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ABSTRACT
The non-toxic nature and remarkable optoelectronic properties of kesterite (Cu2ZnSnS4 and CZTS) make CZTS a potential candidate for
solar cell absorber layer material. Since alkali metal doping has shown a performance boost of active layers of solar cells, this work investigates
the effects of significant lithium doping on sol-gel-produced CZTS thin films. CZTS- and lithium (Li)-doped CZTS thin films were prepared
using the spin coating technique. The variation of structural, morphological, and optical properties of CZTS due to Li-doping has been
studied by x-ray diffraction, scanning electron microscopy, and UV–visible spectroscopy techniques. All the synthesized LixCu2−xZnSnS4
(x = 0, 0.2, 0.4, 0.6) films showed fine crystallinity with average crystallite sizes of 4.745, 6.013, 6.255, and 6.404 nm, respectively. The average
grain size decreases from 0.336 to 0.310 μm via increasing Li concentration. The inclusion of Li increased the bandgap energy ranges from
1.5 to 1.808 eV. The Li0.6Cu1.4ZnSnS4 thin showed the highest absorption coefficient of 3.505 × 104 cm−1 among all the prepared thin films.
A high optical conductivity over 1014 s−1 was observed for CZTS, which further increased with an increased Li concentration. The synthesized
structures showed enhanced characteristics suitable for solar cell application.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0173862

I. INTRODUCTION

Solar cells (SCs) are one of the most remarkable inventions of
modern technology, which can directly convert solar energy into
electricity. At present, the world uses about 4.7 × 1020 Jules of energy
per year.1 The energy crisis is increasing rapidly due to the expo-
nential growth of the world’s population. Although, at present, the
most common energy demands are met by fossil fuel burning, they
are limited, costly, and environmentally unfriendly. Burning fossil
fuels causes environmental pollution by generating different types
of gases, such as CO2, NO2, CO, and SO2.2 The best solution to
overcome the energy crisis is to use renewable and eco-friendly
energy sources, such as solar, wind, biomass, tidal, and nuclear
energy.3,4 Among them, solar energy is one of the most promising,
environmentally friendly, clean, abundant, and efficient sources.5,6

In recent years, materials, such as CuGaS2 (CGS), CuInS2
(CIS), CuInGaSe2 (CIGS), and CdTe, have demonstrated signifi-
cant promise as the light-absorbing layer in SCs.7,8 Nonetheless,
the production of these materials is relatively expensive and may
contribute to increased environmental toxicity. As an alternative,
Cu2ZnSnS4 (CZTS) has attracted the scientific community due to
its non-toxic nature, low fabrication cost, and enhanced optoelec-
tronic performance. Therefore, CZTS has emerged as one of the
most encouraging candidates for the absorber layer in thin-film
SCs. It possesses a direct bandgap ranging from 1.4 to 1.5 eV and
exhibits a substantial absorption coefficient exceeding 104 cm−1.9,10

According to theoretical observations, the power conversion effi-
ciency (PCE) of CZTS-based solar cells is anticipated to reach ∼30%,
in accordance with the Shockley–Queisser limit.11 Researchers have
developed multiple viable synthetic approaches for CZTS-based SC
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fabrication, which fall into two groups. The first is the vacuum
approach, including thermal evaporation,12 DC and RF magnetron
sputtering,13 pulse laser deposition,14 electron-beam evaporation,15

and the second is the non-vacuum approaches, such as spray pyroly-
sis deposition,16 electrodeposition,17 sol-gel sulfurization,18 and spin
coating technique.19 The non-vacuum spin coating method presents
advantages in terms of cost-effectiveness and simplicity, providing a
straightforward process for achieving a uniformly grown thin film.

Magorian Friedlmeier et al. successfully fabricated thin-film
solar cells (SCs) using CZTS as the light absorber, in conjunc-
tion with an n-CdS/ZnO window layer in 1997.20 This initial work
demonstrated a PCE of up to 2.3%. Subsequent improvements were
made, leading to an increased PCE of 5.45% in 2003, and fur-
ther optimization in 2008 resulted in a PCE of 6.7%, achieved
through enhancements to the sulfurization process.21,22 Notably,
IBM achieved a remarkable PCE of 9.6% for CZTS-based solar
cells using a spin coating process with a hydrazine solution.23 The
addition of the MgF2 antireflection layer improved the PCE up to
10.1%.24 In 2011, Yan et al. documented a groundbreaking achieve-
ment with a world-record PCE of ∼11% for CZTS solar cells.25

However, the pure sulfide CZTS-based thin-film solar cell attained
an efficiency of 9%26 in 2016 and 11%25 in 2018. Thus, CZTS is
attracting considerable interest for its potential use as an absorbing
layer in high-efficiency SCs.

An efficient way to modify the physical properties of semicon-
ductors is by impurity doping. Tong et al. explored the influence
of Potassium (P) on CZTS films, revealing that P-doping enhances
grain sizes while reducing the occurrence of the secondary ZnS
phase.27 In a study by Xin et al., lithium (Li) doping in CZTS was
found to impact the electric field polarity and decrease the con-
centration of ZnCu defects.28 Dong et al. noted significant effects
of Li-doping on adjusting the band-gap and grain boundaries of
Cu2ZnSn(S,Se)4 (CZTSSe) absorbers, resulting in improved perfor-
mance of CZTSSe devices.29 Guo et al. delved into the optical and
electrical properties of Si-doped CZTS films, observing an increase
in bandgap and a decrease in carrier concentration.30 The above
issues and research motivated us to conduct our study (Fig. 1).

In this research, we have successfully synthesized CZTS thin
film via the spin coating method. The structural, morphological,
and optical properties of the synthesized film are studied. We have
studied the effect of Li dopant concentration on the mentioned
properties of the CZTS thin film. The study of different structural
properties (e.g., lattice parameter, crystallite size, dislocation density,

FIG. 1. Schematic diagram of research motivation.

strain, etc.) along with different optical properties (e.g., absorbance,
absorption coefficient, refractive index, optical conductivity, etc.) are
vital for various optoelectronic research works and are the key nov-
elties of this research. To the best of our knowledge, similar studies
on Li-doped CZTS have not been previously reported.

II. EXPERIMENTAL SECTION
A. Materials

Copper chloride (CuCl2 ⋅ 2H2O, 99%, Merck), zinc chloride
(ZnCl2, 98%, Merck), tin chloride (SnCl2 ⋅ 2H2O, 98%, Merck),
thiourea [SC(NH2)2, 99%, Merck], and lithium chloride (LiCl, 99%,
Merck), monoethanolamine (MEA, 99.5%, Merck), and 2-methoxy
ethanol (2-metho, 99%, Merck) were used in this research.

B. Synthesis of pristine and Li-doped CZTS thin film
A 1M solution of CZTS was prepared by dissolving CuCl2 ⋅

2H2O, ZnCl2, SnCl2 ⋅ 2H2O, and SC(NH2)2 in 2-metho maintain-
ing the Cu:Zn:Sn:S molar ratio of 2:1:1:4. A few drops of MEA were
added to the mixture during continuous stirring for 30 minutes
at 50 ○C. Li was doped by adding LiCl in the solution to prepare
LixCu2−xZnSnS4 with x = 0.2, 0.4, and 0.6. Under an ultrasonic bath,

FIG. 2. XRD spectra of the pure and Li-doped CZTS thin film.

TABLE I. Lattice parameters of CZTS and LixCu2-xZnSnS4 thin films.

Lattice parameters (Å)

Material a b c
Cell

volume (Å3)

Cu2ZnSnS4 5.438 5.438 10.845 320.750
LixCu2−xZnSnS4 (x = 0.2M) 5.448 5.448 10.820 321.145
LixCu2−xZnSnS4 (x = 0.4M) 5.455 5.455 10.825 322.128
LixCu2−xZnSnS4 (x = 0.6M) 5.434 5.434 10.833 319.948
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the glass substrates were cleaned using distilled water, ethanol, and
acetone and dried in the oven. Each composition of LixCu2−xZnSnS4
solutions was spin-coated on the glass substrate at 1500 rpm for 30 s.
The prepared films were dried in an electric oven for 5 min at 50 ○C.
For each sample, the spin-coating and drying procedure was carried
out five times to achieve the appropriate thickness and better film
coverage. The annealing was carried out at 340 ○C for 40 min at a
heating rate of 9 ○C/min.

C. Characterization
1. X-ray diffraction (XRD)

The structural properties of the prepared films were obtained
using the PW 3040-Xpert x-ray diffractometer with Cu–Kα radi-
ation. The diffraction data were taken in the 2θ angle range of
10–80○.

2. Scanning electron microscopy (SEM)
Morphological properties were observed using the ZEISS EVO

18 Scanning Electron Microscope. All images and data were col-
lected at electron high tension (EHT) of 10 kV and a working
distance (WD) of 10 mm.

3. UV-visible spectroscopy
The optical properties of the films were observed in the wave-

length range from 300 to 800 nm using a double-beam UH4150
UV–VIS spectrophotometer.

III. RESULTS AND DISCUSSION
A. Structural analysis

The x-ray diffraction (XRD) profile of the pristine CZTS thin
film displays clear peaks at 2θ values of 28.40○, 47.34○, and 56.15○,
representing the (112), (204), and (312) crystallographic planes,
respectively (Fig. 2).31 The XRD spectra of the CZTS structures
do not indicate the presence of any impurities. Although relative
changes in peak intensity and peak width are observed due to Li-
doping signifying the variation in periodicity and crystallinity, no
significant peak shifting is observed.

Table I gives the lattice parameters and cell volumes of the syn-
thesized crystals. All the structures possess a tetragonal phase with a
slight deformation from Li doping. It is observed that the cell volume
exhibits an initial increase followed by a decrease as the concentra-
tion of Li doping increases. Although the cell volume is predicted
to increase after Li doping due to the bigger diameter of Li+ ion
compared to Cu2+ ion,32 the irregularities in the variation of cell vol-
ume can be attributed to the differing thermal expansion coefficients
between substrates and deposited films. This variation may generate
residual strain in the structures, leading to the deformation of unit
cells.33

The crystallite sizes (D) of the synthesized structures are
calculated using the Debye–Scherrer (DS) formula.33–35

Table II shows that the average crystallite size increased with
the increase in Li+ concentration, implying an enhancement in peri-
odicity attributable to the introduction of Li+ ions. The dislocation

TABLE II. Average crystallite size, dislocation density (ρ), stacking fault (SF ), and lattice strain (ξ) of the prepared crystals.

Samples
Crystallite
size (nm)

Dislocation density
(ρ) (1/nm2)

Stacking fault
(SF)

Lattice
strain (ξ)

Cu2ZnSnS4 4.745 0.054 0.016 0.032
LixCu2−xZnSnS4 (x = 0.2M) 6.013 0.031 0.010 0.016
LixCu2−xZnSnS4 (x = 0.4M) 6.255 0.026 0.0097 0.0155
LixCu2−xZnSnS4 (x = 0.6M) 6.404 0.025 0.0096 0.0153

FIG. 3. Variation of (a) dislocation density and stacking fault and (b) crystallite size and lattice strain with increasing Li+ concentration.
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density (ρ), stacking fault (SF), and lattice strain (ξ) are calculated
from the following equations:36–38

ρ = 1
D2 , (1)

SF = 2π2Γ
45(3 tan θ) 1

2
, (2)

ξ = Γ
4 tan θ

. (3)

The dislocation density represents the quantity of dislocations
per unit length. As the dislocation density adheres to the inverse

square law with crystallite size, ρ decreases with an increase in Li
content in the thin film (Fig. 3). This decrease in the dislocation
density is attributed to the improved periodicity, leading to a reduc-
tion in stacking faults and lattice strain as Li concentration increases
in the thin films. This trend implies a decrease in the imperfec-
tions within the periodic structure. The decrease in dislocations and
stacking fault suggests a decrease in lattice defects due to Li addi-
tion.28 The decrease in dislocations signifies that Li doping caused to
decrease in the strength of CZTS material.39

B. Morphological structure of synthesized films
Figure 4 shows the top view of the scanning electron micro-

scopy (SEM) images of the synthesized LixCu2−xZnSnS4 thin

FIG. 4. SEM images of (a) Cu2ZnSnS4, (b) Li0.2Cu1.8ZnSnS4, (c) Li0.4Cu1.6ZnSnS4, and (d) Li0.6Cu1.4ZnSnS4 thin films.
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films, featuring different Li concentrations (x = 0M, 0.2M, 0.4M,
0.6M). The SEM analysis reveals no discernible changes in surface
morphology corresponding to the varying Li concentration.

All films show tightly packed grains with diameters up to sev-
eral microns. No significant morphological variation is observed
due to Li-doping.28 All the samples exhibited uniform film cover-
age with spherical grains. The average grain sizes for the CZTS and
LixCu2−xZnSnS4 (x = 0.2, 0.4, 0.6) thin films were determined to be
0.336, 0.328, 0.322, and 0.310 μm, respectively.

C. Optical properties
Figure 5 shows the prepared thin films’ optical absorbance,

reflectance, and transmittance spectrum. All samples show a signif-
icant absorption in the visible wavelength region, which decreases
with the increase in wavelength. Particularly, the 0.6M Li-doped
sample demonstrates the highest absorbance in the visible region.
This suggests that the introduction of Li into CZTS enhances its
capacity to absorb visible energy. The absorption peak shows a blue
shift due to the addition of Li atoms.32

The reflectance of all samples is consistently high, with slight
variations observed within the visible wavelength range. The intro-
duction of Li results in a reduction in the reflectance of the thin
films, except for the 0.4M Li-doped thin film. The combination of
increased film thickness and uniform film coverage contributes to
very low transmittance, which diminishes further with decreasing
wavelength across all four samples in the visible region. It is noticed
that the transmittance is the minimum for LixCu2−xZnSnS4(x
= 0.4M) thin film.

The absorption coefficient is a vital characteristic of any absorb-
ing layer material for SCs. The prepared thin films’ absorption
coefficients (α) can be determined using the following equation:40

α = 2.303A
t

, (4)

where A is the absorbance and t is the thickness. From Fig. 6, it
is observed that the absorption coefficient depends on the photon
wavelength. In the visible range, all samples have absorption coef-
ficients of more than 104 cm−1, making them potential candidates

FIG. 5. (a) Absorbance, (b) reflectance, and (c) transmittance spectra of the thin films.
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FIG. 6. Absorption coefficients of the thin film.

for SC application. The absorption coefficient for LixCu2−xZnSnS4
(x = 0.6) thin film is higher than the other three samples, and it is
3.505 × 104 cm−1 in the blue wavelength region, which signifies that
about 37% of the blue waves are absorbed after traveling 0.285 μm
thickness. Hence, a few microns thick samples are enough to absorb
most of the visible spectrum.

Figure 7 shows the optical bandgap of all the prepared films
obtained from the Tauc relation.41–43 The bandgap observed for pure
CZTS thin film is 1.5 eV.44 The Li/Cu ratio has a significant impact
on the optoelectronic characteristics of CZTS crystals.32 The optical
bandgap of the samples increases from 1.5 to 1.808 eV with increas-
ing Li/Cu ratios (Table III). More precisely, (Cu0.8Li0.2)2ZnSnS4 with
a bandgap of 1.7 eV is a very potential choice for top cells in tandem
SCs with a Si-based bottom cell.45 The bandgap can be a result of
structural deformation,33 as observed in Table I.

FIG. 7. Tauc plot for the prepared thin films.

TABLE III. Data for optical band gap values of different thin films.

Samples
Film thickness

(μm)
Bandgap
(Eg) (eV)

Cu2ZnSnS4 3.99 1.5
LixCu2−xZnSnS4 (x = 0.2M) 2.14 1.704
LixCu2−xZnSnS4 (x = 0.4M) 4.12 1.504
LixCu2−xZnSnS4 (x = 0.6M) 1.34 1.808

The extinction coefficient (K) represents the amount of inci-
dent energy lost due to absorption or scattering per unit volume of a
material. K quantifies the diminution of electromagnetic wave inten-
sity with respect to the wavelength (λ), which can be obtained from
the following equation:42

K = αλ
4π

. (5)

In Fig. 8, the extinction coefficients of the synthesized structure are
depicted. The addition of Li content has led to a notable increase
in the extinction coefficient of CZTS, particularly in the visible
wavelength region. The maximum values of K are observed for
LixCu2−xZnSnS4 (x = 0.6M) thin film.

The refractive index is one of the vital characteristics of a
material in optoelectronic research. A lower refractive index suggests
transparency for the electromagnetic (EM) spectrum, while a higher
refractive index indicates a denser medium affecting the propagation
of EM waves. The refractive index of thin films can be determined
using the following equation:42

η = 1 + R
1 − R

+
¿
ÁÁÀ 4R
(1 − R)2 − K2, (6)

FIG. 8. Extinction coefficient of the prepared thin films.
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FIG. 9. Refractive index of the thin films.

where K and R are the extinction coefficient and reflectance,
respectively.

The CZTS film showed a high refractive index in the visi-
ble region, which gradually decreases with increasing wavelength
(Fig. 9). Upon the addition of Li-content, there is a subsequent
increase in the refractive index. The high refractive index of the
CZTS film may be attributed to its high density of the film and
this effect could potentially be mitigated by reducing the molar
concentration of CZTS.

The complex dielectric constant (ℇ) is a fundamental intrinsic
property of materials. The real component of the dielectric con-
stant (ℇr) signifies the material’s polarization in response to incident

electromagnetic waves, while the imaginary component (ℇi) indi-
cates the absorption of incident energy due to dipole motion.42 The
dielectric constants can be calculated from Eqs. (7)–(9),

ε = εr + iεi, (7)

where

εr = η2 − K2 (8)

and

ε = 2ηK. (9)

Figure 10 shows ℇr and ℇi components of Cu2ZnSnS4 and
LixCu2−xZnSnS4 thin films as a function of incident wavelength. It
is obvious that the variation of ℇr is mostly determined by η2 due to
small values of K2, but the variation of ℇi is primarily determined
by K values, which are connected to the absorption coefficients. In
the visible wavelength region, the real component of the dielectric
function decreases with the increase in Li concentration, while the
imaginary component increases after the addition of Li. This obser-
vation indicates that the energy absorption of the material from the
electric field increases upon the incorporation of Li.

The optical conductivity was calculated using the following
equation:42

σ = αnc
4π

, (10)

where σ, α, c, and n represent the optical conductivity, absorption
coefficient, speed of light, and refractive index of the synthesized
films, respectively.

Figure 11 shows the optical conductivity (OC) of all the syn-
thesized samples. OC represents the enhancement of conductivity
in the presence of photons. All the films exhibit remarkably high OC

FIG. 10. (a) Real and (b) imaginary components of the dielectric constant of the prepared thin films.
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FIG. 11. Optical conductivity of the synthesized films.

values exceeding 1014 s−1, making them suitable for various opto-
electronic applications. The OC further increases with the rise in the
Li content for the LixCu2−xZnSnS4 samples, indicating that Li atoms
contribute to enhancing the optical response of CZTS thin films.
Notably, all samples demonstrate heightened conductivity in the
presence of blue wavelength compared to red wavelength, suggesting
increased conductivity in response to high-energy photons.

IV. CONCLUSION
Thin films of both pristine and Li-doped CZTS were success-

fully synthesized through the spin coating technique. All films exhib-
ited a tetragonal crystalline structure in the kesterite phase, charac-
terized by reduced dislocations and stacking faults with increasing
Li content. The incorporation of Li led to an improved periodicity in
the CZTS structure. In addition, a fine film coverage was observed,
accompanied by a reduction in average grain size attributed to the
presence of Li. Li doping also showed improved optical properties
with a high absorption coefficient and conductivity of 104 cm−1

and 1015 s−1 order, respectively, which can provide better perfor-
mance as solar cell absorber layer material. The incorporation of Li
content slightly increased the bandgap from 1.5 to 1.808 eV. The
optimal bandgap within the visible energy range, coupled with a
higher absorption coefficient and optical conductivity, suggests that
Li-doped CZTS holds potential not only for solar cell absorber layers
but also for various other optoelectronic applications.
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