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Abstract

Fabrication of environmentally safe C,ZnSnS, (CZTS) photovoltaic thin films of pure kesterite state is crucial. We have prepared
CZTS thin films by sol-gel dip-coating process from chloride-based chemicals. After vacuum-annealed at 550°C, the optical and
structural characters of the films were further examined by UV—vis spectroscopy, X-ray diffraction (XRD), scanning electron
microscopy (SEM), and energy dispersive X-ray spectroscopy (EDS) methods. The CZTS films offered high optical absorption
(0.4x10%m™") and nearly optimum bandgap energy (1.65¢ V). X-ray diffraction examination confirmed the kesterite structure of
films. Scanning electron micrograph affirmed the creation of jam-packed, condensed and granulated CZTS films. The thin film
displayed intermittent disposal of agglomerated particles with clear-cut edges. The energy dispersive X-ray spectroscopy study gave

the stoichiometric ratio as Cu: Zn: Sn: S=2.2: 1.4: 1: 5.1.
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I. Introduction

Over the last decade, research, evolution and industrialization
of thin film photovoltaic technology have been flourishing
because of manufacturing cost-reduction, utilization of
environmentally-safe materials and scalable design. We
should mainly consider the cost reduction and scalability
factors for making photovoltaic technology to challenge
the fossil fuels'. The modern polycrystalline thin film
photovoltaic cells — gallium arsenide (GaAs), cadmium
telluride (CdTe), copper indium selenide (CIS) and copper
indium gallium selenide (CIGS) - have evolved financially
feasible units. Despite having medium power conversion
efficiencies (PCE) - >11% in unit manufacturing and 20%
in workshop — CdTe and CIGS are un-liable to ultimate
terawatt-scale manufacturing because of scarcity and cost
of Te, In, and Ga'®. Moreover, Cd, Se and As are highly
toxic elements that produce health hazards for animals and
human beings. Hence, fabrication of thin film solar cells
from the earth abundant as well as non-toxic elements is a
crucial challenge. CZTS (Cu,ZnSnS,) is popping up as the
‘next generation’ solar absorber which has similar structure
to CIGS, but contains non-toxic and earth rich (Cu: 50 ppm,
Zn: 75 ppm, Sn: 2.2 ppm, S: 260 ppm) ¢ elements. CZTS has
other advantages too —best direct band gap energy (1.4 ~ 1.6
eV), great absorption coefficient (>10*cm™) and hypothetical
high energy transformation efficiency (~ 32.2%) 7.

Researchers have adopted several deposition techniques —
pulsed laser deposition'®, thermal evaporation'!, chemical
vapour deposition'> and sputtering deposition'* — for
construction of CZTS thin films. Nonetheless, thin film
deposition facility yet necessitates rigorous processing
conditions to get acceptable efficacy which eventually
increase fabrication cost. Therefore, many researchers have
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prepared CZTS films in non-vacuum conditions'*'® to reduce
the cost. To date, CZTS thin-film solar cells produced under
a hydrazine-based non-vacuum condition gave best results
(PCE — 12.6%'"'%). But, the PCE of CZTS is yet lower
than that of CIGS (n>21%)'°. Moreover, hydrazine is
extremely harmful and fickle compound which necessitate
high storage care®. Hence, we need a robust, easily scalable,
and environmentally safe solution-based technique for
manufacturing of the CZTS thin films to get high efficiency.

Other factors also affect the performance of CZTS thin-film
photovoltaic cells: low open circuit voltage (VOC)?', low
minority carrier lifetime of about several nanoseconds* and
adversity in the evolution of a true CZTS state from Cu, Zn,
Sn, and S.

The elements of CZTS thin films forms many secondary
phases during the fabrication” — a Cu-abundant composition
creates a Cu,S auxiliary state while Sn- and Zn-abundant
design create SnS and ZnS secondary phases, respectively**
Bwhich negatively impact the performance of the cells.

Appropriate configuration of CZTS thin-film photovoltaic
cells is yet unspecified. The CZTS thin film is a kesterite-
structured complex material and exposed to deformity.
Moreover, change of precursor conditions affect the phase
creation of kesterites which eventually influence the efficacy
of photovoltaic cells. As a whole, scientists have reported
Cu-abundant and Zn-abundant compositions of CZTS
photovoltaic cells give high efficiency™ '* 2> 262 But, Hsu et
al. reported Cu-abundant and Zn-abundant photovoltaic cells
having a near perfect stoichiometric configuration give low
efficacy®.

In this research, we have reported the sol-gel dip-coating
technique to fabricate CZTS thin films absorption layer
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applying 2— methoxyethanol being solvent and mono-
ethanolamine (MEA) being the stabilizer. MEA have a
function in the growth of durable CZTS sol-gel precursor
and manufacturing good character CZTS films. Later, we
explored the structural and optical features of the thin films.

I1. Experimental Procedures

First, the substrate was wiped carefully with a tissue paper
soaked with methanol and deionized water respectively.
After that, the glass slide was submerged in methanol for few
minutes and followed by an ultrasonic bath for 10 minutes.
Similarly, the glass slide was submerged in acetone and DI
water respectively for few minutes followed by an ultrasonic
bath for 10 minutes in both cases.
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The precursor solution was made of Copper (II) Chloride
Dihydrate (1.8M), Zinc Chloride (1.2M), Tin (II) Chloride
Dihydrate (1M), Thiourea (8M), 2-methoxyethanol, and
Monoethanolamine®!. Thiourea was used as the source of
sulfur. The solutes were dissolved in 2-methoxyethanol. The
2-methoxyethanol acted as a solvent and few drops of mono-
ethanolamine being a mediator for the precursor solution. The
solution was stirred by a magnetic stirrer for homogenous
and continuous mixing of the chemicals. The solutions were
stirred until the solution temperature reached to 70°C. Then,
the solutions were further stirred for another 30 minutes at a
constant temperature of 70°C.
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Fig. 1. Synthesis process of CZTS thin films is laid-out in the diagram: preparation of precursor solution, deposition of CZTS films on glass
substrate through dip coating method, drying and annealing. The deposited CZTS thin films are finally presented in a petri dish in the

diagram.

The CZTS thin films were produced from the chloride-based
sol-gel precursor solution on glass substrates. Each glass
substrate was dipped for 3 minutes into the sol-gel precursor
Fig. 1. The glass slides were dipped into and picked up at
three different dipping speeds. Depending on this speed the
samples were labelled as sample 1, 2 and 3 respectively. The
deposited glass slides were put into an oven for drying after
raising the starting temperature of the oven to 150°C. Then
the temperature was raised to 250 °C and all the slides were

put in the oven for 30 minutes to clear away the solvent and
constituent elements from the CZTS thin films. The dried
CZTS thin films were sulfurized in an annealing chamber at
550°¢, and then cooled down to the ambient condition.

The thickness “d” of the films was measured by using a
stylus profiler (BRUKER Dektak XT™, Germany). The
optical characteristics i.e. transmittance, reflectance, and
absorbance were measured using the UH4150, Hitachi, UV-
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vis spectrophotometer (Japan). The measured wavelength
range was from 300 to 700 nm. The X-ray diffraction
method was applied to study the structural characteristics
of the CZTS films. The diffraction pattern was recorded
using the GBC (Australia) system. The Cu-Ko emission was
employed to get the possible fundamental diffraction peaks
from the sample. The SEM EVO 18, Zeiss (Germany) high-
performance scanning electron microscope was employed to
study the surface morphology and uniformity of the deposited
CZTS thin films.

II1. Results and Discussion
Thickness

Thickness is a critical criterion for the CZTS thin films.
Characteristics of CZTS thin film differ in thickness since
surface conditions change. To observe the change of film-
thickness of the CZTS films with dip-coating speed, we
prepared multiple samples from the same chemical with

Sample 2

different dip-coating speeds. The film thickness did not vary
significantly with dipping speeds. We obtained the average
thickness of the CZTS film as 10.34 pm. Usual absorption
coefficients for the CZTS thin films has a range: 10*-10° cm™
and a bulky absorber adequately take in the solar spectrum
and cut down recombination — increase the minority carrier
lifetimes — at the back contact** *5. Todorov et al. suggested
that absorber thickness greater than 2.5um would increase
the efficiency of the CZTS thin film*. We have shown the
picture of homogeneous and solid CZTS thin films at 50, 75
and 100 ms™ dipping speed onto the clean glass substrate in
Fig. 1. The big glass substrate area —10 cm? — indicates the
practicability of sol-gel technique for big size CZTS film
development.

Optical Studies

The variation of the optical absorbance, transmittance, and
reflectance with wavelengths of CZTS thin films prepared
from the chloride based precursors are shown in Fig. 2.
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Fig. 2. Absorbance, transmittance and reflectance variation of the CZTS films with the wavelengths of three samples 1, 2 & 3 prepared at

dip coating speed 100, 75 & 50 ms™ respectively.

The spectra disclosed very high absorbance (95.75, 98.3
and 95.9%) and both very low transmittance (2.75- 3.8%,
0.75 -1.15% and 3.1-3.4%) and reflectance (0.65-0.85%, 0.4
-0.5%, and 0.6-0.81%) respectively for sample 1, 2 and 3
of the CZTS thin films of at visible EM wave range. These
indicated the relevance as an absorber layer for photovoltaic
cells of these types of thin films.
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We computed the absorption coefficients “o” of the CZTS
thin films from the experimental absorbance data, obtained
at specific wavelengths linked to specific photon energies at
room temperature. We have exploited the Beer-Lambert law?:

a=23032 )
d

Where,' 4' = log,, [L;jreperesents absorbance, ‘d’ repesent

film-thickness, 7’ reprsents the light intensity passing
through the CZTS film and ‘7, represents incident light
intensity.

The average “a” of the CZTS thin films was 0.4x 10*cm™. All
these “a” values were close to the standard value — 10* cm!
for the CZTS thin films*’. The obtained “o.” values less than
10*cm™ for the chloride based CZTS thin films is consistent
with other published research works'. Therefore, our work
confirmed that the produced thin film is suitable for solar
energy transformation.

We determined the band gap energy “E,” using the absorption
coefficient values'. The absorption coefficient “a” is linked
to the photon energy “Av” by the equation below:

Ao (hv - Eg)n
hv
Where ‘A" is a constant linked to the effective masses
which is associated with bands, n. Depending on bandgap
materials’- direct or indirect- ¢ n’ can have value either 0.5
or 2. So we have assumed 7’ = 0.5 for CZTS being a direct
bandgap material. Simplifying equation 2, we get

2)

a



Ao(hv-Eg)”
,_ Ao(hv-Eg) 3)
hv
(ahv)*=A *(hv —Eg) 4
0.005 4 j“
\.“/‘\j‘“‘\
0.004 —=— Sample 1

—e— Sample 2
—— Sample 3

0.003

(ahv x 10*)?(cm™)

0.002

0.001

Photon energy (eV)

Fig. 3. Tauc plot of the CZTS thin films prepared from the
chloride chemical-based precursor solution

We estimated the optical bandgap energy using equation
4. The (ohv)? values were plotted against photon energy
(hv), which is known as the Tauc plot. The bandgap energy
value is obtained through extrapolation of the linear part of
the Tauc plot to until it intercepts the photon energy axis.
Fig.3 presents the changes of (ahv)? value against hv, which
shows a linear rise in the higher energy territories - indicate
a straight optical transition. Through projections, we got
the average bandgap energies and average value obtained,
was 1.65 eV. Our bandgap value concurred with bandgaps
notified for CZTS films by many separate authors? > 7253743,
4-51Our obtained bandgap is near to the ideal band gap (1.5
eV)* required for a solar cell which indicate the suitability
of CZTS material for thin film solar cell application.

Structural Studies

Sulfurization of the CZTS films at 550°C for 30 minutes
improved crystallinity of the films. Without sulfurization,
the deposited CZTS film showed no diffraction peaks. For
structural studies only sample 2 (dip coating speed, 75ms
1) was chosen since it gave the highest absorbance (98.3%)
and optimum bang gap (close to 1.5¢V). Fig. 4 presents the
XRD patterns of sulfurized CZTS thin films. The CZTS films
have the primary characteristics diffraction peaks at angles
20=28.4° 31.84°, 32.898°, 47.25° and 56.10° along the (112),
(103), (200), (220) and (312) planes, respectively. The XRD
spectra reaffirmed the polycrystalline character with kester-
ite tetragonal crystal structure®® [JCPDS card no. 26—0575]
of the CZTS film. We calculated the lattice parameters from
the XRD spectral information using the equation 5 for each
CZTS sample:
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2,2 g2
1 h+k ] (5)
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Where h, k, and I are the Miller indices of the crystal planes.

The “a” and “c” are lattice parameters, which are constant
for the specific thin film and “d” is the observed spacing giv-
en by,
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Fig. 4. The XRD patterns of the sulfurized CZTS thin films
prepared from the chloride chemical based precursor

To get the value of d, the value of A (= 0.15406nm) and 6
(taken from the XRD graph) were put in equation 6. The
values of d are put in equation 5 and six different equations
were obtained. To determine the lattice parameters ‘a’& ‘c’,
the Miller indices 4, k, and / values ((112), (103), (220) and
(312)) were used in these six equations. Finally, solving these
six equations the values of ‘a’& ‘c’ were obtained. The aver-
age value of “a” obtained — 0.5431 nm, which is very close
to the ideal value of the lattice parameter —“a = 0.5435 nm”
— of the CZTS crystal®°. The lattice parameter “c” of the
CZTS kesterite crystal was also determined and the average
value of “c”” was 1.064235 nm. The obtained value of the lat-
tice parameters “c” of the CZTS crystal was very close to the
standard value of the lattice parameter “c = 1.0843nm” *°.

We also determined the grain size from the ‘full width at half
maxima (FWHM)’ of diffraction peaks. Debye and Scherrer
first worked out it in the following manners:

0944 (7)
BCos (9)
Where ‘D’ is the mean particle size and B’ is the FWHM of
the peak of (hkl) plane.

The obtained average grain dimension of the CZTS thin films
was 34.21 nm.

The calculated lattice parameters and grain size for each type
of sample are tabulated in Table 1
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Table 1. Lattice parameters of the deposited CZTS thin films

d /nm hkl 20/° ‘a’ /nm Average ‘c’/nm Average  Standard  Standard B/e D/nm  Average
‘a’/nm ‘c’/nm ‘a’ /nm ‘c,’/nm D /nm

03162 112 28.2 0.542 0.5431 1.11965 1.0643 0.5435 1.0843 0.201 42.78 34.21

0.282 103 31.725  0.5438 0.98196 0.2308 39.72

02715 200  32.92 0.542 0.533 17.84

0.1923 220  46.24 0.5435 0.2404 37.67

0.164 312 56.055 0.544 1.09115 0.2846 33.03

Surface morphology and compositional studies
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Fig. 5. The surface morphology of the CZTS thin film [(a) 20000X (b) 500X].

We examined the superficial architecture and constituent
analysis. For this, we took the sample 1 because of its highest
absorbance and optimum bandgap. Fig. 5 (a & b) displays the
scanning electron micrographs of the thin films at two distinct
magnifications. The Scanning Electron Microscope pictures
(Fig.5 (a & b)) endorsed the compact and dense nature of
the films. The films have irregular disposal of agglomerated
particles with clear cut borders. Big agglomeration of molecule
was observed in the Scanning Electron Microscope images; and
according to Zao et al**. and Ford et al*. large agglomeration
reduces the recombination rate of photo generated electron
hence strongly supports its benefit in photovoltaic applications.
The Scanning Electron Microscope picture also disclosed that
the CZTS thin films hold good uniformity and surface flatness
(Fig.5 a& b). Our findings conformed to the findings of others.
Caballero et al.*’ got an identical kind of homogeneous,
polycrystalline and compact CZTS thin films. Riha et al.*
formulated a jam-packed nanocrystals that has balanced
distribution of particle everywhere on the surface and lacked
any fracture or gaps. Pawar et al.* found analogous grains for
CZTS films formulated by electro-deposition process being
there complexing agent. Wangperawong et al.** presented
alike densely filled design for Cu,ZnSnS, taken away aqueous
bath means.
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Fig. 6. EDS image and content scrutiny of the CZTS thin films

We did the elemental scrutiny of the harden CZTS thin film
by EDS technique. The obtained atomic weight percentage
ratio of the CZTS thin film — Cu: Zn: Sn: S=2.2: 1.4: 1: 5.1.
was comparable to the exact stoichiometric ratio — Cu: Zn:
Sn: S =2: 1: 1: 4. The copper, zinc, and sulphur rich CZTS
thin films deposited from the chloride-based chemicals were
in agreement with the findings of other researchers® '8 22 2+
27 and confirmed our deposited thin films’ appropriateness
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of high potency photovoltaic cells. However, Gua et al.*
demonstrated that excess copper in the film can form
binary and/or ternary stages of copper chalcogenide which
deteriorated the device performance. Higher percentage of
sulfur contents is probably responsible for higher bandgap
energy (~1.5 eV) of the chloride chemical based CZTS thin
films (1.65 eV).

IV Conclusions

In this paper, we have described a sol-gel dip-coating
technique for productive CZTS thin film absorber layer
solar cells. To know the carrier-induction and transportation
process in the absorber layer, we studied the optical as
well as the structural features of CZTS films. The optical
study offered strong optical absorption (0.4x10* cm-
") and nearly optimum bandgap energy (1.65 eV). The
structural study confirmed the film’s kesterite structure. The
deposited films were compact and dense in nature. Large
agglomerated particles distributed non-uniformly with
well-defined boundaries, which give its advantage for solar
cell application by reducing the recombination rate. Our
research suggests a relatively straightforward, attainable and
inexpensive technique for manufacturing CZTS films. As a
whole, manufacturing process is innovative and versatile to
malleable or rigid materials.
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