Journal of Ovonic Research Vol. 22, No. 3, May- June 2026, p. 79-
100

Original Research

Effect of Cadmium Content on the Properties of
Thermally Evaporated Cu,(Cd,Zn)SnS, Thin Films
and their Solar Cells Performance

Hanaa I.Mohammed ', Igbal S. Naji >, Eman M.Nasir >

' Department of Physics, College of Education for Pure Science (Ibn al-Haitham), University of

Baghdad, Baghdad 10071, Iraq.
> Department of Physics, College of Science, University of Baghdad, P.O. Box 4732, Baghdad 10071,
Iraq.

* Correspondence: eman.nasir@sc.uobaghdad.edu.iq

Received: February 15, 2026; Accepted: May 11, 2026

Abstract: To improve the efficiency of CZTS-based solar cells, it is essential to address the
limitations of these systems, such as structural defects, non-ideal band alignment, and high
recombination rates. The incorporation of cadmium (Cd) into the CZTS structure is an effective
approach to overcome these limitations. In this research, we investigated the effect of Cd content
(x =0.0, 0.5, and 1.0) on the structural, optical, and electrical properties of thermally evaporated
thin Cu,Cd,Zn;4SnS, films, which were synthesized from their fabricated alloys. The elemental
stoichiometry of CCZTS alloys was verified using EDX analysis. The XRD patterns of CCZTS
alloys and thin films confirm the presence of a pure tetragonal phase along the [112] direction.
AFM analysis indicated the formation of nanograins in the thin films’ structure, and the grain size
increased with increasing x-value. The results of UV/Vis spectroscopy revealed that the
incorporation of Cd in the prepared thin films resulted in a reduction in the direct allowed band
gap from 1.52 eV to 1.38 eV as the cadmium content increased from 0.1- 0.3, respectively. This
trend suggests that the incorporation of cadmium affects the electronic band structure of the films,
potentially by introducing additional states within the band gap or modifying the band edge. The
optical energy gap is a key parameter for photovoltaic applications because it controls the photon
energy that the material can absorb. Hall effect measurements showed that all CZTS thin films
adopted p-type conductivity, meaning that holes are the majority carriers in these films. The
introduction of cadmium did not alter the type of conductivity but increased the holes mobility of
in proportion to the cadmium content. These outcomes positively affected the performance of the
fabricated CCZTS-based HJ solar cells as their power conversion efficiency increased with
increasing Cd content.

Keywords: Cd content; CCZTS thin films; CCZTS-based solar cells; nano-grains; solar cell
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1. Introduction

Second-generation photovoltaic cells, based on the polycrystalline thin Cu (In, Ga)Se, (CIGS)
and CdTe films, have attracted significant attention due to their good stability and high efficiency,
exceeding 18% [1-3]. To increase the market share of solar energy, it is necessary to minimize the
production costs and enhance the photovoltaic cells' efficiency. However, potential environmental
risks and the scarcity of elements such as Te, In, Ga, and Se create significant challenges to the

large-scale production of these technologies [4, 5]. As a result, a thorough study was carried out to
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identify alternative materials based on cost-effective, non-toxic, and earth-abundant elements, such

as Zn and Sn [6-8]. The copper zinc tin chalcogenide compound Cu,ZnSnS, (CZTS) is a promising
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candidate to replace the CIGS material. Furthermore, CZTS semiconductor material has
become of great interest due to high absorption coefficient (a > 10* cm™), which is comparable to
that of CIGS, its ideal direct optical energy band gap (1.45-1.6 eV), environmental friendliness, low
thermal conductivity, and intrinsic p-type conductivity [6, 9-11]. The Copper zinc tin sulfide
quaternary compound is basically derived from the chalcopyrite-type ternary semiconductor
compound CulnSe; (CIS) by substituting half of the indium atoms with zinc and the other half with
tin. This process creates a new material with quite similar characteristics to the original compound,
but with less expensive and/or rare elements [12, 13], see Fig.1 [14]. Cu,ZnSnS, compounds can
crystallize into two main structures: kesterite and stannite. Both structures are tetragonal and
feature a cubic close-packed arrangement of sulfur anions, with copper, zinc, and tin cations
occupying half of the tetrahedral voids. The stacking sequence is similar to that of zinc blende. The
primary distinction between the two structures lies in the arrangement of the cation sublattice. In
the kesterite structure, the cationic layers of CuSn, CuZn, CuSn, and CuZn vary with the relative
crystallographic coordinate z = 0, 1/4, 1/2, and 3/4, respectively, while in the stannate structure, the
layers of ZnS vary with the layers of Cu,. In both structures, tin and sulfur ions occupy similar
lattice positions [12-18]. Many techniques, like spray pyrolysis, spin coating, sputtering, dip coating,
SILAR, sol-gel, chemical bath deposition, and thermal evaporation, have been used to fabricate thin
CZTS films [19-22]. Solar cells based on thin CZTS films have gained important consideration as an
active approach for sustainable thin film photovoltaics. Peksu et al. [23] and Kumar et al. [24]
reported that the power conversion efficiency (PCE) of the thermally evaporated CZTS based solar
cell was 0.16% and 0.66%, respectively. However, the best experimental efficiency of a single-
junction CZTS photovoltaic cell (13%) [11] is much lower than the predicted theoretical efficiency
(32%) [25], mainly affected by the significant open-circuit voltage (Voc) lack [26], resulting from
charge loss due to non- radiative recombination related to bulk and junction interface defects. To
solve these problems, CZTS absorber layers are alloyed with metal elements such as Na, Ag, Co,
Cd, and Fe [27-31]. Among these elements, Cd could be a more suitable incorporation element for
CZTS to create Cu(CdiZn;.)SnS4 (CCZTS)[32]. Cd alloying adjusts the band gap and electronic
structure besides suppressing undesirable secondary phases, offering a promising path to improve
kesterite thin films for high-efficiency photovoltaic applications [33]. Z.5u et al. [34-36] prepared
CCZTS thin films using the spin-coating technique from their precursor solution prepared by the
sol-gel method. As a result, the PCE of the fabricated (glass/Mo/Cu,(Cd, Zn)SnS,/CdS/ITO)
photovoltaic cells was increased from 5.1% for pure CZTS to 12.6% for Cu2Cd0.4Zn0.6SnS4. A
previous study showed an increase in the power conversion efficiency (PCE) from 5.3% for
Cu2ZnSnS4 to over 11% for ZnysCdo4SnS,, and reached 8.11 for Cu,ZnSn(S, Se), at a Cd/(Cd+Zn)
content of 5% [33]. Wang et al. [37] adopted a nanoparticle ink method to prepare Cu, (Cd, Zn)SnS;,
thin films. Because of their comparatively excellent crystallization and photoresponse properties,
the highest PCE of 0.72 was obtained at a Cd/Cd+ Zn= 0.3 for manufactured glass / CCZTS / CdS /
ZnO / ITO / Ag single heterojunction solar cells. To prepare thin Cu,(Cd, Zn)SnS, films, Yan et al.
[38] adopted the chemical bath deposition (CBD) technique to deposit CdS (Cd source) onto the co-
sputtered Cu/ZnS /SnS structure. The alloying of Cd was found to significantly affect the CCZTS
electrical properties, the microstructure, secondary phases, the alignment of energy bands at the

CCZTS/buffer interface, and the band tailing. The fabricated photovoltaic cell based on
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CuyCdp4ZngsSnS, achieved an efficiency exceeding 11%. Thin CCZTS films with different Cd
gradients were successfully prepared by Wang et al. [32] using the nanoparticle ink technique. The
incorporation of Cd in CZTS films, modulates the energy band gap, and enhances the film
crystallinity. The PCE of the fabricated CCZTS thin film solar cell reached 5.61 %. Conversely,
several theoretical results have indicated the potential of enhancing the performance of CZTS-based
PV cells by modifying the characteristics of various layers and controlling the used substances. A
recent study showed that modifying the optical energy band gap of the Zn:Al window layer to 3.5
eV improves the efficiency of the MoS,/p-CZTS/n-ZnS/i-ZnO/n-ZnO:Al solar cell to 29.1%, whereas
the solar cell performance reached 28.9% when the energy band gap of the CZTS absorber layer
was increased to 1.35 eV [39]. Mazumder et al. [40] designed and simulated the bilayer structures
(pp+) for CZTS photovoltaic cells along with analyzed the role of front and back contact metal work
function, shunt and series resistance, CZTS (p)/CZTS (p+) layer thickness, and the energy band gap
in obtaining the highest power conversion efficiency of 20.34%. Bouarissa et al. [41] suggest a
design of a ZnO/MoS,/CZTS solar cell where MoS, reformed the classical buffer layer (CdS) and
examined the impacts of the doping ratios and the thickness of the design on the electrical
parameters of the proposed CZTS-based PV cell with high power conversion efficiency of 23.69%.
To enhance the efficiency of the CCZTS-based single-junction photovoltaic cell, a tandem solar cell
is a suitable option. This could be linked with the variation of band gap energies of different
materials which can, hopefully, cover the whole wavelength range of the solar spectrum. High
energy band gap thin film photovoltaic cells, including chalcopyrite, III-V, perovskite, and kesterite,
have received great attention due to their possibility applications as a top cell in tandem solar cells
and as single- junction photovoltaic devices [42]. Substituting Cu®, Zn*, or Sn* in CZTS with Ag’,
Ba™, or Ge", respectively, allows for acceptable tuning of its energy band gap, its lattice parameters,
and its imperfections, making it appropriate for new applications, such as indoor photovoltaic
(IPVS) and tandem structures, that required wider band gaps [43]. Gong et al. [44] demonstrated
that replacing Cu" with Ag+ in CZTS (Ag.Cuy,),ZnSnS, could modify the band gap from 1.5 to 2.0
eV, while Mengii et al.[45] reported that introducing Ge™ into CZTS (Cu,Zn(Sn;-Ge,))S, adjusts the
band gap from 1.5 to 2.25 eV. A CZTS/CZTSSe tandem photovoltaic cell with 1 eV CZTSSe-based
lower subcell and 1.3 eV CZTS-based upper subcell was designed and optimized (500 nm CZTSSe,
900 nm CZTS) to attain a maximum power conversion efficiency of 38.21% [46]. In another
theoretical investigation carried out by Ennouhi et al. [47], the performance of a kesterite/c-Si
tandem solar cell was boosted by using a TiO, buffer layer instead of CdS in the kesterite top
subcell. The kesterite/TiO, tandem cell achieved higher performance (20.18%) than kesterite/CdS
(16.5%) due to the enhancement of optical properties and a reduction in recombination rates.
Despite significant progress in the preparation of Cu,Cd.Zn, SnS, thin films using chemical
techniques and multi-stage methods in recent years and the good control these methods provide
over prepared thin films' composition and properties, the direct preparation of these films using the
vacuum thermal evaporation (VTE) technique from a pre-synthesized alloy as a single evaporation
target has received little interest in the scientific literature. This deficiency of attention is attributed
to the challenges associated with the different vapor pressures of the constituent elements, which

can lead to deviations in the chemical composition of the deposited films. However, the VTE
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method is characterized by its simplicity, inexpensiveness, and industrial suitability. Furthermore,
the prepared thin films adopt high purity, high adhesion, and good homogeneity.

Therefore, this study aims to prepare Cu,Cd,Zn.,SnS, thin films from their pre-fabricated
alloys using the vacuum thermal evaporation route and evaluates the influence of Cd content (0.0,
0.5, and 1.0) on the structural and optoelectronic properties of Cu,Cd.Zn;,SnS, thin films. In
addition, investigate how these characteristics impact the photovoltaic cell performance.

I II 111 v VI
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Figure 1. Cross-replacement stages to produce I-II-IV-VI; compound [14].

2. Materials and methods

To fabricate Cux(Cd, Zn)SnS, alloys with various Cd contents (0.0, 0.5, and 1.0), suitable
amounts of the constituent elements with a purity of 99.999% were employed. The elements were
well mixed and then placed in clean, dry quartz tubes, each of 15 cm in long, which were evacuated
to 10” mbar. The quartz tubes were then positioned in a programmable Carbolite electric furnace.
To ensure thorough mixing and homogeneity during melting, the tubes were fixed at an angle of
45°. The temperature of the furnace was gradually increased at a constant rate of 3 K/min until it
reached 1173 K. The temperature was fixed at 1173 K for 2 hours. Then, the furnace was turned off,
and the samples were kept inside the furnace to cool down slowly up to room temperature. After
cooling, the ingots were removed from the quartz tubes, finely grounded, and stored in glass
containers as shown in Figure 2. The resulted materials were then used to deposit CCZTS thin films
at room temperature on pre-cleaned single-crystal silicon and glass substrates. In solid substances,
the crystallization process is mainly depended on atomic movement within the crystalline lattice,
which is controlled by activation energy (Ea) and the diffusion temperature (T). The coefficient of

atomic diffusion (D) increases with increasing the diffusion temperature, follow the Arrhenius

-E
formula: D=D,exp [—=], where D, is the pre-exponential diffusion factor, and kg is the

k,T
Boltzmann constant [48, 49]. Higher temperatures improve the atomic motion and facilitating the
atomic migration to their correct lattice sites, thus enhancing crystalline growth and the creation of
a homogeneous crystal phase. At lower temperatures, the energy provided to the atoms is
insufficient to climb the energy barriers, resulting in slowing down the solid—solid reactions,
decreasing the atomic rearrangement, delaying the crystalline growth, and a higher probability of
developing undesirable phases [48, 49]. On the other hand, at extremely high temperatures, intense
movement of atoms can cause the loss of volatile constituent elements or chemical instability,
negatively impacting the stability of the crystal phase [48-50]. For this reason, the crystallization
temperature is accurately chosen for achieving a balance between supplying the requisite atomic

movement for the crystalline lattice reorganization and boosting regulated crystal growth, while
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simultaneously securing the solid state thermodynamic. The vacuum thermal evaporation method
under a vacuum of 107 torr was used to deposit the thin films with a 600 nm thickness and a
deposition rate of 0.83 nm/sec.

The elemental composition of all prepared alloys was verified using an Energy Dispersive X-
ray Spectrometer (EDS) type AIS 2300C.

X-ray diffraction (XRD) information of the fabricated samples (alloys and their thin films) was
obtained via an X-ray diffractometer, Shimadzu-Japan-XRD 6000, supplied with a Cu Ka radiation
of 1.541 A wavelength (A). The inter-planar distances d(lkl) for diverse planes were estimated by
applying Bragg's law [51]:

(1]

2dsin@=nA

Where 0 is the diffraction angle and n is the reflection order (n=1).

The average crystallite size (D) of the CCZTS structures was determined from the full width at
half maximum (FWHM) (B) of the prominent peak using the Debye-Scherrer equation [51]:

. 2
D= 0.94 A 2)
Bcos
Furthermore, the lattice constants (2 and c) were calculated by the following relationship
[52]:
2,2 ®)
+
L
d a c
And the volume of the unit cell was determined from the equation below [53]:
4)

2
V=arc

Also, lattice defects, dislocation density (0), and microstrain (¢) were estimated using the

following formulas [54]:

5
§=1/D* ©)

_ (6)
£=DBcos0/4

The surface morphology of all prepared thin films was examined by atomic force microscopy

(AFM) in contact mode with a silicon tip (scanning probe microscopy type AA3000).

To investigate the optical characteristics of thin CZTS films, the transmittance (T) and
absorption (A) spectra of the examined samples were recorded by the UV-Vis-NIR spectroscopy in
the wavelength range of 350 - 1100 nm.

The absorption coefficient (a) was calculated using the formula shown below [55,56]:
_2303A 7)
a — ——
t
Where ¢ is the thickness of CCZTS thin films.

The thickness of the thin films was measured using the gravimetric approach, as expressed in
the formula [57]:
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_ @®)
t=Am/ A p

Where Am is the difference in glass substrate weight before and after deposition, A is the

sample area, and  is the density of the deposited thin film material.
p
The optical energy band gap (E,”) of thin Cu,(Cd, Zn)SnS; films was estimated graphically

using the Tauc equation [52]:

r 9
O(hU:B(hU—EZpt) ©)
Where f is a constant inversely proportional to amorphousness, hv represents the photon
energy, and r is the exponential factor dependent on the type of transition.
The extinction coefficient (k) can be determined using the following relationship [58]:
(10)
k=aAl4n

The optical conductivity of CCZTS thin films was measured using the formula below [59]:
((11)

O, =anclam

Where n is the refractive index of the thin films and c is the speed of light.

The Hall effect measurement system was employed to estimate the electrical characteristics of
the deposited CCZTS thin films, which included carrier concentration (P), Hall coefficient (Ry;), Hall
mobility (uu), Hall resistivity (pu), and Hall conductivity (on). These characteristics were calculated

using the equations shown below [60]:

(12)
P,=1/e.Ry
Where e is the electron's charge.

(13)

|4

I_H *t

R,= slope *t _ 1,
B, B,

Where B; is the applied magnetic field, Vy is the electric potential difference across the
sample, and I, is the current passing through the sample.

To calculate the power conversion efficiency (PCE) of Al/p-CCZTS/n-Si/Al solar cells, current
and voltage measurements were performed under dark conditions and during illumination (air

mass 1.5 with incoming power density ( P =100 mW/cm?). The following parameters were
in

evaluated: short circuit current (), open circuit voltage (V..), fill factor (F.F.), maximum power
(Pm), and conversion efficiency (7). The fill factor and conversion efficiency were calculated using

standard equations [61]:

p |7 |
F . F — max — max — max (14)
V.1 V.1

oc — sc oc — sc
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Figure 2. Cu,CdxZn,..SnS; powders of prepared alloys

2. Results and discussions

The measured atomic ratios of the prepared alloys are shown in Table 1. The obtained values
of Cd/(Cd+Zn) were close to the theoretical values, while the measured Sn/(Cd+Zn) ratios were
lower than the theoretical values. This is attributed to the volatilization of tin (Sn) during the heat
treatment in the preparation of the alloys. The atomic ratios of Cu/(Cd+Zn) were less than 2,
indicating that CCZTS alloys show copper deficiency [37], and the thin films are likely to be
copper poor as well. It is well-established that solar cells based on thin Cu-poor films are expected
to achieve high efficiency [62]. The energy dispersive X-ray (EDX) spectra of CCZTS alloys (Figure
3) reveal that the fabricated alloys consist only of their constituent elements, without additional
elements detected in the alloy powders, confirming the high purity of the prepared samples. In
addition, the absence of an oxygen peak indicates that the alloys were manufactured in a

completely oxygen-free atmosphere.
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Figure 3. EDXA spectra of Cu,CdxZn;..SnS, alloys for (a) x=0.0, (b) x=0.5, and (c) x=1.0

Table 1. Atomic ratios of Cu,(CdxZn,,)SnS, alloys.

Atomic Ratios

Cu/(Cd+Zn) Sn/((Cd+Zn) Cd/(Cd+Zn) Samples

1.94 0.91 0 Cu,ZnSnS,
1.62 0.97 0.48 Cu,CdysZnysSnS,
1.53 0.98 0.97 Cu,CdSnS,

XRD analysis was employed to examine the changes in crystal phases of Cu,Cd.Zn;SnS,
nanocrystals (CCZTS NCs) alloys and thin films as Zn is substituted by Cd. The XRD results
(Figure 4, a and b) reveal a phase transition from the tetragonal kesterite (KS) of Cu,Cd.Zn;..SnS,
NCs, with x =0 and 0.5 (JCPDS No. 26-575 for CZTS), to the tetragonal stannite (ST) of Cu,CdSnS,
NCs (x = 1) (JCPDS No. 26-506). This transformation has been reported by Ibraheam et al. and
Rondiya et al. [63, 64]. It is clear from figure 4 and Tables 2a and c that the position of the main
diffraction peak (112) shifts to lower 20, and this shift increases with increasing Cd content. As
observed in previous studies [35, 64], the shift of the (112) plane towards smaller angles confirms
the replacement of Zn*" with Cd*. This indicates that the inter-planar space and the size of the unit
cell are increased with increasing cadmium content [53]. This phenomenon occurs because
cadmium has a larger ionic radius, 0.80 A compared to zinc, 0.75 A [37, 65]. The obtained result
aligns-well with previous studies [35, 66]. Furthermore, no additional peaks associated with other
phases or impurities were observed in the XRD patterns of any of the fabricated alloys or thin films.
The lack of extra peaks in the X-ray diffraction spectra suggests the creation of a single-phase

structure within the detection limit of the XRD technique. Nevertheless, the existence of secondary
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phases in tiny quantities underneath the threshold observation cannot be excluded. However, the
EDX results, which indicated the absence of foreign elements related-peaks, together with overall
concordance within the chemical composition despite slight deviations such as tin volatilization
and copper deficiency, support the deduction of phase purity for all prepared specimens in the
sensitivity and accuracy limits of the measurement techniques utilized. This result suggests that the
addition of cadmium to the CZTS NC lattice contributed to expanding the single-phase region and
preventing the formation of secondary phases. This conclusion is consistent with previous
observations [64, 66]. While, Whearse Migdadi et al. [53] reported the existence of peaks in the XRD
spectra of pure and Cd-doped with 1%, 2%, and 4% CZTS films, which were attributed to the CZTS
kesterite phase and ZnSO; and CdS secondary phases. This dissimilarity in the results of Ref [53]
and those of the present study may be attributed to the differences in the doping ratios and
preparation conditions. The lattice constants (2 and c) of the CCZTS NC alloys were calculated to
be in a good agreement with the standard values, as shown in Table la. Another observation
suggests that, as the cadmium concentration increases, the full width at half maximum of the main
peak decreases, which leads to increase the crystal size. As a result, both dislocation density and
microstrain are decreased, as seen in Table 2b and c. This result aligns with the findings of previous
studies [63, 66]. The lower values of 6 and ¢ for CCTS NC alloys and thin films indicate fewer

imperfections and better stability of the crystal structure.
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Figure 4. XRD spectra of (a) Cu,Cd,Zn;.xSnS, alloys and (b) Cu,CdyZn,..SnS, thin films.
Table 2a. Lattice parameters of Cu,Cd,Zn;.SnS; compounds.
V (A%  ac stand. (A)  a,c exp. (A) hkl 20 (deg) Dyana (A) dop(d) x
318.6427 4=5.427, a=5.431, 112 28.4824 3.126 3.122 0.0
¢ =10.848 c=10.803 200 32.9398 2.713 2.715
220 47.3208 1.919 1.918
312 56.1496 1.636 1.636
321.2100 1=5.488,c=10.665 112 28.4102 / 3.137 0.5
200 32.5899 / 2.744
220 47.3100 / 1.919
312 56.0911 / 1.637
338.7640 4=5.586,c=10.834 4=5.580,c=10.880 112 27.8990 3.192 3.194 1.0
200 32.0401 2.791 2.790
220 46.2800 1.975 1.959
312 55.0000 1.679 1.667
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Table 2b. Crystallite size (D), dislocation density (6), and microstrain (&) of prepared alloys.

£10* 6*10" D FWHM hkl x
lines/m’ (nm) (deg.)

9.6342 7.0868 37.5641 0.2278 112 0.0

8.8828 6.0245 40.7416 0.2100 112 0.5

6.7881 3.5182 53.3136 0.1603 112 1.0

Table 2c. Lattice parameters of thin Cu,Cd,Zn;..SnS, films.

6*10" D FWHM dex 20
£*10° lines/m* (nm) (deg.) ikl (A})) (.deg) *
1.3310 13.5257 27.1906 0.3147 112 dep-=3.122  28.4719 0.0
1.3067 13.0371 27.6955 0.3089 112 dexp=3.137  28.3784 0.5
1.2858 12.6225 28.1466 0.3036 112 dexp-=3.194  27.8530 1.0

The topographical features of the CCZTS thin films are presented in both 2D and 3D images
(Figure 5). The 2D AFM micrographs reveal the presence of spherical nanoparticles with some
voids distributed across the surfaces of the films. The results showed that a higher cadmium
content yielded larger average particle sizes, which reduced the number of surface voids and led to
a denser surface. These findings agree with the reduction in dislocation density and microstrain
calculated from XRD results, indicating an improvement in crystalline quality and a decrease in
structural defects. Average particle diameters were measured to be 34.19, 45.11, and 55.04 nm for
the three Cd contents, respectively. The same trend was observed in the crystallite size, which was
estimated from XRD results (Table 1c). This may be related to the nucleation and growth of
particles during the crystallization process [67], which is expected to increase with higher cadmium
content. This finding is in good agreement with a previous study [32], which indicated that Cd
doping of CZTS is necessary for grain growth. To produce high-efficiency solar cells, larger grain
sizes are essential. Increasing the grain size reduces the number of grain boundaries, which in turn
enhances the effective diffusion length of minority carriers. This results in an increase in the short-
circuit photocurrent of polycrystalline solar cells [12, 68]. From the 3D images of the prepared thin
films, the sharp and dense pyramidal structures were observed. The mean surface coarseness of the
films was evaluated as 0.821, 1.063, and 1.206 nm for all Cd concentrations. This means that surface
roughness increases with increasing Cd content. Variations in the surface coarseness of a film can
significantly impact its electrical and optical properties, thereby affecting its suitability for various
applications. Enhanced surface coarseness leads to increased multiple reflections of photons on the
surface, which enhances the probability of photon absorption and, consequently, improves the

efficiency of solar cells [69].
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Figure 5. 2D and 3D AFM images of Cu,Cd,Zn;..SnS, thin films for (a) x=0.0, (b) x=0.5, and (c)
x=1.0

Figure 6(a) illustrates the absorbance spectra over the wavelength range 350-1100 nm for the
pure and Cd alloyed CZTS thin films deposited on glass substrates. It is clear that the absorbance of
CCZTS thin films increases with decreasing the wavelengths of incident light and becomes very
high and quasi-stable in the ultraviolet to visible region (350-500 nm). This may be attributed to the
complete absorption of photons with higher energies than the CCZTS thin-film energy gap. This
result was consistent with a previous study [25]. On the other hand, the absorbance of the thin film
increases with increasing Cd ratio, which may be related to increase the film’s surface roughness
[70]. The absorption edge region in Vis-NIR (500- 900nm) is the most essential segment of the
figure, where absorbance falls sharply. As can be seen, the absorption edge of the prepared thin
films shifts towards lower energies (i.e., longer wavelengths) when the Cd content in the host

matrix increased. Over the low energy region (NIR, where wavelengths are longer than 900 nm),
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incident photons have energy less than the energy band gap of the material; therefore, the material
becomes transparent. Figure 6(b) displays the corresponding transmittance spectra of the fabricated

thin films. The transmittance spectra show the opposite behavior to the corresponding absorbance.
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Figure 6. (a) Absorbance and (b) transmittance spectra of thin Cu,Cd,Zn;..SnS, films as a function
of wavelength

Another key optical parameter for evaluating the behavior of thermally evaporated CCZTS

thin films is the absorption coefficient. As seen in Figure 7, all the prepared thin films exhibit a high
absorption coefficient (@ >10* cm™), denoting the presence of a direct band gap in the films. This
finding is compatible with previous studies [37, 71]. The figure also shows that the absorption
coefficient decreases with increasing the wavelength of incident photons, which means that the
absorption coefficient increases with increasing incident photon energy. This increase is due to the
interaction between the semiconductor’s electrons and the photons when the photon energy is
sufficient to induce electronic transitions. In addition, the absorption coefficient increases with

increasing cadmium content.

6%10%
5x10%
4%10°
g 3x10%
=

2x104
1%x10°

x=0.0

x=0.5

o x=1.0

400 600 800 1000 1200

2(nm)

Figure 7. Absorption coefficient of Cu,Cd«Zn,..SnS, thin films as a function of wavelength.

To understand how the cadmium content affects the optical band gap of thin CCZTS films, the
Tauc plot was used (Figure 8a-c). The value of the intersection on the graph represents the band gap
energy, assuming that the absorption coefficient is equal to zero. The estimated band gap values
were 1.52 eV, 1.44 eV, and 1.38 eV for the 0.0, 0.5, and 1.0 Cd concentrations, respectively. The
findings revealed that the Eg®™ value decreased with increasing Cd concentration; and this

narrowing can be attributed to the localized Cd-induced states near the bottom of the conduction
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band [33]. The decline in the energy band gap can also be clarified by the empirical rule for
semiconductors: substituting a heavier element instead of a lighter one in the host structure, which
is from the same group in the periodic table, decreases the energy band gap of the semiconductor
compound [72]. This result is consistent with a previous study [73]. The obtained optical band gap
values for CZTS and CCTS are close to those reported in previous reports [74, 75]. Rondiya et al .
[66] showed that the estimated direct energy band gap of CCZTS thin films decreased from 1.51 eV
to 1.03 eV when the Cd content increased from 0 to 1. While Su et al. [35] observed that, when the
Cd concentration increased from 0 to 1.0, the direct energy band gaps of CZCTS thin films
decreased from 1.54 eV (CZTS) to 1.36 eV (CZCTS) and then increased to 1.41 eV. The variations in
the values of calculated energy band gaps indicate that the energy band gap of CCZTS thin films is
affected by several parameters, such as grain size, thickness, defects, and elemental composition. In
this context, the optical characteristics of CZTS absorber layers can be improved by swapping zinc
atoms with cadmium atoms, yielding a lower energy band gap [63]. Finally, we can say that, our
results are in agreement with the general direction that alloying metal elements would modify the

structure of the band gap (i.e., the electronic characteristics) of the host matrix [76].
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Figure 9 shows how the extinction coefficient of CCZTS thin films behaves with the change in
cadmium content. The figure clearly shows that the extinction coefficient follows a trend similar to
that of absorptance or absorption coefficient, i.e., increase_with increasing cadmium content. This

is because the extinction coefficient is directly dependent on light absorption, as seen in Eq. (10).
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Figure 9. Extinction coefficient of Cu,Cd,Zn;..SnS, samples with different Cd content as a
function of wavelength.
Figure 10 shows the variation in the optical conductivity (o) of prepared thin films with cadmium
content, where all films showed very high optical conductivity values, and their conductivity

increased with increasing cadmium content, which may be attributed to the strong absorption of
excited electrons [77].
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Figure 10. Optical conductivity of Cu,Cd,Zn,.,.SnS, samples with different Cd content as a

function of wavelength.

Table 3. Hall effect measurements results of Cu,Cd,Zn;..SnS, samples.

Carrier Conductivity Mobility Carrier Con.*10" Cd
Type (Q.cm)” (cm’/V.s) (cm?) content
p 0.1326 0.0923 89.810 0.0
p 0.0346 0.3312 6.5481 0.5
p 0.0226 0.7528 1.8799 1.0

Table 3 summarizes the electrical transport characteristics of thin CCZTS films. All the
prepared samples exhibited p-type conductivity. This result agrees with [63]. The carrier
concentration (holes concentration) decreased with higher Cd content, which can result from
compensating the intrinsic acceptor lattice defects. Cuz, antisite defects are the dominant type of
acceptor defects in CZTS because of their shallow level and low formation energies [14, 78],
therefore, they are responsible for the positive conductivity of CZTS thin films. All prepared thin
films adopted a Cu- poor composition, denoting they contained many copper voids (Vc.) that acted
as acceptor defects in addition to the Cuz,. When Cd is incorporated into the CZTS lattice, Cd atoms
can replace the metal sites such as Cu, Zn, and Sn. Cdc, as donor defects can compensate for Cuz,
and Vg [79], which in turn leads to lower holes concentration and weaker conductivity. This result
is consistent with [80]. Conversely, with a reduction in holes concentration, their mobility rises,
perhaps due to a decline in collisions between holes.

To investigate the influence of Cd substitution on the performance of Al/CCZTS/Si/Al H]J solar

cells, photovoltaic measurements were carried out on thin CCZTS films. Fig.11 shows the
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illuminated current-voltage (I-V) curves for CCZTS absorber layers, while the main photovoltaic
parameters are shown in Table 4. From Table 4, the solar cell based on thin CZTS films adopted a
lower open-circuit voltage (Voc) and short-circuit current (Isc), which can result from the high
density of defects and grain boundaries in the absorber layer. The power conversion efficiency of
fabricated solar cells increased with increasing Cd content. Solar cells based on CCTS thin films
(x=1) achieved the highest power conversion efficiency of 2.621%, with corresponding Voc, Isc, and
E.F values of 0.651V, 0.0117A, and 0.341, respectively. The presence of a tunable direct energy
band gap, a high absorption coefficient, and grain growth in thin Cu,ZnSnS, films by Cd alloying
enhances the minority charge carrier’s lifetime and diffusion length, thereby decreasing the
recombination process and improving charge carrier separation, therefore, increasing the
photovoltaic cell efficiency. The disparity in the efficiency magnitudes reported in this study and
those calculated in previous studies may be due to the variations in the preparation conditions,

solar cell structure, and preparation method.
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Figure 11. I-V curves of Cu,Cd,Zn,..SnS, / Si heterojunction solar cells for (a) x=0.0, (b) x=0.5, and
(c) x=1.0
Table 4. Photovoltaic parameters of Cu,Cd,Zn;..SnS; - based solar cells.
Voc Is, Vi I,
% EF x
L (V) (A) V) (A)
1.6637 0.3360 0.5627 0.0088 0.3263 0.0051 0.0

93



Journal of Ovonic Research, 2026, 22, 3

2.0702 0.3250 0.6245 0.0102 0.3570 0.0058 0.5
2.5862 0.3395 0.6511 0.0117 0.3804 0.0068 1.0

4. Conclusions

Cu,CdZnxSnS; thin films have been successfully prepared by vacuum thermal evaporation method
from pre-fabricated alloys with controlled Cd content of x=0.0, 0.5, and 1.0. The insertion of cadmium
into CZTS thin films has a pronounced effect on their optical and electronic properties, making
CCZTS a suitable absorber for good-efficiency solar cells. The optimum cadmium content can be
determined by balancing the improvements in grain size, optical energy gap, and charge transport
characteristics. At x=1, the corresponding photovoltaic cell adopted the highest efficiency of 2.621%.
In the future work, it is recommended to design tandem solar cells using thin CCZTS films as one of

the absorber layers to improve the device efficiency.
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