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Cu,ZnSnS, is a potential compound semiconducting material for solar absorber layer in
thin film heterojunction solar cells. Chemical spray pyrolysis technique has been
successfully employed to deposit these thin films using two different tin precursors. Thin
films were characterized by studying their structural, composition, electrical and optical
properties. X-ray diffraction pattern reveals that these films exhibit polycrystalline nature
with kesterite structure. Lattice parameters of Cu,ZnSnS, films are found to be a = b =
0.544 nm and ¢ = 1.084 nm. Optical band gap, evaluated from spectral transmittance data,
is close to ideal energy gap (1.5 eV) exhibit highest conversion efficiency. Optical
absorption coefficient of these films is > 10* cm™. These films exhibit p-type nature.
A humble attempt is made to fabricate a typical heterojunction Cu,ZnSnS, thin film solar
cell.
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1. Introduction

With the rapid growth in population, a rush in urbanization and industrialization, the usage
of electricity increased and the affordable electric power also increased. At present the usual power
consumption is about 10 TW and it is projected around 30 TW by 2050 [1]. Unfortunately, the
energy assets are meager. In the next few decades, the existing fossil fuels in the world are going
to drain out. Hence world is looking towards the renewable energy sources. In this contest, for the
tropical countries solar energy is one of the best potential renewable energy sources.

In recent years, photovoltaic investigations have been directed towards ternary and
guaternary chalcopyrite semiconductors like CulnSe,, CuGaSe,, Cu(In,Ga)(S,Se), (CIGS), and
CulnSSe,. Thin films heterojunction solar cells based on CIGS with an efficiency of about 22.9%
on a small area have been realized [2]. However, the elements indium and gallium are scarce and
expensive. In order to attain the commercial solar cells, researchers are needed to work on suitable
alternative materials and techniques. In this context, Cu,ZnSnS, (CZTYS) is an alternative absorber
layer to CIGS thin films due to its non-toxic and environmentally friendly nature. Hence CZTS is
considered to be a potential absorber material [3]. CZTS films have salient properties such as
direct band gap nature (1.45 eV), exhibiting high absorption coefficient (> 10* cm™), tetragonal
structure and p-type in nature [4]. The elements in these absorber layers are available abundantly
at low cost. Hence there is a possibility to grow inexpensive thin film solar cells. In 2018, Chang
et al. reported 11% as maximum conversion efficiency of CZTS thin film solar cells [5]. In order
to progress the conversion efficiency and make CZTS industrial viable, a lot of research is still
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necessary. Several researchers have been working on this material and successfully developed
using various physical as well as chemical techniques. CZTS thin films have been successfully
deposited by magnetron sputtering [6], co-evaporation [7], electron beam evaporation [8], Thermal
evaporation [9], pulsed laser deposition [10], electro deposition [11, 12], SILAR [13], sol-gel [14],
chemical bath deposition [15], and chemical spray pyrolysis [16, 17] methods. Among these,
chemical spray pyrolysis is one of the trouble-free, economical and versatile techniques for the
deposition sulphide and oxide films [18].

This chemical method is used in the present investigation to deposit CZTS thin films.
Films were characterized using structural, optical, composition and electrical properties of CZTS
thin films deposited with two different tin salt precursors. Finally, an effort is made for fabrication
of Cu,ZnSnS, thin film solar cell.

2. Experimental method

CZTS films were deposited using indigenously fabricated chemical spray pyrolysis
system. Ultrasonically and chemically cleaned soda-lime glass substrates were kept on stainless
steel hot plate. Films were deposited at optimized temperature which is 643 K with a precision of
+ 5 K [19]. This is achieved with the help of high temperature digital controller. The spray nozzle
(Model: ¥4 JAU, M/S Spraying Systems Company) and electrical heater assembly were kept
surrounded by a fume cupboard attached with an exhaust duct & fan for eradicating gas fumes and
hot vapors of the solvent. The front side of cupboard is fixed with movable glass doors which were
kept closed during the pyrolysis. The distance between spray nozzle and substrate was kept around
30 cm for optimum coverage of droplet cone on the substrates. The additional supplementary
deposition conditions like carrier gas pressure, solution spray rate was maintained as 3.0 kg/cm?
and 15 ml/min respectively. Compressed air was used to atomize the spray solution.

In the present study, salts of stannous chloride and stannic chloride were used as tin
precursors. Films were deposited with a freshly prepared aqueous solution containing salts of
cupric chloride, zinc acetate, stannous / stannic chloride and thiourea in the molar ratio 1.8:1:1:10
[20]. Due to volatile nature of sulphur, the molarity of sulphur source was taken more than
stoichiometry requirement to reimburse the loss of sulphur during experiment. Films deposited
using aqueous solutions consisting of stannous chloride were named as ‘A’ and those with stannic
chloride as ‘B’. The pH of the precursor solutions was ~ 2.9 and 3.4. For dissolving stannous
chloride salts, small drops of dilute hydrochloric acid are added to the aqueous solution.

After successfully spray pyrolysis, these films were annealed at (T,) 760 K in sulphur
atmosphere using the two-zone tubular quartz furnace. While as deposited films were kept in
primary hot zone of the tubular furnace, Sigma-Aldrich make sulphur pellets (99.998%) were kept
gently in to the other hot zone of the furnace placing in a molybdenum boat. The temperature of
two zones in tubular furnace could be controlled with the help of PID controllers. One end of
tubular furnace was closed with SS end connector and the other end is connected to a rotary pump
attached with a pirani gauge. Inside the furnace a steady working pressure was maintained by
using rotary pump. After achieving the desired pressure, temperature of primary hot zone was
slowly increased with temperature controller at the rate of 10 K/min. During annealing process,
secondary hot zone (sulphur source) was kept under constant evaporation to compensate the loss
of sulphur from the films. Under these conditions’ films were annealed for about 60 minutes.
After the successful completion of annealing in sulphur atmosphere, the temperature of hot zones
was cooled to 390 K at the rate of 6 K/min and finally allowed them to cool naturally.

The structural characteristics of these films were analyzed with the help of Powder X-ray
diffractometer (XRD) and micro Raman spectra. The XRD patterns of these films were recorded
using Cu Ka radiation (A = 0.15406 nm) with BRUKER computer-controlled X-ray diffractometer.
micro Raman spectra of these films were recorded in the back-scattering mode using Argon ion
laser source of wavelength 514.3 nm. The elemental content of these films were measured using
energy dispersive spectrometer (EDS). The JEOL scanning electron microscope (SEM) was used
to study the surface morphology of CZTS films. Spectral transmittance of the films was recorded
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with UV-Vis-NIR double beam spectrophotometer (JASCO). The electrical parameters of these
films were determined using the Hall Effect as well as van der Pauw techniques.

3. Results and discussion

The CZTS films deposited using by chemical spray pyrolysis technique are extremely
adherent to the substrates and uniform in nature.

Table 1 contains of the comprehensive chemical composition of spray deposited and
annealed Cu,ZnSnS, films using two tin precursors (A & B). First two lines in Table 1 show the
elemental composition of CZTS films deposited with solution A. The EDS analysis reveals that as
deposited CZTS films are sulphur poor. On annealing there is significant improvement in sulphur
and Zinc. The next two lines in Table 1 represent the chemical composition of CZTS films
deposited with solution B. As deposited CZTS films were slightly poor in Cu, S and Zn-rich. On
annealing these samples, there is significant improvement in sulphur composition. A minute
change was observed in the chemical composition of rest of the elements present in the film. On
annealing, in both the precursors’ tin composition was slightly decreased. Cu-poor and Zn-rich
conditions are highly favorable for efficient CZTS thin films solar cells [8, 21].

Table 1. Elemental composition of CZTS films.

Sample Condition Cu Zn Sn S Cu/(Zn+Sn) Zn/Sn | S/met
Code (at.%) (at.%) (at.%) (at.%) al

As deposited 29.8 14.8 13.6 41.8 1.049 1.088 | 0.718

A Annealed at 760 K 28.4 14.6 12.7 44.3 1.040 1.150 | 0.795

As deposited 26.1 16.1 13.3 445 0.888 1.211 | 0.802

B Annealed at 760 K 25.8 15.9 12.6 45.7 0.905 1.262 | 0.842

Fig. 1 shows the powder XRD pattern of chemical spray deposited CZTS films with two
tin precursors (A & B). The XRD analysis revels that the crystalline films orientated along (112)
plane exhibiting polycrystalline nature with kesterite structure [22] and close agreement with
JCPDS card No. 26-0575. The films deposited with an aqueous solution consisting stannous
chloride were found to contain Cu,.,S [42-0564], and Cu,SnS; (CTS) [89-4714] as secondary
phases along with characteristics peaks of CZTS. The films deposited with solution having of salts
of stannic chloride exhibits low intense peaks corresponding to the (220)/(204), (312)/(116) and
(224) planes of CZTS along with (112) plane. However, the substantial aberrations in the
composition of CZTS films indicates the occurrence of either binaries or ternaries might be exists
in amorphous phases.
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Fig. 1. XRD pattern of spray deposited CZTS films with two tin precursors (A & B).

The XRD pattern of CZTS films deposited with two tin precursors which are annealed in
sulphur ambiance at 760 K were shown in Fig. 2. On annealing, significant improvement was
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obtained in the intensity of peaks. The decline in peak width on annealing in sulphur atmosphere
indicates a significant progress in crystallite size. On annealing, intensity ratio of (112) to (220)
XRD peaks was increased significantly. In case of the films deposited with stannous chloride
solution, Cu,.S peak intensity was increased with (220)/(204) peak of CZTS.
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Fig. 2. XRD pattern of CZTS films with two tin precursors (A & B) annealed at 760 K.

The lattice parameters of tetragonal structure (kesterite) can be obtained from d-spacings
using the following equation [23]

a

A =
MR TR ¥ 2

here dyq is inter planar distance corresponding to (hkl) plane. The lattice parameters of these films
are found to be a = b = 0.544 nm and ¢ = 1.084 nm respectively. The obtained values are in
concord with the standard data card No. 26-0575 and reported values [22, 24]. The broad peak
indicates that the grain size is extremely small. The crystallite size (L) of these films were
calculated from the (112) peak of CZTS using the Debye-Scherrer’s equation L = K\ / BCosb
where K is constant (0.9), A is the wavelength of X-ray radiation were used, B is Full Width at Half
Maximum (FWHM) and 6 is diffraction angle of the corresponding peak [23]. The mean crystallite
sizes of CZTS films with two tin precursors were found to be 26 and 15 nm correspondingly. The
number of grains per unit area in the films were obtained using a simple relation N = t/L*® where t
is the thickness of the film and L is crystallite size [25]. The number of grains per unit area was
found to be 2.8x10" and 1.04x10"" cm™ for the two tin precursors A and B respectively. The
number of grains per unit area was found to increase when the films were grown by the aqueous
solution containing salts of stannic chloride.

Raman spectroscopy is a powerful tool to recognize the phase and structure analysis of
compounds. The micro-Raman spectrum of spray deposited CZTS films with two different tin
precursors were shown in Fig. 3. The Raman modes occurred at 289, 329, 339, 349 and 475 cm™
respectively for the films deposited with the solution A. The Raman peaks at 289 cm™, 339 cm™
and shoulder peak at 349 cm™ were attributed to CZTS [26]. The limb peak at 329 cm™ and minor
peak at 475 cm™ were ascribed to tetragonal CTS [27] and Cu,.S [26]. The same trend was
observed in the XRD analysis. The films deposited with stannic chloride salt solution (B) exhibits
the Raman modes at 316, 339, and 371 cm™ subsequently. The intense Raman mode at 339 cm™
and mode at 371 cm™ indicate the existence of the CZTS in the sample [26]. The low intense
Raman mode at 316 cm™ indicates the existence of the secondary phase in the film and it is
ascribed to SnS; [26].
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Fig. 3. Micro-Raman spectrum of spray deposited CZTS films with two tin precursors (A & B).

Figs. 4 and 5 shows scanning electron micrograph of as deposited CZTS films with two
different tin precursors and films were annealed in sulphur environment. The surface morphology
of as deposited CZTS films with solution A shows island like regions with slightly smeary
appearance. The distinct grains were observed, in the films deposited with solution B. The
annealing condition enhances the crystallinity of these films.

Magn
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Fig. 5. SEM micrographs of CZTS films with two tin precursors (A & B) annealed at 760 K.

Fig. 6 shows the typical spectral transmittance (T) as a function of wavelength for the
spray deposited CZTS film with precursor solution B. The sharp decrease of T near the
fundamental absorption edge represent the optical transition is direct. The optical absorption



510

coefficient (o) of these films was determined using simple equation o = % 1In @EJ where R is
spectral reflectance and t is thickness of film [28, 29].
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Fig. 6. Spectral transmittance of spray deposited CZTS films with solution B.

Fig. 7 shows the typical optical absorption coefficient as a function of photon energy (hv)
of CZTS film with solution B. The magnitude of o of these films is determined to be > 10* cm™.
The direct optical transitions and absorption process is described by the simple relation
(ahv) = a(hv-Eg)"? where a is constant [28, 29].
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Fig. 7. Optical absorption coefficient of spray deposited CZTS film with solution B.

Fig. 8 shows the Tauc plot of CZTS thin films with solutions A and B. The band gaps of
films obtained from the intercept on hv-axis, were found to be 1.40 eV and 1.92 eV for solution A.
The former band gap is attributed to CZTS and latter is assigned to Cu,.,S [30]. The band gap of
CZTS films obtained from solution B is found to be 1.48 eV. The relative ambiguity in the
estimated the band gap is £ 0.02 eV. This band gap of CZTS films is concord with the optical band
gap reported earlier [8, 16]. The obtained energy gap is close to ideal energy band gap of solar
spectrum.

Films being rich in zinc, zinc sulphide might be there in the films. However, the presence
of zinc sulphide could not recognize in the transmission spectrum of below 550 nm region after the

intense absorption of CZTS phase in the sample. The band gap of annealed at 760 K are found to
be 1.55 + 0.02 eV.
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Fig. 8. a (ahv)® as a function of photon energy (hv) of Cuy.S films deposited with solution A.
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Fig. 8. b (ahv)® as a function of photon energy (hv) of CZTS films deposited with solution B.

511

Van der Pauw technique was applied for room temperature electrical resistivity studies
and were found to be 42 and 09 Q-cm. The Hall mobility and carrier concentration of as deposited
CZTS films were tabulated in Table 2. The obtained values are concord with reported values [24].

Using hot probe technique, the films were found to be exhibiting p-type nature.

Table 2. Room temperature electrical performances of CZTS films.

Sample Condition resistivity carrier Hall mobility Type of
Code Q-cm concentration Cm?/Vs conductivity
cm?
A | Asdeposited 42 0.65 X 10" 2.28 p-type
B As deposited 09 0.36 X 10™ 2.50 p-type

An attempt was made to fabricate a typical Cu,ZnSnS, solar cell by chemical techniques
[20]. Cu,ZnSnS, thin films were deposited using spray solution consisting of stannic chloride onto
CdS films in the sequence glass/ZnO:Al/CdS/CZTS/Au. CdS thin films used as window layer
were deposited by CBD technique at 340 K [31]. The thicknesses of the CZTS and CdS thin film
layers were around 2.0 um and 200 nm respectively. These layers were slightly heated at 470 K
for about 20 minutes for the formation of metallurgical junction between CZTS/Cds thin films.
The heterojuncton thin film solar cell in the superstrate configuration was illuminated by a light
source of intensity about 100 mW/cm? and the CZTS solar revealed an open circuit voltage (Vo)
and short circuit current (I;) of 126 mV and 1.2 mA/cm?. The obtained cell parameters are too
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low. This might be due to the poor crystallinity and existence of secondary phases in the sample.
In addition to these, low electrical mobility of CZTS films, recombination loss at the grain
boundary surfaces and non-optimized respective film thickness might be the causes the poor
devise performance. As on today, maximum reported conversion efficiency of chemical spray
deposited CZTS thin film solar cells is < 2% [16]. The efforts are under progress to attain a
reasonable efficiency.

4. Conclusions

Cu,ZnSnS, thin films have been successfully deposited with two tin precursors using
chemical spray pyrolysis method. The number of grains per unit area were found to increase when
the films were deposited with the aqueous solution containing stannic chloride. The structural,
surface morphological, compositional, optical and electrical properties of these films were studied.
XRD studies revealed that the films are polycrystalline in nature exhibiting kesterite structure. The
lattice parameters of these films were found to be a = b = 0.544 nm and ¢ = 1.084 nm. The optical
band gap of the films is close to ideal energy gap and the absorption coefficient is above 10 cm™.
The films exhibited p-type nature. An effort is made in this investigation to fabricate a typical
heterojunction solar cell.
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