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The Cu2Zn1-xCrxSnS4 (x=0- 1) compound was synthesized by sol-
gel method in order to modulate the structural and morphological 
characteristics of the compound. XRD studies revealed that there is small 
variation of lattice constants with slight distortion in crystal structure due 
to partial substitution (Cr) which confirms the successful entrance of Cr2+ 
ions into the Cu2ZnSnS4 lattice. While Raman confirmed the formation of 
a pure Cu2ZnSnS4 phase with slight peak shifting due to the substitution, 
FESEM images demonstrated that the particle size ranged in the nanoscale 
with a regular surface distribution. Photoluminescence measurements 
indicate that increasing chromium content causes changes in the optical 
bandgap, potentially leading to modifications in the optical properties. 
Meanwhile, magnetic analysis confirms that increasing chromium content 
directly affects the magnetic properties of the compound, causing it to 
shift from paramagnetic to weakly magnetic behaviour. The results show 
that the optical and magnetic properties of the Cu2ZnSnS4 compound can 
be changed by replacing zinc with chromium, which enhances its use in 
photocatalysis and thin-film solar cells.

INTRODUCTION
Recently, thin-film solar cells have become 

one of the most promising renewable energy 
technologies due to their economic efficiency 
and environmental friendliness. The compound 
Cu2ZnSnS4 (CZTS) is used as a light-absorbing thin 
film due to its excellent photoelectric properties, 
plentiful and non-toxic elements, and suitable 
atomic structure [1.2]. Studies indicate that the 
optical and magnetic properties of the CZTS 
make it a possible alternative to traditional solar 
materials such as CuInGaSe2 and CdTe [3.4]. This 
compound has a tetragonal crystal structure of the 

kesterite type and has a straight energy band gap 
ranging between 1.4 and 1.5 eV, making it suitable 
for light absorption in the visible spectrum [5.6]. 
One recent trend in improving CZTS performance 
is chromium (Cr) doping. Studies have shown 
that adding chromium to CZTS can lead to the 
formation of an intermediate band within the 
energy bandgap, allowing for additional light 
absorption and improving solar cell efficiency 
[7]. In addition, it is believed that chromium 
doping can improve the magnetic properties 
of the compound, opening new prospects 
for intermediate-band solar cell applications 
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[8-10]. Regardless of the great ability of the 
chromium-doped CZTS, there are challenges with 
crystal stability and structural symmetry. These 
challenges require research and development to 
improve the overall properties and ensure the 
stability of practical applications. This manuscript 
focuses on the effects of chromium doping on 
structural, optical and magnetic properties of 
Cu2Zn1-xCrxSnS4 (x = 0-1), which has not been 
detected much in previous studies. While most 
previous studies have focused on replacing certain 
elements to improve photovoltaic properties 
of traditional CZTS compounds or increase the 
solar performance, this manuscript presents an 
integrated study that adds structural analysis, 
optical and magnetic characterization in a single 
context, playing effective role in the distribution 
of nanoparticle distribution. The use of novel 
preparation methods and controlled doping ratios 
provides a new scientific basis for understanding 
the structure-application relationship, opening 
up prospects for the design of innovative CZTS 
materials applicable to photocatalysis and thin-
film solar cells, and laying the foundation for the 
development of nanomaterials with precisely 
optimized multiple properties.

MATERIALS AND METHODS
Preparation method and Characterization 

Cu2Zn1-xCrxSnS4 at (x=0-1) was prepared using 
the sol-gel method using chlorides as primary 
metal precursors. Copper(II) chloride CuCl₂ 
2H₂O, zinc chloride ZnCl₂, chromium(II) chloride 
CrCl₂ (with substitution ratios x = 0.0, 0.25, 0.5, 
0.75, 1), tin(II) chloride SnCl₂ 2H₂O, and thiourea 
(CH₄N₂S) were used as the sulfur source. The salts 
were dissolved in 100 ml of distilled ethanol at 
initial concentrations ranging from 0.1–0.2 mol/L, 
maintaining the general molar ratio of the metals 
according to the formula Cu: (Zn+Cr): Sn: S = 
2:1:1:4. To ensure better homogeneity and prevent 
premature precipitation, citric acid (C₆H₈O₇) was 
added at a molar ratio approximately 1.5 times 
the total amount of metal cations as a complexing 
agent, with ethylene glycol (C₂H₆O₂) added at a 
volume ratio (10–15 mL) as a copolymer to form 
a cohesive gel network. The mixture was then 
continuously stirred using a magnetic stirrer 
at 75–80 °C for 3 h until a clear, homogeneous 
solution was obtained. The solution was allowed 
to gradually thicken to form a homogeneous 
gel, and the resulting gel was then dried in 

an oven at 110°C for 12 h to obtain a solid gel. 
Subsequently, the gel was preheated at 300°C 
for 2 h to remove organic residues and thermally 
decompose intermediates. Finally, it was annealed 
at 500°C for 2 h in an inert argon (Ar) atmosphere 
with an excess of sulfur from the decomposition 
of thiourea to ensure the formation of a pure 
kesterite-type crystalline phase of Cu2Zn1-xCrxSnS4. 
The final product was a homogeneous dark brown 
Nano-powder, which was used for structural (XRD, 
Raman), morphological (FESEM), optical (UV–
Vis, PL), and magnetic (VSM) investigations to 
evaluate the effect of partial and total chromium 
substitution on the properties of the compound.

RESULTS AND DISCUSSION
Crystal structure properties

As shown in the Fig. 1, XRD patterns of Cu2Zn1-

xCrxSnS4 (x = 0 → 1) samples showed characteristic 
peaks consistent with the tetragonal kesterite 
phase, with the dominant peak associated with 
the (112) plane located at 2θ about 28.40°, as 
typical for pure CZTS. As summarized ​​in Table 1, 
the position of the dominant peak shifts towards 
lower angles accompanied by a slight decrease 
in d-spacing, indicating a local distortion in the 
unit cell and a change in bond size due to ionic 
substitution [11,12]. In addition, it is noted that 
the lattice constants “a” and “c” have gradually 
decreased, which has led to a decrease in the unit 
cell volume (V) to its lowest value. Computational 
and experimental studies indicate that ionic 
substitutions may change the distance between 
layers and lead to local expansion or contraction 
depending on the oxidation state and spatial 
symmetry [12,13].

From a nanocrystalline perspective, peak width 
data and Scherer calculations show that crystallite 
size was decreased accompanied by an increase in 
the microstrain. This trend (decreasing crystallite 
size with increasing microstrain) is consistent 
with the interpretation that partial Cr substitution 
generates localized defects and distortions that 
broaden the crystal size distribution and lead 
to broadening of the XRD peaks (i.e., increased 
peak width); that may reflect the formation of 
a larger secondary phase or crystallographic 
rearrangement that reduces the lattice distortions 
seen in the intermediate-strain samples. The 
interpretation of shifts in magnitude and reflection 
is consistent with Scherer’s concepts and analysis 
of peak amplitude [14,15]. The transient decrease 
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in the lattice constants and unit cell volume 
with increasing internal stress could be due 
to the introduction of a Cr ion with a different 
oxidation/coordination state that produces a 
different binding energy and tends to induce 
local tension (e.g., Cr2+ or Cr3+ at tetrahedral/

other sites) compared to Zn2+, thus showing a 
localized increase in d-spacing. The subsequent 
decrease in crystallite size and the increase in the 
microstrain correspond either to a better lattice 
rearrangement upon complete substitution or to 
the emergence of phase separation that produces 

 

 
Fig. 1. XRD pattern of the Cu2Zn1-xCrxSnS4 compound at (x = 0–1).

Compounds x = 0 x= 0.25 x = 0.5 x = 0.75 x = 1 

Diffraction dominant peak 2θ (°) 28.3929 28.3962 28.4030 28.4034 28.4021 

Lattice constants “a, c” (Å) a = 5.4261 
c = 10.937 

a = 5.4233 
c = 10.934 

a = 5.4247 
c = 10.936 

a = 5.4259 
c = 10.932 

a = 5.4249 
c = 10.935 

c/a 2.0156 2.0161 2.0159 2.0147 2.0157 

V=a2c (Å3) 322.013 321.5928 321.8177 321.842 321.812 

η=c/2a 1.0078 1.0081 1.0079 1.0074 1.0078 

Crystallite Size only (nm) 5.577 5.572 5.548 5.432 5.516 

Micro Strain (%) 0.02534 0.02748 0.03743 0.03981 0.02489 

 

Table 1. Crystal structure parameters of Cu2Zn1-xCrxSnS4 doped Cr2+ compounds at (x=0, 0.25, 0.5, 0.75, 1).



3273J Nanostruct 16(3): 3207-3279, Summer 2026

S. Naif / Cr Incorporation Effects on Cu2ZnSnS4 Nanomaterial

 

 
Fig. 2. Morphology of nanoparticles of the Cu2Zn1-xCrxSnS4 compound at (x = 0–1).

larger coherent domains of a different phase [16]. 
Previous studies on addition/substitution effects in 
CZTS indicate a deterioration in crystallinity or the 
emergence of secondary phases upon certain Cr 
additions, which supports caution in interpreting 

the increase in crystallite size as a pure function 
of the quality of a single phase [17]. Therefore, it 
can be said that the XRD results of Cu2Zn1-xCrxSnS4 
indicate that all samples retain the kesterite 
crystal structure with slight shifts in peak positions 
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and significant changes in the lattice constants and 
unit cell volume due to the gradual replacement of 
Zn by Cr. They also indicate a temporary decrease 
in the unit cell volume and increase micro-stress 
at medium substitution ratios accompanied 
by a decrease in crystallite size, indicating the 
generation of local lattice distortions.

Morphological analysis
Scanning electron microscope (FESEM) images 

of the Cu2Zn1-xCrxSnS4 compound at (x = 0–1) 
show that the particles have a quasi-spherical 
morphology with varying degrees of compactness 
and agglomeration. The grain size varies with the 
substitution ratio. In pure (x = 0), the particles 
seem relatively large with a rough, inhomogeneous 
surface, while in the intermediate ratio (x = 0.25 
and x = 0.5), the particles become smaller and 
more homogeneous, compatible in the form of 
investigation and increase in microstrain in the 
XRD results. At x = 0.75, the high lattice stress 
resulted in a more porous structure with irregular 
agglomerates. Conversely, at x = 1, the structure 
became more uniform and the grain distribution 
more homogeneous due to increased crystal size 
and reduced internal stress. The particle size, 
distribution, and shape of nanoparticles play a 
crucial role in studying the optical properties of 
nanomaterials such as light absorption and PL 
emission spectrums. Studies have shown that 
smaller, more homogeneous nanoparticles exhibit 
higher absorption intensity, and the pores and 
surface aggregates improve light scattering within 
the layer and reduce light reflection, thus improving 
light absorption efficiency in photovoltaic or 
catalytic applications [18-20]. Therefore, as 
shown in Fig. 2, particles with a precise and 
uniform spherical shape may be suitable for 
improving light absorption and scattering due 
to their compact structure and uniform particle 
size distribution. Particles exhibiting irregular 
or porous aggregates may improve absorbance, 
but with the potential for increased undesirable 
scattering. A uniform structure at x = 1 provides a 
balance between scattering and light absorption, 
making these samples candidates for balanced 
optical performance.

Optical properties
It is noted from the Figs. 3 and 4 that the Cu2Zn1-

xCrxSnS4 compound exhibits a slight variation in the 
energy gap between samples. This small variation 

is consistent with the effects of crystal size and 
surface distortions and defects associated with 
the nanoscale morphology. Decreasing crystallite 
size and increasing microstrain typically lead to 
broadened Urbach tails and small shifts in the 
absorption edge, while improved homogeneity 
and larger grains tend to reduce these spectral 
extensions [21,22]. A sample with a homogeneous, 
spherical, and moderately packed appearance 
exhibits greater overall absorption, possibly due 
to a combination of increased effective surface 
area for absorption and enhanced internal 
light scattering/diffusion within the aggregated 
particles. Samples with porous/non-uniform 
agglomerations (e.g., x≈0.75) may exhibit different 
absorption behavior due to a conflicting balance 
between increased surface area and increased 
scattering losses, as the morphology and particle 
distribution affect the absorption extension and 
line-edge efficiency [23,24]. 

The change in energy gap values ​​may be 
attributed to a slight change in chemical 
composition/ionic substitution (difference 
between Zn and Cr) which changes the structure 
of the electron bands, a change in crystallite size 
as well as the effect of defects and band tails/
Urbach which increases the absorption below 
the edge. As shown in Fig. 5, the fluorescence 
spectrum (PL) is shown in different distinct 
peaks (380–420 nm) located in the violet-blue 
area, indicating electronic transitions associated 
with energy levels near the band gap. The peak 
position was observed to replace chromium-
substituting conditions, to 383.85 nm from x = 0 to 
high values such as 418.45 nm at x = 0.25, and to 
settle at 414.43 nm at full replacement (x = 1). This 
change in peak positions reflects the effect of ionic 
replacement on the electronic structure, as it leads 
to revision of the energy level and redistribution 
of defect states within the optical gap [25]. In 
addition, the photoluminescence spectra show 
a marked variation in mid-peak width, ranging 
from 59.71 nm to 118.19 nm, possibly indicating 
the presence of numerous emission centers and a 
variety of defects, such as cation void defects VCu 
and VZn or localized defects [26]. The violet-blue 
emission is mainly attributed to radiation transfer 
between donor levels due to copper voids and 
acceptor levels, which are often associated with 
partial chromium substitution or crystal defects. 
The sample with x = 0.5, in particular, exhibited 
the lowest mid-peak width (76.71 nm), indicating 
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Fig. 4. Band gap energy of the Cu2Zn1-xCrxSnS4 compound at (x = 0–1).

better crystalline structure regularity and fewer 
emission centers, thus improving emission 
efficiency [27]. Therefore, it can be argued that the 
optical properties of Cu2ZnSnS4 can be tuned by 
substituting zinc for chromium, i.e., by controlling 
the emission peak positions and breakpoints, 
making it suitable for photocatalysis and thin-film 
solar cell applications.

Raman Analysis
In order to study the formation of secondary 

phases in the compound Cu2(Zn1-xCrx)SnS4 as a 
result of ionic substitution, Raman spectroscopy 
was used as shown in the Fig. 6. The positions of 
the main peaks are identified, their amplitudes 
are measured, the A symmetry and any additional 
peaks that may arise from secondary phases 
or crystal defects are distinguished, and the 
implications of the transitions in these peaks 

for crystal structure, nanoscale dimensions, 
and chemical composition are discussed  Fig. 6a 
shows the Raman spectra of Cu2(Zn1-xCrx)SnS4 at 
different chromium concentrations. The main 
peaks appear in the range (310-330 cm-1), which is 
the characteristic vibrational range of the kesterite 
phase [28,29]. It is noted from Fig. 6b that the 
position of the main peak gradually shifts from 
326 cm-1 in the pure sample (x = 0) to 309 cm-1 

upon complete substitution (x = 1). This change 
to the lower values in the Raman shift reflects the 
effect of ionic replacement of Zn2+ with Cr2+ ions 
with small ionic radii, leading to a change in partial 
reorganization of the power and structure of the 
vibration bonds in the crystal grid [30]. Raman 
confirms the stable crystalline structure of the 
spectrum connection and fits what was seen in 
the XRD pattern. The intensity and positions of the 
peaks also indicate that the basic compensation 
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or structural modification did not result in rise 
to the emergence of an undesirable phase, but 
helped increase the regularity of crystal forged 
and reduce structural defects. This corresponds 
to FESEM results, shown to a homogeneous 
morphology and nanoparticles. Based on this, it 
can be concluded that the compound shows good 

structural stability, and supports goal applications 
such as photocatalysis or its ability to use in thin 
film solar cells.

Magnetic properties
The results of VSM measurement showed 

that pure Cu2ZnSnS4 compound at x = 0 shows no 

 

 

  

 

Fig. 5. Fluorescence spectrum of the Cu2Zn1-xCrxSnS4 compound at (x = 0–1).
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Fig. 6. Raman spectrum of the Cu2Zn1-xCrxSnS4 compound at (x = 0–1).

 
Fig. 7. Magnetization property of the Cu2Zn1-xCrxSnS4 compound at (x = 0–1).
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significant magnetic reaction, which corresponds 
to the non-magnetic nature of the Zn2+ ions. 
However, the Zn2+ ions gradually resulted in 
significant magnetic behavior with an increase in 
chrome content by changing the ions with Cr2+ 
ions. This shift can be explained by the fact that 
the Cr ions possess unpaired 3d electrons that 
contribute to the generation of local magnetic 
moments, in addition to the fact that the magnetic 
interactions between them occur via carrier-
mediated exchange interactions, which enhances 
the overall magnetic property of the system [31]. 
XRD and Raman measurements also indicate the 
presence of cation disorder and an increase in 
structural defects with increasing Cr concentration, 
which contribute to enhancing the exchange 
pathways between Cr ions and thus strengthening 
the magnetic response [32]. In addition, the 
possibility of the formation of chromium-rich 
secondary phases (such as ZnCr2S4 or Cr–S 
clusters) with a strong magnetic nature cannot 
be ruled out, which may in turn contribute to an 
increase in the total magnetic moment, especially 
at high concentrations [33]. These results indicate 
that the Cu2ZnSnS4 compound can be converted 
from a non-magnetic semiconductor to a tunable, 
mildly magnetic semiconductor by introducing 
chromium, which improves the opto-magnetic 
properties. Absorption and fluorescence spectra 
revealed that replacing zinc ions with chromium 
ions narrows the optical bandgap and increases the 
density of defect states, which act as non-radiative 
recombination centers or additional emission 
centers, significantly affecting the intensity and 
shift of the emission peaks. Simultaneously, 
the defects themselves also contribute to the 
evolution of magnetic behavior by enhancing the 
magnetic bonding between chromium ions via 
charge carrier-mediated exchange interactions, 
leading to a gradual increase in magnetic moment 
with increasing chromium concentration, as 
illustrated in Fig. 7. This balance between 
optical and magnetic properties created by ionic 
substitution may pave the way for the use of these 
materials in multifunctional device applications 
such as spin-optics and magneto-optic energy 
conversion devices [34].

CONCLUSION
The ion substitution between zinc and 

chromium ions in the CZTS compound creates 
a series of complementary changes in physical 

properties. X-ray diffraction studies have shown 
that the crystal structure maintains its primary 
phase with a slight change in the lattice constants 
due to the difference in ionic radii between Zn2+ 
and Cr2+, indicating the success of replacement 
without the formation of clear secondary 
phases. FESEM images have also shown that the 
morphology of nanoparticles remained relatively 
homogeneous with better grain distribution in 
specific concentrations, which directly affects 
the specific surface and reaction. Alternatively, 
UV-Visible absorption spectrum, calculation of 
energy gap and fluorescence spectra revealed 
that the introduction of chromium enclosure 
energy gap and increases the density of defect 
states, increases the light absorption efficiency 
of the visible region and represents a positive 
indication for photocatalytic. On the magnetic 
side, VSM measurements demonstrated that the 
pure CZTS compound is inherently non-magnetic, 
but it acquires increasing magnetic properties 
with increasing Cr concentration, due to the 
presence of unpaired 3d electrons and carrier-
directed magnetic exchange mechanisms. Based 
on the structural, morphological, optical and 
magnetic properties that have been obtained, it 
is evident that ion substitution does not improve 
one property in isolation from the others, but 
rather promotes functional integration that 
makes this compound a strong candidate for 
advanced applications in thin film solar cells and 
photocatalysis.
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