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Abstract

Copper zinc tin sulfide (CZTS) films deposited using a modified successive ionic layer adsorption and reaction (SILAR) method were

annealed in air. Surface growth was examined using X-ray photoelectron spectroscopy and scanning electron microscopy. With a suitable

orientation in plane (112) at 20 = 27.88°, the films crystallized in a kesterite structure. The impacts of annealing temperature and time on

film optical properties were investigated using absorption and transmission spectroscopy. Whereas SILAR-grown CZTS films usually
exhibit a somewhat disorganized nanocrystalline structure and band gaps of 1.3—1.8 ¢V, annealing lowered the band gap to 1.4-1.5 eV and
improved absorption while weakly affecting composition. The films annealed at 250 °C for 120 min had a band gap of 1.3 eV and at 250
°C for 90 min displayed advantageous optical properties, namely an optical band gap of 1.5 eV, refractive index of 2.9, high-frequency
dielectric constant of 8.5, and static dielectric constant of 13.900. These results demonstrate the effectiveness of the modified SILAR

deposition method.
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1. Introduction

Due to rising energy demand, photovoltaic solar
power output has increased dramatically in recent decades.
Research has focused on developing low-cost, highly ef-
ficient photovoltaic panel manufacturing techniques [1].
Over the last two decades, kesterite-based Cu,ZnSnSy
(CZTS) materials have been intensively researched as sub-
stitutes for Cu (In, Ga) Se, (CIGS) and CdTe compounds
in thin-film solar cells. Because of its remarkable char-
acteristics, including earth-abundant and non-toxic materi-
als, an ideal optical band gap (1.0-1.5 eV) [2], excellent
absorption coefficients (>10* cm™') [3,4], attractive elec-
trical properties, and appropriate optical band gap (1.0—
1.5 eV), the CZTS has emerged as a viable absorber for
thin-film-based photovoltaic applications [3]. More lay-
ers of thin-film absorbers, including CdTe and CIGS, for
instance, have already attained conversion efficiencies of
greater than 22% [1,5]. As per the Shockley-Queisser the-
ory, theoretical simulations indicated that the p-n junctions
based on CZTS have efficiencies more than 30% [6]. Cur-

rently, the “champion” efficiency for a physical device is
13.2% for pure sulfide CZTS and 14.9% for CZTSSe (the
selenium-alloyed variant) [7]. Many factors may explain
the disparity between theoretical and actual values, includ-
ing secondary phase development during the growth pro-
cess [8,9,10], inappropriate chemical composition [11,12],
and the crystalline quality of the absorber layer [13,14]. As
a result, optimizing annealing and deposition settings has
a direct and considerable influence on CZTS-based solar
cell conversion efficiency. Further study and development
into CZTS solar cells and manufacturing methods is thus
required to enhance their efficiency, because this will lead
to CZTS photovoltaic cells which are playing a major role
in advanced energy generation. In general, the thickness of
the layer has an impact on the overall design of the gadget
[15]. An ecologically acceptable and safe technique such
as successive ionic layer adsorption and reaction (SILAR)
deposition for creating kesterite thin films and controlling
their thickness is important. This offers another method
for making thin films for solar-cell use [16]. Our proposed
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Fig. 1. The detailed schematic of modified SILAR. SILAR, successive ionic layer adsorption and reaction.

modification to the SILAR method is a direct response ap-
proach that, in our opinion, may address the main issues
with previous non-vacuum procedures.

This new approach also provides other advantages, in-
cluding affordability and ease of use. Thin films can be de-
posited onto large areas and can be reproducibly deposited
in short times onto any type of substrate. The method en-
ables energy savings by using low deposition temperature
with no need for high vacuum. The film thickness and par-
ticle size and shape can be easily adjusted by modifying
the cycle of deposition and controlling the annealing condi-
tions. The stoichiometry of the deposited material can also
be controlled by adjusting the precursor solution’s concen-
tration [17,18]. The current work indicates the efficiency of
modifying the SILAR deposition method, where a new step
(Figs. 1,2) is added to produce the appropriate thickness of
CZTS film, with just a few cycles for use in photovoltaic
cells.

The SILAR method has been used to synthesize sev-
eral compounds, including CdS [19,20], Cu-Zn-S [21], Cu—
Sn-S [22], ZnO [23,24], and CulnS, (CIS) [25]. Re-
cently, kesterite-based photovoltaic devices and thin films
for kesterite absorbers have been made using these com-
pounds. In 1985, Ristov and his group were the first to

report that thin films could be synthesized by the SILAR
method [26], but Nicolau named it the same year [23]. ZnS
and CdS thin films are deposited using this technique at
room temperature on various substrates. In addition, it has
recently been used in the synthesis of the fundamental thin
film structure in solar cells through the immersion reaction
cycle. There are two methods for preparing CZTS films
with SILAR: the conventional one-step technique [27,28],
and sequential stacking of sulphide layers [24].

In the SILAR approach, the researchers often focus on
the temperature of the substrate or precursor solution baths,
where the deposition temperature is the key driver of re-
action kinetics and film shape. The bath or substrate tem-
perature controls how the ions interact with the substrate
in real time, where at low temperatures, the kinetic energy
of the ions is low, in contrast with the annealing tempera-
ture, which occurs after deposition [29]. This phenomenon
frequently results in a slow deposition rate and inadequate
coverage because the ions lack the energy to identify stable
“sites” on the substrate. Furthermore, lower temperatures
generate “nanocrystalline” or practically amorphous pre-
decessors. Although these appear smooth, they frequently
shatter during the final sulfurization/annealing stage due to
their low density.
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Fig. 2. The new step added to the SILAR method.

However, the “desorption” rate rises with increased
bath temperature. The ions may bounce off the surface
or detach before reacting with the next layer, resulting in
extremely thin or discontinuous coatings. Additionally,
higher bath temperatures encourage the development of
larger initial nuclei. A film with bigger grain sizes and
fewer grain boundaries is the outcome of this.

The “precipitation” issue may be the most important
factor. In SILAR, a heterogeneous reaction—one that oc-
curs on the substrate—is preferred over a homogeneous
reaction—one that occurs in the beaker [30].

As a workaround and to get around the issue of the
precursors’ changing solubility as the temperature rises, in
particular, the S ions (left over from earlier dives) immedi-
ately react with the Cu, Zn, and Sn ions in the liquid. Also,
to address the issues of sluggish sedimentation rates and
inadequate coverage at low temperatures, we chose to in-

&% IMR Press

clude the impact of temperature outside of the conventional
framework of solution and substrate temperatures.

Most researchers focused on improving the properties
of thin films using annealing after deposition because in-
creasing the annealing temperature increases the mean grain
size while decreasing the grain boundary density. Thus,
there is less chance of electron scattering at grain bound-
aries, making it easier for electrons to go from the valence to
the conduction band, which ultimately leads to a decreased
band gap [25,31].

The present research shows how effectively annealing
and deposition parameters (the time and the temperature)
can be adjusted to produce the CZTS films with required
thickness for usage in solar cells. To this aim, we have in-
cluded the effect of temperature during deposition by the
modified SILAR method in order to improve its effective-
ness, where it was added in a one-step process at the end of


https://www.imrpress.com

Table 1. A summary of all the information about the materials used in this work.

CAS number The manufacturer

CuCl, 7447-39-4 Sigma Aldrich
ZnSO4 7733-02-0 Sigma Aldrich
SnCl,  7772-99-8 Sigma Aldrich
Na,S  1313-82-2 Sigma Aldrich

Saint Louis, MO, USA
Merck KGaA, Darmstadt, Germany
Saint Louis, MO, USA
Saint Louis, MO, USA

each cycle (see Fig. 2). Hot air is passed over the substrate
to increase the cohesion and homogeneity of the thin layers
before washing them again. This would resolve some sig-
nificant difficulties that most researchers seek to overcome,
resulting from the high or low temperature of the deposition
process, which we mentioned above. Therefore, we have
obtained thick layers in a few cycles with good crystallinity
at a lower cost. To get rid of the problem of the complicated
reaction route while annealing in the atmosphere of S or Se
at a high temperature, we insisted that we perform the an-
nealing process in the air at a medium temperature of 150
to 300 °C in all our experiments.

2. Materials and Methods

Chemically pure copper (II) chloride (CuCl,-2H,0,
>99%), zinc sulfate (ZnSO4-7H,0, >99.5%), tin (II) chlo-
ride (SnCl,-2H,0, >97.5%) and sodium sulfide (Na,S). Ta-
ble 1 summarizes all of these materials’ information.

Every reagent was used exactly as it was given.
Deionized (DI) water was utilized to make aqueous solu-
tions. Highly transparent indium tin oxide (ITO/glass sur-
face), (In,O3 and (SnO;) ratio 90:10 with surface resistiv-
ity 8-12 Q/sq, CAS Number: 50926-11-9, Sigma Aldrich,
Saint Louis, MO, USA) films were used as substrates to de-
posit the CZTS films.

Experimental Setup

Before the CZTS thin film being deposited, the ITO-
coated glass substrates were cut into 1 x 2.5 cm?, ITO
Substrates were ultrasonically cleaned for 10 minutes us-
ing ethanol, acetone, and de-ionized water. The identical
cycle was repeated several times. Finally, the substrate
was dried before deposition. In the typical deposition, to
avoid pre-capitation, substrates were soaked individually
in solutions of anion and cation precursors, with simulta-
neous washing with DI water after each immersion. Ini-
tially, cationic ions (Cu*?, Zn*2, and Sn**) were adsorbed
on the ITO substrate by vertically submerging the cleansed
substrate in the solution of the cationic precursor for 30 sec-
onds. Consequently, to get rid of the loosely attached ions,
the substrate was rinsed with DI water for 10 seconds. It
was then submerged in the anionic precursor solution for
30 seconds, during which time the anions (S) reacted with
the pre-adsorbed cations to create the CZTS layer on an
ITO substrate. Lastly, the substrate was rinsed using DI wa-
ter for 10 seconds in order to take off the loosely bonded,
powdery CZTS particles and cation ions that hadn’t reacted.

In most studies, variations have been made to the prepara-
tive parameters, such as the number of cycles, dipping du-
ration, and precursor concentration. In order to produce
high-quality CZTS thin films, the films that were deposited
were annealed at various suitable temperatures. During this
work, the following was the typical recipe (2:1:1:4). The
first beaker contained 0.02 M CuCl,, 0.01 M ZnSOy,, and
0.02 M SnSOy solutions dissolved in 40 mL of DI water,
to give (Cu™?, Zn*2, and Sn™) cations. When the sub-
strate was immersed in the 1st beaker, these cations were
adsorbed. In beaker 3, 0.16 M Na,S was dissolved in the
same volume of DI water, to give (S2) anions, where the
thin film deposition process has ion-by-ion growth kinet-
ics, which involved ion deposition at nucleation sites on
immersed surfaces. According to Shinde et al. [32], nucle-
ation occurred by adsorption of colloidal ions, and growth
occurred through surface coagulation of these ions, result-
ing in a thin and adherent layer.

By repeatedly immersing the substrates in anionic and
cationic precursor solutions and rinsing them in deionized
water after each immersion, for 10 seconds, hot air was then
passed over the substrate to increase the cohesion and ho-
mogeneity of the thin layers before immersing them again.
With this new step, we obtained thick layers in a few cy-
cles with good crystallinity at a lower cost. The modified
SILAR method yielded uniform and well-adherent CZTS
layers on ITO substrates. The primary chemical reaction
that occurred during this cycle can be summarized by Eqns.
1,2,3,4.

CuCly — Cu™? + 20171 (1)
ZnS04 — Zn™% 4+ 50,2 ()
SnCly — Snt? 420171 (3)

NayS — 2Nat 4+ 572 “4)

The final ionic reaction is shown in Eqn. 5:

&% IMR Press
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Table 2. XRD inspections of SILAR-deposited CZTS thin film deposited in 50 cycles.

2 Theta d FWHM Crystal size  kesterite & Disloca- ¢ Lattices parameters
full width at half phase tion density — micro-strain
CZTS of 50 cycles maximum
deg  (A) deg (nm) (nm-2.10-3) a(Ad) c(Ad) v(A3)
27.88 3.19 030 29.06 (112) 1.184 0.059
32.09 278 0.73 11.91 (200) 7.049 2.083 5.54 10.93 335.46
46.30 1.95 0.50 18.08 (220) 3.059 0.218

20u™? 4+ Znt? + SnT2 + 4572 = CusZnSnS, (5)

The substrate was successively immersed in the appro-
priate precursors for a few cycles, resulting in the thin layers
of CZTS films shown in the examined samples. The result-
ing CZTS film transmittance and absorption varied depend-
ing on time and annealing temperature.

3. Results
3.1 Structure Properties

To evaluate the structural characteristics of CZTS
nanoparticles, X-ray diffraction measurements were col-
lected at 20 values varying from 15° to 60° diffraction an-
gles and using 1 = 1.54056 A. Fig. 3 illustrates the X-ray
diffractometer (XRD) diagram of the tetragonal-structured
CZTS films deposited with immersion cycles of 30, 40, and
50 cycles, respectively named as CZTS-30, CZTS-40, and
CZTS-50. Using the modified SILAR method (Figs. 1,2),
four prominent diffraction signals can be seen in the XRD
pattern at 260 values of 27.88°, 32.09°, 46.30°, and 54.97° at-
tributed to reflections about (112), (200), (220), and (312)
planes of the CZTS kesterite structure, respectively. Which
corresponds to the kesterite CZTS structure (ICDD-ref.:
00-034-1246). In addition, there are other signals at 26 =
21.40° 30.42° 35.31° and 50.71° assigned to reflections
from (211), (222), (400), and (440) planes, respectively, in
annealed samples. These reflections in all samples corre-
spond to the ITO layer (cubic structure In,O3) nanocrystals,
and the pure phase patterns may be accurately referenced to
all of the signals (JCPDS card No. 6-0416) [33,34].

In general, XRD signal positions give important struc-
tural information about CZTS films. However, to get accu-
rate information about secondary phases, you need to care-
fully interpret them and use other methods [35].

The CZTS-50 samples were obtained after 50 cycles;
their structural, compositional, and morphological charac-
teristics were examined. With the findings listed in Table 2,
emphasis was placed on them because they were most obvi-
ous. The production of CZTS with a kesterite structure and
the lattice constants a = 5.54A and ¢ = 10.93 A were verified
using XRD. At the apex, the average size of the crystallite
was 29.06 nm (1 1 2).

&% IMR Press

Using the relationships Eqn. 6 and Eqn. 7 [36], for the
films having a tetragonal structure, the determined lattice
constants a and ¢ were obtained [37].

A a\?
_ 2 2 .72 (2 6
@ 25in9\/h +R% (c) ©)
. l
- 2.4 1.2 sin®\ 2 (7)
\/h(;gk + (20in0)

The size of the crystallite was determined using Scher-
rer’s formula [38], Eqn. 8:

KA
~ Beosb

®)

where K = 0.94: is the crystal form factor, A = 1.54056A: is
the wavelength of X-ray, f: is full width at half maximum
(FWHM), and 6: is the diffraction angle.

On the other hand, stresses [39], are among the most
significant adverse effects on the structural characteristics
that could arise from a geometric mismatch at the borders
between the substrate and the crystalline lattices of films,
and can consequently cause microstrain (e) in the films at
that location. The microstrain ¢ may be found using Eqn. 9
[36]:

e FWHM ©)

tngb

Dislocation is one of the most significant flaws in a

crystal, and the misregistry of the lattice in one area of the

crystal is connected to that. Williamson and Smallman’s

relationship, Eqn. 10, was used to compute the thin-film
dislocation density [40],

_ L 2
5—ﬁ(lmes/m) (10)

where D is the crystalline size.
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Fig. 3. XRD patterns of CZTS nanoparticles of different cycles annealed at 250 °C. CZTS, Cu,ZnSnS,, ITO, indium tin oxide;
XRD, X-ray diffractometer.
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The formula, Eqn. 11, can be used to determine the
cell volume,

v =d’c (11)

The dislocation was lower for the samples deposited
with a higher number of cycles, as CZTS-50. It suggests
that there are fewer lattice defects and less strain in these
samples [41]. The formula was used to determine the dis-
location density Eqn. 10 [42].

Table 2 summarizes the crystallite number, size,
micro-strain, and dislocation density for the (2 2 0) orienta-
tion. The kesterite structure of CZTS films exhibited lattice
values of @ = 0.554 nm and ¢ = 1.093 nm.

3.2 Surface Morphology

The surface morphology of all CZTS thin films at dif-
ferent annealing parameters underwent scanning electron
microscopy (SEM) qualitative analysis. Fig. 4 shows the
surface micrographs of CZTS thin films that have been an-
nealed at various temperatures. The films exhibited gen-
erally homogeneous, densely packed surfaces on the ITO
substrate that are free of cracks and well-coated. The devel-
opment of agglomerations with well-defined borders was
caused by increasing temperatures and annealing times.
The agglomeration rate increased as the crystallinity of the
thin films increased [41].

3.3 Optical Properties

In order to examine the effects of time and tem-
perature of post-deposition annealing on the properties of
Cu,ZnSnS, thin films, using Ultraviolet (UV) visible spec-
tra in the 350-1000 nm wavelength range, absorption spec-
tra were analyzed. The optical properties, such as ab-
sorbance and transmittance, were measured. These proper-
ties were studied on ITO substrates. One of the most impor-
tant of these characteristics was the optical band gap, with
values obtained for all CZTS annealed samples by the Tauc
method. The direct band gap for the CZTS film was ob-
tained by extrapolating the linear part of Tauc’s curve to the
intercept at the x = 0 axis after plotting the (ahv)? evolution
with (hv), as described in Eqn. 12 [43].

(ahv)? = B (hv — E,) (12)

where B is constant. o represents the coefficient of absorp-
tion while / represents the Planck constant.

Fig. 5 displays the band gap of annealed samples at
various temperatures. For CZTS deposited at T = 150, 200,
250, and 300 °C, the corresponding band gap (Eg) values
were 1.69, 1.66, 1.50, and 1.43 eV. The synthesized CZTS
thin layer at T = 250 °C had the band gap energy that was
closer to the absorber theoretical value (1.5 eV).

&% IMR Press

Fig. 6 displays Tauc plot for CZTS samples annealed
at 250 °C for different annealing times. According to esti-
mates, the band gap values for 60, 90, and 120 min were
1.80, 1.50, and 1.30 eV, respectively. As the annealing
time increased, the optical band gap was narrower, indicat-
ing that extended annealing improves the optical properties
of CZTS. Tables 3,4 summarize these results. Interestingly,
the samples obtained at a high annealing temperature of 250
°C for 90 min revealed the formation of CZTS with an en-
ergy band gap of 1.50 eV. A band gap of 1.3 eV was ob-
tained when annealing another sample at 250 °C for 120
min.

The outcomes of the absorption study revealed that all
samples exhibited absorption in the visible area. Visual ab-
sorbance of CZTS specimens that were annealed at 250 °C
for 60, 90, and 120 min, respectively, confirmed the film's
suitability for future solar cell applications.

The Moss relation [41], Eqn. 13, clearly identifies the
refractive index »n with the major vitality band gap (£, ).

Ent =k (13)

k is a constant equal to 108 eV. A distinct relation be-
tween the band gap energy and the refractive index was pro-
vided by Herve and Vandamme [18], Eqn. 14:

A 2
n 1+<Eg+B) (14)

where the numerical constants 4 and B have corresponding
values of 13.6 and 3.4 eV, respectively.

Each film underwent an evaluation of its high-
frequency and static dielectric constants. The gy static di-
electric constant was determined using the accompanying
relationship condition in Eqn. 15.

g0 =n? (15)

where the refractive index is denoted by n. The band gap
depends on &, the high recurrence dielectric constants of
the films that were evaluated using Eqn. 16.

£0o = 18.52 — 3.08E, (16)

4. Discussion
4.1 Structural and Morphological Analysis

Commonly used XRD peaks to identify the kesterite
CZTS phase are the (112) signal at 26 = 28.4°, (220)/(204)
near 47°, and (312)/(116) near 56°. However, it can be
challenging to distinguish these signals using XRD alone
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(a) 200°C

K m
00-8203017153

(c)  300°C

Date: 23 Mar 2021  Time: 17:30:48

Fig. 4. The qualitative SEM analysis images of CZTS thin film annealed at different annealing temperatures, (a) in 150 °C, (b) in
200 °C, (¢) in 250 °C, and (d) in 300 °C. SEM, scanning electron microscopy. Scale bar = 1 um in (a,b); scale bar = 2 pm in (c); scale
bar =20 um in (d).

Table 3. Impact of annealing temperature on the optical characteristics of thin-film CZTS annealed for 90 min.

n Refractive index

Temperature annealing Energy band (eV) €, High frequency dielectric constant &, Static dielectric
Herve and Vandamme Moss

150 °C 1.69 2.852 2.827 7.994 13314

200 °C 1.66 2.867 2.840 8.065 13.407

250 °C 1.50 2.950 2912 8.485 13.900

300 °C 1.43 2.988 2.947 8.690 14.115

Table 4. Impact of annealing time on the optical characteristics of thin-film CZTS annealed at 250 °C.

n Refractive index

Time annealing Energy band (eV) €, High frequency dielectric constant g, Static dielectric
Herve and Vandamme Moss

60 min 1.80 2.8050 2.783 7.840 12.976

90 min 1.50 2.939 2.903 8.640 13.838

120 min 1.30 3.061 3.019 9.373 14.516

because they frequently overlap with those of secondary  can exhibit weak or broad signals that may be obscured by
phases like Cu,SnS;3 (CTS), ZnS, and SnS. Particularly at the dominant CZTS reflections. The main reflections of
lower annealing temperatures or non-ideal stoichiometries CZTS, (112), (220), and (312), overlap with those of ZnS
[44], secondary phases such as Cu—S and Sn—S compounds (at 20 28.5, 47.5, and 56.3°), making it impossible to mea-
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Fig. 5. Tauc plot of CZTS samples that were annealed at various temperatures.

sure without Rietveld refinement or high-resolution graz-
ing incidence XRD. Cu,S has a clear signal at about 26 =
46.3°, which is different from that of CZTS at about 47.3°.
The SnS/SnS, signals are broad and small [45]. When the
annealing temperature goes up, the number of secondary
phases tends to decrease. This sharpens the XRD reflec-
tions and makes the crystals purer, which means that CZTS
is forming more clearly. Surface-sensitive methods show
that secondary phases like CuS, ZnS, and SnS tend to build
up close to the film surface in a thin layer. This may not
have a big effect on bulk XRD signals [46]. Additionally,
the technique resulted in a more homogeneous, compact,
and smooth surface morphology with larger grains (see Fig.
4), which is advantageous for charge transmission [32].

4.2 Optical Properties and Band gap Tuning

In general, air annealing of CZTS thin films produced
by the SILAR process improved crystallinity and grain
growth, reduced secondary phases, and raised the purity of
the CZTS phase. Annealing in air at moderate temperatures
also reduced the band gap from 1.8 eV to 1.3 eV. This indi-
cates changes in crystal structure and defect states that en-
hanced the quality of the film [32]. Improved crystal struc-

&% IMR Press

ture is confirmed by X-ray diffraction experiments follow-
ing air annealing. Moreover, higher temperature anneal-
ing under sulfur atmospheres (400—450 °C) significantly en-
hanced crystallinity and band gap [31,47]. On the flip side,
air annealing can enhance Cu—Zn ordering, raise absorber
band gap energy, and encourage elemental intermixing at
interfaces (such as CZTS/CdS). These actions may increase
the open-circuit voltage of the device, but they may also
produce Cu-rich surface layers that, if unchecked, may re-
duce the performance of the solar cell [48].

The modified SILAR approach was used in this study
to create CZTS nanoparticles. A band gap of 1.3 eV was
obtained when annealing another sample at 250 °C for 120
min. Whereas Shinde et al. [32] get a ban dgap of 1.5-1.8
eV 4 h at high temperatures, this is a remarkable progress in
lowering time and temperature annealing, and thus reducing
the cost in this work. This confirms the effectiveness of the
added phase in the present work.

The synthesized CZTS thin layer at T = 250 °C had
the band gap energy that was closer to the absorber theo-
retical value (1.5 eV). The same change in the band gap
energy trend was noted by Kahraman et al. [49] for CZTS
deposited at high sulfurized temperatures.
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Fig. 6. Tauc plot of CZTS samples, annealed at 250 °C for varied annealing durations.

As in most experimental papers, the present study in-
dicates that increasing annealing time and temperature de-
creases the band gap. This is primarily due to sulfur loss,
Cu—Zn disorder, and stoichiometric changes that collec-
tively enhance band tailing and introduce sub-gap states,
thereby reducing the effective band gap. Similar to this,
Henry et al. [18] used SILAR to create CZTS nanoparticles
that had a large peak located along (22 0) and (1 1 2).

In the study of CZTS, observing a reduction in the op-
tical band gap with increased temperature and time is a very
common and well-documented trend. This “narrowing” of
the band gap is usually interpreted through primary phys-
ical mechanisms, where sulfur loss, defect reduction, and
Cu—Zn disorder are all impacted by increasing the anneal-
ing temperature and duration. These factors ultimately af-
fect the band gap. Higher annealing temperatures (about
550580 °C) enhance crystallinity and increase Cu—Zn dis-
order, resulting in a more disordered kesterite structure and
a narrow band gap, which normally decreases with rising
temperature and longer annealing time under a sulfur atmo-
sphere [9]. Sulfur loss occurs at high annealing durations
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or temperatures, resulting in secondary phases and compo-
sitional deviations such as Sn or Zn loss, which can narrow
the band gap due to defect states or impurity phases like
Cu,SnS; or Cu,-xS [50,51].

Optimal annealing reduces defects and non-radiative
recombination centers, which leads to a cleaner band gap
closer to the ideal kesterite value (~1.5 eV) [52]. As the an-
nealing temperature rises, Cu—Zn disorder increases, which
broadens the optical absorption edge and decreases the ef-
fective band gap [9] by disorder-induced band tailing and
defect-related states near the band edges. However, too
long sulfurization durations might result in the development
of secondary phases, such as SnS;, which can have a detri-
mental effect on band gap uniformity [53] and film qual-
ity. Overall, to optimize the CZTS band gap for solar per-
formance, controlled annealing strikes a compromise be-
tween cation ordering, sulfur retention, and defect passiva-
tion [51,54].

Table 5 (Ref. [18,41,47]) compares the empirically
acquired values in the model (modified SILAR) with those
reported using standard SILAR. We employed much fewer
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Table 5. Comparison between the modified SILAR model and the experimentally reported values from conventional SILAR.

Conventional SILAR method Modified SILAR method

References [47] [18] [41] Best results in this work
Band gap Eg (eV) 1.50 1.54 1.51 1.5 1.3
Cycles number 100 70 100 50 50
Annealing time (min) 10 120 60 90 120
Annealing conditions in air under sulphur inair in air in air
Temperature (°C) 250 500 400 250 250

T @

1,65 4

)
o
1

1,55

Band Gap (eV)

o
o
|

1,45 4 \

1,40 1 L 1 1 1 L L 1 L
140 160 180 200 220 240 260 280 300 320

Temperature (°C)

o (b)

Band Gap (eV)

1,34 L]
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60 70 80 90 100 110 120

Annealing time (min)

Fig. 7. Band gap of CZTS thin films variation with (a) annealing temperature, (b) time of annealing.

cycles and shorter annealing times to attain the optimal per-
formance of the proposed optical property compared to the
values reported in the literature [30,41,47,55]. This im-
provement was actually caused by the extra heating step.
According to these results, the proposed method provided
a low-cost, non-toxic means of creating optimized CZTS
absorbers that may be used at low temperatures.

Fig. 7 demonstrates that extending the annealing time
from 60 to 120 minutes resulted in a band gap decrease.
This narrowing is primarily attributed to enhanced Cu—Zn
cationic disorder and stoichiometric deviations. Addition-
ally, the CZTS film Tauc plot annealed for 90 min at vari-
ous annealing temperatures is shown in Fig. 7a. Thus, the
band gaps (Eg) were 1.69, 1.66, 1.50 and 1.43 eV for 150,
200, 250, and 300 °C, respectively. Notably, similar results
were obtained in the literature, but at higher temperatures
and for an extended length of time, indicating the effective-
ness of the additive phase (the new step) here. The study
by El Mahboub et al. [56] found that increasing the anneal-
ing temperature for spin-coated CZTS thin films reduced
the optical band gap. In particular, their research on sol-
gel spin-coated and electrodeposited films showed that the
band gap energy narrowed from values about 1.65-1.72 eV
to roughly 1.50—1.56 eV as the annealing temperature rose
from lower ranges (e.g., 350 °C) toward ideal levels (400—
500 °C). In other experiments [57], recent characterizations
of sputtered copper zinc tin sulfide (CZTS) thin films have
confirmed that the annealing temperature is the key lever
for adapting the optical band gap. The band gap for these
sputtered absorbers usually narrows from as high as 1.7—

&% IMR Press

1.8 eV to the optimal bulk value of ~1.45-1.50 eV when
the annealing temperature is raised from 300 to 550 °C. Ob-
viously, the band gap decreases as the annealing tempera-
ture increases (Fig. 7a). This is due to enhanced Cu—Zn
cationic disorder and stoichiometric deviations (including
sulfur loss) at elevated temperatures, which reduce the ef-
fective band gap, according to previously reported findings
[25,31,55,58]. Furthermore, the CZTS samples showed the
best results when they were annealed at 250 and 200 °C for
90 minutes and 120 minutes, respectively. This resulted in a
band gap of 1.5 eV, which is in good congruence with liter-
ature [59,60]. This direct material band gap value is perfect
for usage in solar energy systems as the absorber layer.

4.3 Limitations

Based on the results obtained in this study, several
limitations and challenges are expected when using CZTS
composite thin films in solar cells, despite the efficiency
of the new SILAR modification in reducing heat and an-
nealing time. However, some limitations remain, the most
significant being sulfur loss.

The findings showed variations in the material chem-
ical ratios and sulfur loss when samples were annealed in
air at high temperatures and for long periods of time. When
this sulfur evaporates, sulfur voids or unwanted secondary
phases like ZnS or Cu,S occur, which impairs the light-
absorbing layer’s function.

Additionally, the results demonstrated that the band
gap is highly sensitive to any change in time (from 60 to 120
minutes) or temperature (from 150 to 300 °C), decreasing
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from 1.69 to 1.43 eV; this is due to the difficulty of precisely
controlling these parameters (reproducibility) during large-
scale commercial manufacturing. Even slight fluctuations
in annealing temperature or curing time will result in films
with varying energy gaps, impacting production reliability.
A new challenge has emerged: finding the optimal balance
between temperature and time. We achieved the best results
(an optimal energy gap of 1.5 eV) at a specific combination
(250 °C for 90 minutes). Therefore, reducing the tempera-
ture would require extending the curing time to more than
two hours, which may not be economically viable for fast
factory production lines.

Finally, although the described method has success-
fully reduced the temperature required for annealing com-
pared to previous studies (which reached 550 °C), control-
ling crystal defects remains the greatest obstacle to increas-
ing the efficiency of these cells.

5. Conclusions

In this work, using a modified SILAR technique at
low temperatures, CZTS films were deposited on ITO sub-
strates. The temperature for annealing was adjusted from
150 to 300 °C, and the annealing duration was extended
from 60 to 120 min to investigate the effects of anneal-
ing parameters on the optical characteristics of CZTS films.
The XRD signals for (112), (220), and (312) were present in
all of the as-deposited CZTS films, suggesting that they all
contain a kesterite structure. Additionally, the absorbance
of the CZTS films significantly increased with the anneal-
ing temperature from 150 to 300 °C and the annealing pe-
riod from 60 to 120 min. The CZTS film optical band gap
shrank from 1.69 to 1.43 eV and approached the ideal value
needed for a substance that absorbs in solar cells at vari-
ous periods and from 1.80 to 1.30 eV at various annealing
temperatures. The CZTS films produced after annealing at
250 °C for 90 min or 250 °C for 120 min showed remark-
able potential for the creation of high-quality CZTS thin
films in thin-film solar cells with an optimal band gap of
1.5 and 1.3 eV, respectively. The CZTS films formed us-
ing the modified SILAR approach are appropriate for pho-
tovoltaic devices. By incorporating this change into the
traditional SILAR methods, a low annealing temperature,
a basic medium, and a restricted number of cycles can all
yield acceptable outcomes. As aresult, there is reduced cost
and complexity. However, the method still has drawbacks,
such as potential issues with phase purity and crystal quality
degradation. Since the initial results are so encouraging, we
are keen to conduct additional research and development to
improve the process and deliver the optimized results.
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