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In this report, Cu2ZnSnS4 and Cu2Zn0.5Fe0.5SnS4 thin films were produced 
using the solvothermal method followed by spin-coating. The effect of 
partial doping of Zn2+ with Fe3+ on the structural, morphological, and 
optoelectrical properties was investigated. The XRD results have shown 
that both films consist of pure kesterite structure without clear secondary 
phases, with a slight change in the lattice constants and crystallite size 
due to the introduction of Fe. The EDS analysis confirmed the success 
of the doping process through the reduction in Zn concentration and 
the presence of Fe in proportions, the samples were transformed into a 
Cu-Poor and S-rich condition, which is an ideal combination to improve 
optoelectrical properties. FESEM images have shown that films had a 
homogeneous and dense surface, where the film’s thickness was decreased 
from 2.07µm to 1.24µm in the Cu2ZnSnS4 and Cu2Zn0.5Fe0.5SnS4 thin 
films respectively, which reflects the effect of Fe incorporation. From an 
optical-electric perspective, UV-Visible spectra revealed the increase 
in absorption coefficients and refraction index, as well as an increase in 
optical conductivity and continuous increase in extinction coefficient. 
Under the lights in the I-V curve also improvement in photoelectric 
reaction, with increasing photosensitivity from 16.21% in the Cu2ZnSnS4 
thin film to 18.67% in the Cu2Zn0.5Fe0.5SnS4 thin film. These results confirm 
that the introduction of Fe3+ at the Zn2+ site is an effective strategy for 
setting the structure and improving optoelectrical properties, making the 
Cu2Zn0.5Fe0.5SnS4 thin film a promising candidate in thin film Solar cells 
and photovoltaic systems. 

INTRODUCTION
Global interest in renewable energy sources has 

increased in recent decades due to environmental 
challenges such as climate change and the gradual 

depletion of fossil fuels, which has prompted 
researchers to develop advanced materials for 
photovoltaic conversion technologies [1]. Thin-
film solar cells are among the promising solutions 
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that combine low cost with high potential for 
widespread application as their small thickness, 
light weight, and ability to be deposited on 
flexible substrates [2]. Within this category, 
Cu2ZnSnS4 (CZTS) has emerged as one of the most 
important p-type chalcopyrite semiconductors, 
with outstanding physical and photovoltaic 
properties that make it a strong candidate for 
next-generation solar cell technologies. On the 
one hand, CZTS has a direct bandgap located in 
the ideal range (1.4–1.6 eV), which corresponds 
to the ideal absorption window for sunlight. 
On the other hand, the compound has a high 
absorption coefficient (>104 cm-1), allowing most 
of the visible solar radiation to be absorbed in 
relatively thin layers of only a few micrometres 
[3]. In addition, the component elements (Cu, Zn, 
Sn and S) are plentiful in nature and are relatively 
non-types compared to other compounds used in 
solar cells such as CdTe and CIGS, which increases 
the environment and economic stability [4]. 
Despite these benefits, the CZTS crystal structure 
encounters is some restrictions that limit its final 
efficiency in photovoltaic applications. The most 
remarkable crystalline defects in these boundaries 
that CuZn and ZnCu form, leading to non-conversion 
regenerations of photo-carriers, thus reducing 
the output voltage (VOC) [5]. The narrow chemical 
composition of CZTS also sometimes leads to the 
presence of unwanted secondary phases such as 
Cu2SnS3 and ZnS, which adversely affects optical 
and electrical properties [6]. For this reason, 
several recent studies have used improvement 
strategies that include doping or ionic replacement 
to control the crystal structure and reduce the 
effect of defects. In this context, the introduction 
of divalent or trivalent metal elements at various 
sites in the crystal lattice is an effective way to 
modify the electronic and optical properties of the 
compound. The effect of doping with elements 
such as Co, Ni, Mn, and Ag has been studied, and 
the results have shown the possibility of tuning 
the band gap and improving electrical conductivity 
[7, 8]. However, studies on the use of iron Fe3+ as 
a partial substitute for zinc Zn2+ are still relatively 
limited, although this type of substitution holds 
great potential. This is because Fe3+ has an ionic 
radius close to that of Zn2+ (0.64Å versus 0.74Å), 
which facilitates its incorporation into the crystal 
lattice without causing significant distortions 
[9]. In addition, the trivalent valence of iron can 
induce a redistribution in the density of electronic 

states, which may be reflected in improved light 
absorption and the generation of additional 
photo-carriers [10]. 

MATERIALS AND METHODS
Synthesizing and Preparation methods 
(solvothermal and spin coating)

The solvothermal synthesis method was used 
to prepare the compound Cu2ZnSnS4 (CZTS). 0.2 g 
of CuCl₂ dehydrate (2H₂O), 0.1 g of ZnCl₂, and 0.15 
g of SnCl₂ pentahydrate (5H₂O) were dissolved 
in 40 mL of ethylene glycol as the solvent, with 
continuous magnetic stirring at room temperature 
for 30 minutes to ensure complete dissolution and 
homogeneity of the solution. Subsequently, 0.4 g 
of thiourea (SC(NH₂)₂) was added to the mixture as 
a sulfur source, with continued stirring until a dark, 
homogeneous solution was obtained. The solution 
was then transferred to a Teflon-lined autoclave 
(50 mL capacity) and incubated at 220°C for 15 
hours. After the reaction was completed, it was 
allowed to gradually cool to room temperature. 
The resulting precipitate was collected by 
filtration and washed several times with a mixture 
of distilled water and ethanol to remove any 
unreacted impurities. Finally, it was dried in an 
oven at 70°C for 6h to obtain pure CZTS powder. 
In the case of Cu2Zn0.5Fe0.5SnS4 partial replacement 
of zinc was carried out by adding 0.05g of FeCl3 
6H2O to replace a portion of the previous zinc 
chloride, while maintaining the remaining reaction 
conditions. To prepare the thin films, 0.3g of pure 
CZTS powder (iron-doped) was first dissolved in a 
10mL of absolute ethanol with two drops of PVA 
added as a binder to improve the viscosity of 
the solution. Drops of the solution were placed 
onto clean microscopic glass substrates and then 
spread using a spin coater at 2500 rpm for 45s 
to obtain a homogeneous layer. After each layer, 
the samples were dried on a hot plate at 120°C 
for 10min to evaporate the solvent. The process 
was repeated four times to obtain a suitable 
film thickness. Finally, an annealing process was 
performed at 350°C for 1h in a sulfur-saturated 
argon (Ar) atmosphere to improve crystallinity 
and increase phase purity. Thus, homogeneous 
and well-adhered CZTS and Fe-CZTS thin films 
were obtained, ready for structural, optical and 
electrical investigations.

Characterization
To achieve a comprehensive evaluation of the 
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prepared samples, a set of advanced analytical 
techniques was adopted. To study the crystal 
structure and determine the crystalline phase of 
the compound, X-ray diffraction (XRD) was used. 
Field-emission scanning electron microscopy 
(FESEM) was employed to analyze the topographic 
properties of the thin films, examine their cross-
sections, and precisely analyze their elemental 
composition and confirm the proportions of the 
constituent elements. UV-visible spectroscopy was 
used to study the optical properties, determine the 
light absorption behaviour, and assess the spectral 
characteristics of the samples. Finally, current-
voltage (I-V) curves were measured to evaluate 
the electrical properties and their correlation with 
the crystal structure and nanoparticle shape.

RESULTS AND DISCUSSION
Crystal structure properties

Fig. 1 shows distinct peaks at (112), (220), 
and (132) of the X-ray diffraction (XRD) patterns 
of the prepared films, which correspond well 
to the tetragonal kesterite phase of CZTS. This 
confirms the formation of the desired main phase 

without the appearance of distinct, high-intensity 
secondary peaks. A slight shift of the (112) peak 
from 28.527° to 28.594° was observed upon the 
addition of iron, accompanied by a decrease in 
the inter-plane distance from 3.1264 to 3.1211 Å. 
This shift is attributed to the introduction of Fe3+ 
ions with a smaller ionic radius compared to Zn2+ 
ions, causing localized changes in the crystal lattice 
and a relative shrinkage in some crystallographic 
directions, in accordance with Bragg’s law [11].

Furthermore, as summarized in Table 1, the 
lattice constants calculations showed an increase 
in “a” from 5.4169 to 5.5399 Å, with a clear 
decrease in “c” from 10.8231 to 10.3294 Å, while 
the unit volume remained almost constant (317.58 
→ 317.01 Å3). This anisotropic behavior reflects 
internal ion rearrangements, vacancy formation, or 
cation disorder between Cu/Zn/Fe to compensate 
for the charge difference between Zn2+ and Fe3+, as 
previously reported in similar studies on the effect 
of Zn substitution with transition elements in the 
kesterite structure [12,13]. In addition, a slight 
increase in crystalline size indicates from 6,418 to 
6,742 nm, with a slight reduction in microstrain, a 

Thin films Cu2ZnSnS4 Cu2Zn0.5Fe0.5SnS4 

Diffraction dominant peak 2θ 
(°) 28.527 28.594 

d-spacing 
 (Å) 3.1264 3.1211 

Lattice constants “a, c” 
(Å) 

a = 5.4169 
c = 10.8231 

a = 5.5399 
c = 10.3294 

c/a 1.9980 1.8645 

V=a2c  
(Å3) 317.58 317.01 

η=c/2a 0.9990 0.9323 

Crystallite Size only (nm) 6.418  6.742 

Micro Strain (%) 0.0219 0.0208 

 
 

Table 1. Crystal structure parameters of Cu2ZnSnS4 and Cu2Zn0.5Fe0.5SnS4 thin films.
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limited improvement in crystal development and 
a reduction in internal defects due to doping [14]. 
Therefore, it can be observed that the introduction 
of Fe3+ at a ratio of (x=0.5) did not cause a radical 
change in the main crystal phase, but it did lead 
to a significant anisotropic distortion in the crystal 
lattice, with the potential generation of vacancies 
and ionic exchanges. These structural changes 
are expected to directly affect the optical and 
electronic properties of the thin films, especially 
with regard to the energy gap and photo carrier 
behavior [13,15]. XRD results confirm that adding 
iron at a Zn:Fe ratio of 0.5 does not alter the main 
crystalline phase of Cu2ZnSnS4 it remains generally 
conserved. However, changes in the lattice 
constants and complex ionic distribution, along 
with charge compensation and a slight increase 
in crystal size, are observed, accompanied by 
a decrease in micro-stress, indicating relative 
stability and a minor crystalline improvement. 
These structural changes may affect the electronic 
and optical properties of the films, including 

energy differences, charge carrier behavior, and 
defects.

Elemental composition
EDS analysis was done to confirm their basic 

creation both Cu2ZnSnS4 and Cu2Zn0.5Fe0.5SnS4 thin 
films and confirm the success of partial doping 
of Fe in the Zn replacement. As shown in Fig. 2, 
spectra showed the presence of characteristic 
peaks for Cu, Zn, Sn and S elements in Cu2ZnSnS4 
thin film, while an additional Fe peak appeared in 
the Cu2Zn0.5Fe0.5SnS4 thin film, confirming that the 
substitution had indeed occurred. Quantitatively, 
the Zn content dropped from 7.34% to 2.39%, with 
Fe 4.13%, while the copper content was close to 
its original value. There was also a small increase 
in Sn and a slight reduction in sulfur, including 
S/(Cu+Zn+Sn+Fe) ratio remains close to unit, 
indicating that films are still a bit sulfur -rich. The 
Cu/(Zn+Sn+Fe) ratio dropped from 0.770 to 0.706, 
resulting in different conditions (Cu-poor and 
S-rich) reducing the formation of secondary phases 

 

 

 

Thin films Cu% Zn% Fe% Sn% S% Cu/(Zn+Sn+Fe) S/(Cu+Zn+Sn+Fe) 

Cu2ZnSnS4 24.14 7.34 0 24.2 44.32 0.770 0.796 

Cu2Zn0.5Fe0.5SnS4 23.29 2.39 4.13 26.46 43.73 0.706 0.777 

 

Fig. 1. XRD pattern of the Cu2ZnSnS4 and Cu2Zn0.5Fe0.5SnS4 thin films.

Table 2. The elemental ratio of the Cu2ZnSnS4 and Cu2Zn0.5Fe0.5SnS4 thin films.
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such as Cu2S and Cu2SnS3 and to improve electron 
transport properties to thin-film solar cells. These 
results correspond to previous literature reporting 
that compensation with infection metals that Fe 
can significantly change the chemical composition, 
which affects the electronic and optical properties 
of the compound [12,16,17]. Depending on the 
EDS results, partial doping of Zn with Fe was 
clearly achieved, as the Fe peak and a low Zn 
content were detected.

The films also maintained the overall kesterite 
composition with slight deviations in the Sn and 

S ratios. The transition of the samples towards 
a Cu-poor and S-rich state is a positive indicator 
of improved structural stability and reduced 
secondary phases, which will be reflected in the 
future enhancement of the electronic and optical 
properties of the films.

Topographical analysis
As shown in the Fig. 3, FESEM images of 

Cu2ZnSnS4 and Cu2Zn0.5Fe0.5SnS4 thin films showed 
distinct differences in topographical properties. 
In the thin film Cu2ZnSnS4, the surface appeared 

 
 

  

 

  

 Fig. 3. FESEM images of the Cu2ZnSnS4 (a) and Cu2Zn0.5Fe0.5SnS4 (b) thin films.

Fig. 2. EDS spectrum of the Cu2ZnSnS4 (a) and Cu2Zn0.5Fe0.5SnS4 (b) thin films.
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granulated with clear agglomerated and strange 
grain distribution, as well as some fine interstitial 
voids. The cross -sectional scene showed that the 
thickness of the film was around 2.07µm, but 
the structure was not completely compact. In 
contrast, the Cu2Zn0.5Fe0.5SnS4 thin film performed 
a more homogeneous surface with fine and low 
agglomerate grain, and the structure seemed 
more compact as the thickness was reduced to 
about 1.24µm. The morphological improvement 
resulting from iron doping contributes to 
controlling grain growth and reducing defect 
density, leading to a more homogeneous and 
stable layer [18, 19]. Previous reports also indicate 
that adding metals such as iron, chromium, or 
bismuth can significantly improve the thin-layer 
surface structure and stability, which in turn affects 
its optical and photonic properties by reducing 
bonding centres and increasing light absorption 
[19-22]. FESEM images show that the surface of 
the Cu2ZnSnS4 composite thin film is relatively 
homogeneous with a uniform grain distribution, 
while the iron-doped sample exhibits smaller grain 
size and increased fragmentation, indicating that 
the iron element modifies the layer morphology 
and reduces its thickness from 2.07 to 1.24μm. 
These morphological changes may directly affect 
the optical properties of the material, which 
is an important indicator for understanding its 
behaviour in solar and photovoltaic applications.

Optoelectrical properties
Spectroscopic measurements showed that 

the introduction of Fe into Cu2ZnSnS4 resulted in 
a slight change in the absorption coefficient and 
optical properties. As shown in the Fig. 4, although 
the doped sample was thinner, it exhibited lower 
transmittance and higher absorption coefficients, 
indicating an expanded role for defect states or 
intermediate levels resulting from the substitution 
of Zn by Fe. These changes are consistent with the 
XRD, EDS, and FESEM results, which indicate local 
charge compensation and modified grain growth. 
They predict two opposing effects on device 
performance: enhanced light absorption on the 
one hand, and increased potential re-bonding 
centers on the other [15]. The introduction of Fe 
did not radically change the overall absorption, 
but it did introduce slight changes in the density of 
defect states or in transitions near the band edge. 
This is consistent with a slight change in crystal 
structure and the presence of charge compensation 
[16]. Although the Cu2Zn0.5Fe0.5SnS4 thin film is 
thinner, its transmittance is lower-indicating that 
the transmittance reduction is not due solely 
to thickness, but rather to increased intrinsic 
absorption or scattering caused by defect states 
or additional energy levels by Fe. In other words, 
Fe increases the material’s absorbance per unit 
thickness, which corresponds to the appearance 
of defect states at the center of the beam that 
absorb light and reduce transmittance. As shown 
in the Fig. 5, extinction coefficient represents a 
portion of the complex refractive index and is 
directly related to the loss of optical energy within 
the material (absorption). It appears higher or 

  

 

Fig. 4. Absorption coefficient and transmittance of the Cu2ZnSnS4 and Cu2Zn0.5Fe0.5SnS4 thin films.



3978

F. Ali et al. / Fe-Substituted Cu₂ZnSnS₄ Thin Films

J Nanostruct 16(3): 3972-3980, Summer 2026

similar to the doped sample at wavelengths near 
UV/Visible, supporting the hypothesis of the 
presence of additional absorption 

centers (defect-related absorption) when Fe 
is added. Higher extinction coefficient near the 
energy edge indicates an increased probability of 
optical transitions through moderate sub-bandgap 
states, which may be due to Fe or associated 
vacancies (VCu).

The Cu2Zn0.5Fe0.5SnS4 thin film exhibits a higher 
peak in optical conductivity around the same 
energy edge range (300–400 nm) compared to 
the Cu2ZnSnS4 thin film followed by a gradual 
decline. This indicates an increase in the material’s 
response to the photo-electromagnetic field 
most likely a result of increased carrier density, 
increased photo-transmission through defect 
states, or increased electronic polarization 
at certain frequencies. This suggests that Fe 

increases the material’s ability to conduct an 
optical signal due to carriers or intermediate 
states, although this may be accompanied by 
increased charge loss (recombination). In general, 
increasing light absorption near the edge may be 
beneficial for capturing more photons, but if this is 
accompanied by a higher number of recombining 
centers, it will reduce the open-circuit voltage 
(VOC) and the conversion efficiency. Therefore, 
a balance is required: improving absorption 
while reducing defect centers [12,17,19]. The 
Fig. 6, shows that the refractive index (n) values ​​
for the Cu2ZnSnS4 thin film rise rapidly at short 
wavelengths from 300nm to 400nm, reaching 
a peak around 9, and then gradually decrease. 
When doped with iron (Cu2Zn0.5Fe0.5SnS4 thin film), 
it was observed higher n values across almost the 
entire spectral range, reaching a peak of about 
11 at wavelength about 330nm. This increase 

  

 

 

 

Fig. 5.  Extinction coefficient and optical conductivity of the Cu2ZnSnS4 and Cu2Zn0.5Fe0.5SnS4 thin films.

Fig. 6. Refractive index and current-voltage curve of the Cu2ZnSnS4 and Cu2Zn0.5Fe0.5SnS4 thin films.
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is explained by the fact that Fe doping leads to 
an increased density of electronic states in the 
conduction band or valence band, which enhances 
the polarization of light within the material and 
increases the interaction between photons and 
electrons [23]. This result is important for thin film 
solar cell application, as a higher n at UV-Visible 
wavelengths means stronger light absorption, 
thus improving photovoltaic conversion efficiency 
[24]. The current-voltage (I-V) figure shows that 
both thin films exhibit near-linear behavior, with 
a significant difference between measurements 
under dark and illuminated conditions. For the 
Cu2ZnSnS4 thin film the photosensitivity S = 
16.21%, while the value increased to 18.67% for 
the Cu2Zn0.5Fe0.5SnS4 thin film.

This clearly indicates that the introduction of Fe 
improves the film’s photosensitivity by reducing 
recombination centers or modifying defect levels, 
improving electron transport and increasing the 
concentration of photo-generated carriers and 
enhancing photoconductivity due to improved 
electron-hole balance [25]. 

Overall, it is clear that the partial doping of Fe 
in the Cu2ZnSnS4 structure significantly improves 
optoelectrical properties. The increased refractive 
index at short wavelengths enhances the light 
absorbance and photon harvesting efficiency, 
which is directly reflected in the current response 
under illumination. The correlation between the 
increased n and the better I-V curve shows that 
the introduction of Fe increases photo- carrier 
transport by improving optical reaction and 
reducing certain electrical obstacles. Therefore, it 
can be argued that iron doping Cu2ZnSnS4 provides 
a promising passage to set the optoelectrical 
properties of the thin film, which constitutes the 
ability for a more effective application of these 
materials in solar cells with thin films and future 
photovoltaic conversion devices. 

CONCLUSION
This study demonstrated that the 

Cu2Zn0.5Fe0.5SnS4 thin film represents an effective 
film with structural and optoelectrical properties 
suitable for photovoltaic applications. The results 
revealed that partial doping of Zn2+ with Fe3+ 
significantly improved the properties, contributing 
to fine-tuning the crystal structure without 
the formation of secondary phases. Partial 
replacement affected the topographic properties 
of a thin film, which directly affected the light 

absorption properties. In addition, the absorption 
and refraction index increased, improved optical 
conductivity and improved photoelectric response. 
Therefore, it can be argued that introducing Fe3+ 
at the Zn2+ site in the Cu2ZnSnS4 thin film is an 
effective strategy to improve the performance of 
the thin film, making it a promising candidate in 
solar cells and sustainable photovoltaic conversion 
systems.
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