(Sciencetech Inc., London, ON, Canada).
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4. Results and discussion

The XRD pattern of the novel Cu,ZnInS,—x (CZIS) annealed at 150,
250 and 350 °C are presented in Fig. 2(a). To analyze the thin film for
XRD, the precursor salts were spin coated on ITO substrate and an-
nealed at different temperatures. All the films displayed peaks at 260
equals 28.05 °, 32.85 °, 46.5 ° and 55.7 ° corresponding to (112),
(200), (220) and (312) crystallographic planes of the kesterite crystal
structure. At all the temperature studied the XRD pattern is con-
sistent with the CZTS kesterite phase (JCPDS no-00-26-0575). This
findings agrees well with similar reports on CZTS absorber [24]. The
other observable peaks correspond to the ITO substrate. There are no
observable peaks due to the precursor or impurity secondary phases.
The substitution of Sn (0.69 A) with In (0.80A) did not alter the
tetragonal crystal structure arrangement although the peaks have
shifted slightly to the left. This is because the ionic radius of In is
higher than that of Sn so it therefore increases the lattice constant
leading to a shift in the diffraction peak to a lower angle [33,34]. The
average crystallite size is calculated from Scherrer formula rela-
tion [11,35].

thl = k/l/ﬁ cos6 (1)

where k is a constant (0.94), 1 is the X-ray wavelength (Cu K-
a=15406 A), p is the full width at half maximum (FWHM) of the
diffraction peak (112), and @ is the position of the peak. The average
crystallite size calculated from the most intense (112) peak of the
XRD pattern at 150, 250 and 350 °C is about 15.0, 19.4 and 22.6 nm.
Interplanar spacing and the lattice parameter of CZIS at different
temperatures was calculated using Bragg's equation for tetragonal
lattice [11,35,36].

na = 2dsind (2)
R N G
dgg @ @ (3)

n is the order of diffraction, 4 is the incident x-ray’s wavelength, d is
the interplanar spacing, 9 is the position of the peak, hk,l are the
miller indices and q, c are the lattice parameters. The interplanar
spacing of the most intense peak (112) at 150, 250 and 350 °C were
found to be 0.3178 nm, 0.3147 nm and 0.3162 nm respectively. The
interplanar spacing increases and then decreases with an increase in
temperature. The lattice parameters a were calculated to be 5.487,
5.540 and 5.484 A at 150, 250 and 350 °C while the c values were
estimated to be 11.090, 10.598 and 10.911 A respectively. The ob-
tained values agree well with what has been found in the literature
for kesterite CZTS crystal structure [37-39].

Tetragonal distortion (deviation of ¢/2a from 1) is an important
parameter in tetragonal structures and it is vital for electronic
properties of materials. ¢/2a values obtained for CZIS nanocrystals at
150, 250 and 350 °C is 1.0024, 09562 and 0.9948. It decreases with
an increase in temperature. The higher the temperature the more
tetragonal structure CZIS assume. These values agree well with what
has been reported for tetragonal CZTS crystal structure in the lit-
erature [37-39]. The number of dislocations in a unit volume of a
crystalline material (dislocation density) is calculated from the
Williamson and Smallman'’s relation [11,35].

1

D2 (4)
The strain of the thin film can also be measured using the rela-
tion [11,35].
= B coto

=72 (5)
where 6 is the dislocation density, ¢ is the strain, D is the crystallite

size, B is the FWHM of the most intense diffraction peak, ¢ is the
corresponding Bragg’s angle of the thin films. Table 1 shows the

S =
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Energy (eV)

Fig. 1. Schematic representation of fabricating a superstrate CdS-coated ZnO nanorods copper zinc indium sulfide (CZIS) thin film solar cells and the completed solar structure.
Inset - Photographs of (1) ZnO seed layer (2) ZnO NRs (3) CdS-coated ZnO NRs & (4) CZIS coated on CdS-coated ZnO NRs.

. —— CZIS350
* —— CZIS250
) o —— CZIS150
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Intensity (a.u)

2 Theta (degree)

Fig. 2. (a) XRD patterns (b) Raman spectra of copper zinc indium sulfide at 150, 250
& 350°C.

structural parameters of CZIS thin films at 150, 250 and 350 °C. One
of the most significant unfavorable factors affecting structural
properties that can result from geometric mismatch at the bound-
aries between crystalline lattices of films and substrates is stress.

These stresses have the potential to cause microstrains (e) in the
films. A crystal defect known as a dislocation occurs when the lattice
in one area of the crystal is misregistered with that in another area.
Crystallographic defects or dislocation disrupt the regular patterns
[40]. The dislocation density and the microstrain in the CZIS thin
films decreases with an increase in the annealing temperature in-
dicating that as the temperature increases, there is a decrease in
lattice imperfection and stress in the CZIS thin films resulting in the
formation of a good crystalline structure at higher annealing tem-
perature. The higher the crystallite sizes, the fewer the grain
boundaries, the lower the dislocation density and micro-
strain [11,35].

Raman spectroscopy is a complimentary technique to XRD that is
used to rule out the presence of secondary phases in the synthesized
nanocrystalline materials or films. Fig. 3 shows the Raman spectra of
CZIS thin films at 150, 250 and 350 °C. At 150 °C, CZIS thin film show
most intense vibrational peaks at 340cm’!, broad peak at
280-320cm™! and a weak peak at 249 cm ™!, at 250 °C, CZIS thin film
show most intense vibrational peaks at 340cm™, a broad peak at
290-320cm™! and a weak peak at 260 cm™! while at 350 °C, CZIS
thin film show major vibrational peak at 337 cm™!, a broad peak at
296cm™}, 320cm™! and a weak peak at 260 cm™!. The peaks at
337-340cm™! corresponds to the pure anion mode of sulfur atom
vibrations in CZTS kesterite lattice. The weak peaks at 245-260 cm™!
can also be assigned to CZTS [41-43]. The broad band at
280-320cm™ for 150 and 250°C and the peaks at 296cm™,
320 cm™! for 350 °C could be attributed to tetragonal Cu-In-S phase
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Table 1
Structural analysis of X-ray diffraction pattern for copper iron indium sulfide at 150, 250 and 350 °C.
Temp (°C) Crystal 20 Lattice parameters (A)  Unit Cell Volume Interplanar distance, Crystallite size, FWHM Dislocation Strain e
structure V(A) dpt (A) Dpiq (nm) A (deg) density 5
(10" line m™2)
a=b c
150 Kesterite 28.141 5.487 11.090 333.888 3.179 15.00 0.5530 4.440 0.5516
250 Kesterite 28.340 5.540 10.598 325.250 3.150 19.40 0.4267 2.660 0.4225
350 Kesterite 28.200 5.484 10911 328.140 3.162 22.60 0.3663 1960 0.3646
probability of transition, which depends on whether the optical
CZIS 150 - transition is direct or indirect. The value of n is 0.5 for direct band
m— CZIS 250 E gap semiconductor materials with allowed direct transition. The
m— CZIS 350 = optical band gap can be calculated through the extrapolation of the
(3e}

Intensity (a.u)

240 260 280 300 320 340 360 380
Raman shift (cm'l)

Fig. 3. Raman spectra of copper zinc indium sulfide at 150, 250 & 350 °C.

with a considerable copper deficiency [44]. This shows that in ad-
dition to the tetragonal CZTS kesterite phase, there also exist tetra-
gonal Cu-In-S phase in our prepared thin films.

Fig. 4(a), (c) and (d) shows the HRSEM images of CZIS thin films
annealed at various temperatures (150, 250 and 350°C). At all
temperatures the films are composed of a homogeneously dis-
tributed nanoflake like grains. The energy dispersive x-ray spectro-
scopy of the films as shown in Fig. 4(b), (d) and (f) confirms the
presence of copper, zinc, indium, and sulfur. At 150 °C, the percen-
tage atomic composition of Cu is 17.69%, Zn is 8.56%, In is 44.07% and
S is 29.68%, at 250 °C, the percentage atomic composition of Cu is
18.6%, Zn is 8.53%, In is 47.06% and S is 25.82% while at 350 °C, Cu is
22.19%, Zn is 9.51%, In is 35.17% and S is 33.13%. All the thin films are
slightly Cu rich, In rich and S poor. Irrespective of the annealing
temperature used, the In concentration was more than that of Zn for
all the CZIS thin films, which deviates from stoichiometry. This may
be attributed to the chemical reactivity and different reaction rates
of the chloride precursors in the solvents employed in the precursor
solution [45,46].

The UV-visible absorbance spectra of CZIS at different tempera-
ture over the range of 350-1000 nm is presented in Fig. 5a. CZIS thin
films show high absorption in the visible region showing their po-
tential as photovoltaic absorber in solar cell applications. The ab-
sorbance increases with an increase in annealing temperature. The
band gap of the CZIS films annealed at different temperatures were
evaluated using Tauc’s relation [28,47,48].

A(hv — gy
*= hv (6)

where E, is the energy band gap, « is the absorption coefficient, A is a
constant, and hv is the incident photon energy, and n is the

linear part of the plot of (ahv)? against hv in the high absorption
range and finding the intercept on the x-axis [28,47,48]. The optical
band gap of CZIS thin films in Fig. 5b is the value of the intersection
point with the x-axis and it was estimated to be 1.50, 1.65 and
1.77 eV respectively. There is an increase in the optical band gap with
a decrease in the annealing temperature. The average grain size and
the existence of numerous CZTS phases in the films are the two most
important factors influencing the band gap of CZTS films. As a result,
the decrease observed with an increase in annealing temperature in
the optical bandgap of CZIS thin films may be ascribed to an increase
in the average grain size and presence of secondary phase as con-
firmed by Raman spectroscopy analysis [49,50]. This value is com-
parable to what has been reported for Cu,ZnInS4— using the hot
injection method [26]. The obtained band gap values are comparable
to what has been reported in the literature for CZTS and are suitable
for solar cell applications [51-54].

The thin film’s refractive index determines the possibility of total
internal reflection within the solar cells [11]. The refractive index of
CZIS thin films at different annealing temperature is calculated by
the Moss relation [40].

Egn* =k (7)

where Eg is the band gap, n is the refractive index and k has a con-
stant value of 108 eV [11,55]. The dielectric properties of a material
refer to its ability to obstruct electron movement when polarized by
an external electric field. To build effective solar cells, semi-
conducting materials with appropriate refractive index and di-
electric constants are required since they are major determinant in
the optical and electrical properties of the thin films [11,40]. The
high-efficiency dielectric constant (e.) of CZIS thin films was de-
termined by the relation [40].

o = N2 (8)

The static dielectric constant e, for the CZIS thin films is calcu-
lated using the equation [40].

g = 18.52 — 3.08E, (9)

The band gap, refractive index and dielectric constant parameters
of CZIS thin films annealed at 150, 250 and 350 °C are shown in
Table 2. The obtained values are closely related to what has been
reported for CZTS in the literature indicating that CZIS thin films
have the appropriate optical properties required for the develop-
ment of efficient solar cells [11,40].

The morphological features of ZnO nanorods were characterized
by high resolution scanning electron microscopy as shown in Fig. 6.
It can clearly be seen from the cross-sectional area of the HRSEM
images that the ZnO nanorods aligned well and grow vertically on
the ITO substrate. Image ] software was used to calculate the dis-
tribution of the diameter and the length of the nanorods, and it was
found to be in the range of 70-140 nm and 675-975 nm respectively.
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Fig. 4. SEM images and EDS plot of CZIS thin films 150, 250 & 350 °C.

The thickness of the nanorods as calculated from the cross-sectional
area using image] software is approximately 1.10 pm. From the top
view it can be seen that the ZnO thin film reveals hexagonal struc-
ture of the top of the nanorods. It can be observed that when CdS
was deposited by nanocrystal layer deposition (NCLD) for 50 min, a
uniform CdS shell layer was formed on the ZnO nanorods and the
CdS layer covered the entire surface of the ZnO nanorod arrays. This
method was used to deposit a uniform 30 nm CdS shell layer by Lee
et al. [29]. The average elemental composition of the ZnO nanorods
and CdS coated ZnO nanorods was determined by energy dispersive
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x-ray spectroscopy and displayed in Fig. 7(c) and (d). ZnO nanorod
contains Zn and O in stoichiometric ratio of 1:1 and it also confirms
that CdS-coated ZnO nanorods contains Zn, O, Cd and S. Morpholo-
gical changes could be observed when CZIS was deposited by spin
coating technique as shown in Fig. 6(e). It has been reported that a
single coating of CZTS leads to an insufficient penetration that does
not extend to the bottom of the ZnO nanorods thereby leading to
films with defects such as cracks and voids which leads to reduction
in the Voc and FF values. In our case, a uniformly infiltrated film
without visible cracks or voids was observed at two, three and four
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Fig. 5. (a) UV-Visible absorption spectra (b) experimental Tauc plots of CZIS thin films
at 150, 250 & 350 °C.

coating cycles and the four coating cycles is shown in Figs. 5(e) and
7. Two coating cycles as reported by Lee et al. [29] gave the least
efficiency for CZIS thin film solar cell devices studied at 150 °C.

The crystal structures of the ZnO nanorods were characterized
using XRD studies and the XRD pattern is shown in Fig. 7(a) and (b). It
shows a hexagonal wurtzite crystal structure for the ZnO nanorods
showing a peak with a high intensity at 34.4 ° corresponding to the
reflection from (002) crystallographic planes indicating that the na-
norods preferred growth in the c-axis orientation [2,29]. Other weak
peaks due to the reflection from (100), (010), (103) and (004) planes of
the wurtzite ZnO (JCPDS card no. 4-0416) were also observed. The
lattice parameter of the ZnO nanorods was calculated using Bragg'’s
equation for hexagonal lattice and the lattice parameters were esti-
mated to be a =3.24 A and c =5.2 A. This is consistent with the HRSEM
results. After coating CdS on the ZnO nanorods by nanocrystal layer
deposition, aside the ZnO nanorod peaks, other diffraction peaks were
observed at 20 equals 24.8 °, 26.5 °, 28.1 °, 43.6 °, 47.8 ° and 51.8 °
corresponding to (100), (002), (101), (110), (103) and (112) planes of

Journal of Alloys and Compounds 935 (2023) 168211

Table 2
The band gap, refractive index and dielectric constants of copper zinc indium sulphide
thin films annealed at 150, 250 and 350 °C.

Temp (°C) Band gap  Refractive High-frequency  Dielectric
Eg (eV) index n Dielectric constant &,
constant e..
150 1.77 2.795 7811 13.068
250 1.65 2.844 8.090 13.438
350 1.50 2913 8.486 13.900

hexagonal polycrystalline CdS (JCPDS-411049). From the XRD results
it can be confirmed that the uniformly coated shell layer of CdS on the
ZnO nanorods were structurally composed of polycrystalline CdS [29].
The UV-visible absorbance spectra of ZnO nanorods and CdS coated
ZnO nanorods over the range of 350-100 nm is shown in Fig. 8(a).
There is an increase in the absorbance in the visible region when CdS
layer was coated on the ZnO nanorods. The absorbance peak at about
350 nm for ZnO nanorods were red shifted to about 500 nm for the
CdS coated ZnO nanorods film. The shift in the absorbance peak in the
visible region is because of quantum confinement of the very thin
layer of CdS on the nanorods surface. The band gap of both the ZnO
nanorods and the CdS coated ZnO nanorods were calculated using
Tauc plot as shown in Fig. 8(b). The band gap of ZnO nanorods were
found to be 3.24 eV while that of CdS coated ZnO nanorods showed
two distinct extrapolated regions at 3.26eV and 2.38 eV consistent
with ZnO nanorods and CdS respectively. These values agrees well
with what has been found in the literature [28,56]. The low band gap
energy of CdS helps to improve light absorption in the visible region
of the core/shell nanorods when coated on the ZnO nanorods [29].
The performance of CZIS superstrate solar cells was evaluated
under AM 1.5 irradiation and the results are presented in Fig. 9. The
device had a final configuration of Glass/ITO/ZnO NRs/CdS/CZIS/Ag
and Glass/ITO/ZnO NRs/CZIS/Ag (Fig. 1). 8-pixel patterned ITO glass
substrates were used for the fabrication. All the 8 cells made on the
8-pixel patterned ITO substrate had an effective area of 0.0256 cm?.
At first, CZIS solar cells with different thicknesses were fabricated at
150 °C by varying the number of spin coating times. CZIS sol gel were
spin coated two, three and four times respectively. Fig. 6(e) shows
that the thickness of CZIS with four coatings is about 800 nm as
measured by image J which implies that a coating is about 200 nm.
The solar cell with the four coatings had the best efficiency of
0.6092%, an open circuit voltage (Voc) of 0.8056V, a short circuit
current density (Jsc) of 0.9534mAcm™ and a fill factor (FF) of
61.35%. The photovoltaic parameters of all the solar cell devices are
summarized in Table 3. The efficiency increases with an increase in
CZIS absorber thickness. The reason for the low efficiency observed
with the absorber layer with two coatings may be because it is too
thin to absorb sufficient light to generate enough light-induced
charges thereby resulting in low photocurrent generation [57]. Solar
cell devices were then made with the absorber with the highest
thickness at different annealing temperatures with and without CdS
buffer layer. The power conversion efficiency of the devices made
without CdS layer increased from 0.4405% to 0.6958% with an in-
crease in the annealing temperature while the power conversion
efficiency of the devices made with CdS buffer layer decreased from
0.6092% to 0.2973% with an increase in the annealing temperature
from 150 to 350 °C. The champion of the solar cells made without
CdS buffer layer had an efficiency of 0.6956%, a Voc of 1.6282V, a Jsc
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Fig. 6. Top view and cross-sectional HRSEM images of (a), (b) ZnO NRs, (c), (d) CdS-coated ZnO NRs (e) CIZS spin coated 4 times on CdS-coated ZnO NRs.

of 0.9327 mAcm™2 and an FF of 45.80% at 350 °C while the best de-
vice was made at 150 °C with CdS buffer layer having an efficiency of
0.6092%, a Voc of 0.8056V, a Jsc of 0.9534mAcm2 and an FF of
61.35%. The increase in the efficiencies with an increase in the an-
nealing temperature observed for the solar cell devices made
without CdS buffer layer is as a result of an improvement in the
crystallinity of the CZIS/ZnO NRs interface with an increase in the
temperature while the decrease observed with an increase in an-
nealing temperature with the solar devices made with CdS buffer
layer is due to the disruption of the CZIS/CdS interface as a result of
the possible inter-diffusion of CdS at higher temperatures [29]. The

reason for the low efficiency of our devices is because of the large
series resistance caused by the poor quality of the flaky like crystals
which has been shown to increase the grain boundaries invariably
leading to an increase in the number of recombination centers and it
also restrict the flow of charge carriers [58]. This leads to a drop in
the Voc and consequently leads to a drop in the FF resulting in a poor
power conversion efficiency [28]. To the best of our knowledge, there
have been no reports on any CZIS solar devices either in the sub-
strate or superstrate configuration. We therefore compare our re-
sults to superstrate CZTS that employed vertically aligned nanorods
without post sulfurization or selenization. Table 4 shows the
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Fig. 8. UV-Visible absorption spectra of (a) ZnO NRs & CdS-coated ZnO NRs, (b) experimental Tauc plots of ZnO NRs & CdS-coated ZnO NRs.

comparison of this work to other similar superstrate CZTS solar cell
devices found in the literature. When compared to results found in
the literature for CZTS superstrate solar cells, it can be observed that
the Voc and the FF of the best CZIS superstrate devices is higher than
most reported for CZTS found in the literature while the Jsc is higher

than that reported by Varadharajaperumal et al. [59]. Even though
the efficiency is low, it is better than the very first sulfide CNTS thin
film solar cell (0.09%) [60], the very first pure sulfide CZTS device
with 0.23% [61] and 0.08% obtained by Gayen et al. [28] for CZTS
superstrate solar cell without employing ZnS buffer layer which is an
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Table 3
Photovoltaic parameters of CZIS superstrate heterojunction solar cells fabricated with and without CdS buffer layer.
Cell structure Eff (%) Jsc Voc (V) FF Rs (Q cm) R
(mA cm™2) (Q cm)
ITO/ZnONRs/CdS/CIZS/Ag 0.0755 1.1990 0.1639 38.4211 50.1812 263.0142
CZIS 150 °C - 2 coatings
ITO/ZnONRs/CdS/CIZS/Ag 0.3209 0.9838 0.3791 86.0386 400.1700 753.9808
CZIS 150 °C - 3 coatings
ITO/ZnONRs/CdS/CIZS/Ag 0.6092 0.95343 0.8056 61.3478 36.7618 4982.3330
CZIS 150 °C - 4 coatings
ITO/ZnONRs/CdS/CIZS/Ag 0.3326 8.4595 0.1524 25.8018 17.0188 18.7064
CZIS 250 °C - 4 coatings
ITO/ZnONRs/CdS/CIZS/Ag 0.2973 0.9463 0.6415 48.9742 167.5693 1590.763
CZIS 350 °C - 4 coatings
ITO/ZnONRSs/CIZS/Ag 0.4405 0.9741 0.8378 53.9732 196.3007 5881.15
CZIS 150 °C - 4 coatings
ITO/ZnONRSs/CIZS/Ag 0.4409 0.9559 0.9293 49.6329 205.6896 272213
CZIS 250 °C - 4 coatings
ITO/ZnONRSs/CIZS/Ag 0.6956 0.9327 1.6282 45.8041 225.7040 3253.197

CZIS 350 °C - 4 coatings

10
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Table 4
Comparison of the present work to the literature that utilized ZnO nanorods and the most recent superstrate CZTS superstrate solar cells.
Device architecture Deposition methods Voc (mV)  Jsc(mAcm™) FF(%) PCE (%) Ref
SLG/ITO/ZnO NRs/CdS/CZTS/Au Precursor solution/Spin coating 679.2 4.100 43.8 1.20 [29]
Glass/ITO/ZnO NRs/ZnS/CZTS/Au Sol-gel/Spin coating 868.9 8.500 49.1 3.63 [2]
Flexible substrate/FTO/ZnO NRs/CZTS/Carbon conductive adhesive =~ Microwave/ Drop casting 405 4.350 46.9 0.83 [39]
tapes
Glass/FTO/ZnO NRs/ZnS/CZTS/Au Sol-gel/Spin coating 454.0 5.652 41.6 1.07 [28]
Glass/FTO/ZnO NRs/ZnS/CZTS/Au Sol-gel/Spin coating 285.0 0.837 35.9 0.08
Glass/FTO/TiO,/CdS/CZTS/Au Molecular precursor solution/Spin 518 5.143 - 1.04 [62]
coating
SLG/FTO/ZnO NWs/CdS/CZTS/Ag Precursor solution deposition/Spin 589 7.070 54.0 2.27 [63]
coating
Glass/ITO/ZnONRs/CdS/CZIS/Ag Sol-gel/Spin coating 805.6 0.953 61.3 0.61 This work
Glass/ITO/ZnONRs/CZIS/Ag Sol-gel/Spin coating 1628.2 0.933 458 0.70

indication that optimizing the methods, the morphology, the com-
position and the processes involved in the fabrication of the device
can further increase the efficiency of CZIS thin film solar cells.

5. Conclusion

In summary, polycrystalline CZIS thin films with kesterite crystal
structure with nanoflake like morphology have been synthesized for
the first time by a facile and an inexpensive sol-gel spin coating
method without any post sulfurization processes. A superstrate solar
cell with the configuration Glass/ITO/ZnONRs/CdS/CZIS/Ag and
Glass/ITO/ZnONRs/CZIS/Ag were then fabricated using an all-solu-
tion process technique employing a CdS-coated ZnO nanorod arrays
at different annealing temperatures. HRSEM studies confirmed the
hexagonal shaped vertically aligned ZnO nanorod arrays and a
homogeneously deposited CdS shell layer on the ZnO nanorod arrays
and a crack free uniformly coated CZIS films which completely in-
filtrated the CdS-coated ZnO NR arrays. The champion device fabri-
cated without CdS buffer layer had a maximum conversion efficiency
of 0.6956%, a Voc of 1.6282V, a Jsc of 0.9327 mAcm™ and an FF of
45.80% at 350 °C while the best device was made at 150 °C with CdS
buffer layer having an efficiency of 0.6092%, a Voc of 0.8056 V, a Jsc of
0.9534 mA cm 2 and an FF of 61.35% Considering that this is the first
time of reporting this material as a solar cell absorber, it shows a
promising prospect for solar cell applications.
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