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ABSTRACT 

Cu₂CdSnS₄ (CCTS) thin films were successfully synthesized using the spray-

pyrolysis method at substrate temperatures of 300 °C, 350 °C, and 400 °C. This 

study aimed to explore how deposition temperature impacts electron–phonon 

interaction, surface energy-loss function (SELF), and volume energy-loss function 

(VELF). X-ray diffraction (XRD) analysis showed a temperature-induced phase 

transition from the cernyite to the stannite structure, with crystallite size increasing 

from 32.5 nm to 48.3 nm. A decrease in dislocation density and microstrain, 

indicating improved crystallinity was noticed. Atomic Force Microscopy (AFM) 

analysis revealed that surface roughness increased with temperature, suggesting 

enhanced adatom mobility and grain coarsening. The optical absorption spectra 

from UV-Vis spectroscopy displayed a red-shift in the absorption edge as the 

temperature rose, resulting in a band gap reduction from 1.52 eV to 1.31 eV, while 

the refractive index slightly increased from 2.94 to 3.06. The Urbach energy also 

rose from 0.372 eV to 0.704 eV, indicating stronger disorder-induced tail states 

and enhanced electron–phonon coupling. We found that the calculated electron–

phonon interaction strength increased as 5.03 eV, 6.83 eV and 8.10 eV with 

temperature 300 °C, 350 °C, and 400 °C respectively, confirming that carrier–

lattice coupling intensifies at higher growth temperatures. Both SELF and VELF 

increased systematically with temperature, reflecting improved crystallinity, 

enhanced dielectric resonance, and greater plasmonic activity. These results 

highlight the significant impact of substrate temperature on lattice dynamics and 

energy-loss mechanisms in CCTS thin films, which are crucial for optimizing 

absorber layers in next-generation thin-film solar cells. 

 

INTRODUCTION 

Solar cells have become a clean and sustainable 

alternative to fossil fuels, paving the way to meet the 

increasing global energy demand and reach our 

decarbonization targets. They work by converting 

sunlight directly into electricity through the photovoltaic 

effect, making them a key player in the future of low-

carbon energy systems. However, the efficiency of solar 

cells is still held back by various intrinsic and extrinsic 

loss mechanisms, such as charge-carrier recombination, 

carrier lifetime (Wang et al., 2022; Dizaj, 2025), and 

charge carrier collection rate (Zhao et al., 2024; Zhu et al., 

2020), among others. These factors that limit the high 

efficiency of solar cells are influenced by electron-phonon 

interactions (Alkauskas et al., 2014) and energy loss 

functions like the surface energy loss function (SELF) 

(Boriskina et al., 2017) and volume energy loss function 

(VELF) (Nguyen-Truong et al., 2014). Unfortunately, 

these crucial factors are often overlooked in the literature, 

particularly, Cu2CdSnS4 (CCTS)-based solar cells. 
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CCTS is an exciting quaternary chalcogenide 

semiconductor that has gained traction as a potential next-

generation absorber material for thin film photovoltaics. 

As a member of the kesterite family, CCTS brings 

together earth-abundant, non-toxic elements and features 

a tunable direct band gap ranging from 1.4 to 1.6 eV, 

along with impressive optical absorption coefficients that 

exceed 10⁴ cm⁻¹. This makes it a strong contender for 

sustainable and cost-effective solar cell technologies 

(Xiaolei et al., 2016). When compared to its more widely 

researched sibling, Cu₂ZnSnS₄ (CZTS), the switch from 

zinc to cadmium in CCTS results in less antisite disorder, 

better crystallinity, and improved optical performance 

(Boyang et al., 2024). These characteristics position 

CCTS as a promising option for absorber layers in thin-

film solar cells and optoelectronic devices. 

Among the various methods for fabrication, spray 

pyrolysis stands out as a particularly appealing deposition 

technique due to its simplicity, scalability, and 

effectiveness for large-area film growth (Tombak et al., 

2019). However, the microstructure, morphology, and 

optoelectronic properties of CCTS thin films created 

through spray deposition are quite sensitive to the 

deposition temperature. This temperature has a direct 

impact on nucleation and growth kinetics, grain boundary 

density, and defect states, all of which play a crucial role 

in controlling carrier dynamics and the overall quality of 

the absorber layer (Enigochitra et al., 2016; Bakr et al., 

2015). Thus, fine-tuning the deposition temperature is 

essential for producing high-performance CCTS thin 

films for solar energy conversion. 

In addition to structural and optical characteristics, the 

fundamental electron–phonon interaction (Ee-p) in 

absorber layers is key to understanding carrier transport, 

recombination, and thermalization. Ee-p refers to the 

interaction between charge carriers and lattice vibrations, 

which influences resistivity, carrier lifetime, and thermal 

conductivity in semiconductors (Giustino, 2017). In thin 

film absorbers, strong Ee-p can speed up non-radiative 

recombination, impacting overall efficiency. (Sanjaya et 

al., 2024, Vettumperumal, et al. 2015). Since the 

temperature at which deposition occurs plays a crucial 

role in determining crystalline order and the landscape of 

defects, it is reasonable to expect that it directly impacts 

the Ee-p in CCTS thin films.  

Moreso, the loss of energy of a fast moving electrons in a 

material is given in terms of surface energy loss function 

(SELF) and volume energy loss function (VELF) (Ye-Jin 

et al., 2023). Notably, SELF describes the probability of 

fast moving electrons losing energy through the excitation 

of surface plasmons, which are collective oscillations of 

free electrons localized at the film surface, while VELF 

captures the interactions between bulk plasmon and 

phonon, along with charge screening effects (Caruso et 

al., 2018; Mkhoyan, 2007).  

In this study, we delve into how substrate temperature 

influences the electron-phonon interactions, as well as the 

surface and volume energy loss functions of CCTS 

absorber layers fabricated through spray pyrolysis. By 

linking deposition conditions to the electron-phonon 

interaction and energy loss characteristics, this research 

offers fresh insights into the microscopic interactions 

between carriers and phonons in CCTS thin films. The 

results enhance give insight of how growth parameters 

affect energy dissipation and transport properties, which 

are vital for optimizing CCTS absorbers in thin-film solar 

cells. 

 

MATERIALS AND METHODS 

The CCTS thin films were synthesized via the spray 

pyrolysis method. Precursor solutions were prepared by 

dissolving high-purity copper (II) acetate (Cu (CH₃COO) 

₂·H₂O), cadmium acetate dihydrate (CH₃COO) 

₂Cd·2H₂O), and tin (IV) chloride (SnCl4) in 2-

methoxyethanol, with thiourea (SC (NH₂)₂ serving as the 

sulfur source. A molar ratio of Cu:Cd:Sn:S = 2:1:1:6 was 

maintained. The solution was stirred thoroughly, after 

which acetylacetone was added as a stabilizing agent. The 

mixed solution was then aged for a day to enhance 

homogeneity and stability. Glass substrates were washed 

in detergent, acetone, and isopropanol, followed by drying 

in an oven at 80 °C for 10 minutes. Thin-film deposition 

was carried out using a Navson Spray Pyrolysis NTPY01 

system, maintaining 25 cm as the nozzle to heated 

substrate distance. The deposition temperature was 

precisely controlled at 300, 350, and 400 °C, while 

maintaining constant spray parameters: a flow rate of 0.6 

mL/min and a spray interval of 25 minutes to ensure 

uniform coverage. Following deposition, the films were 

allowed to cool naturally to room temperature. 

The film thickness was measured by the gravimetric 

method. The structural characteristics of the CCTS thin 

films were analyzed using an X-ray diffractometer (XRD) 

(D8 ADVANCE, BRUKER) that utilized Cu-Kα 

radiation (λ = 1.5406 Å). The XRD measurements were 

carried out by directing monochromatic Cu-Kα radiation 

onto the surface of the CCTS thin film and recorded the 

diffracted X-rays across a selected 2θ range. By analyzing 

the resulting diffraction patterns were used to identify the 

crystalline phases in the films by comparing the 

diffraction peaks to standard reference data from the Joint 

Committee on Powder Diffraction Standards (JCPDS) 

database (Cullity and Stock, 2014). The structural 

parameters of the films were then derived from this 

diffraction data. 

The surface topography of CCTS thin films was analyzed 

using an Atomic Force Microscope (AFM, Dimension 

EDGE, BRUKER). In this process, a sharp probe attached 

to a flexible cantilever moves across the thin film's 

surface, capturing the interaction forces between the 

probe tip and the sample. This data is then used to 
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generate detailed topographic images (Bhushan, 2017). 

The AFM measurements were conducted over a specific 

scan area (5μm x 5μm) to assess the surface morphology 

and roughness characteristics of the deposited CCTS 

films. 

The optical properties of CCTS thin films were 

investigated using a UV–Visible spectrophotometer (V-

750 Series, JASCO). We recorded the absorbance and 

transmittance spectra of the films across a suitable 

wavelength range, which typically includes both 

ultraviolet and visible light. During the measurements, a 

beam of light was directed at the thin-film sample, and the 

instrument captured the intensity of the light that passed 

through compared to the light that hit the sample. From 

these measurements, the absorbance and transmittance of 

the films as functions of wavelength were determined 

(Skoog et al., 2018). This optical data was then used to 

calculate key parameters like the absorption coefficient, 

optical band gap, extinction coefficient, refractive index, 

and dielectric properties of the thin films. 

 

RESULTS AND DISCUSSION 

Structural Properties of CCTS thin Films 

Figure 1 illustrates the XRD pattern of spray-pyrolyzed 

CCTS thin films at various substrate temperatures, with 

diffraction angles (2θ) ranging from 10 to 70°. At a 

deposition temperature of 300 °C, we see diffraction 

peaks at 28.3°, 46.7°, and 56°. When the substrate 

temperature is raised to 350 °C, the peaks shift slightly to 

28.1°, 47.3°, and 56.3°. For both 300 °C and 350 °C, these 

diffraction angles align with the (112), (220), and (312) 

planes, which correspond to the cernyite structure of 

Cu2CdSnS4, classified under the tetragonal crystal 

system (Kumar et al., 2017), as per JCPDS card No 29-

0537. However, at a deposition temperature of 400 °C, the 

diffraction peaks appear at 25.9°, 27.9°, 32.3°, 47.9°, and 

57.8°, which can be linked to the (101), (112), (200), 

(220), and (312) planes associated with the stannite 

structure of CCTS, also within the tetragonal crystal 

system (Ibraheam et al., 2016). Notably, the most 

prominent diffraction occurs at the (112) plane, and as the 

deposition temperature rises, we observe a shift towards 

lower diffraction angles. This shift may be attributed to 

lattice expansion, leading to an increase in inter-planar 

spacing (Amiri et al., 2019), as detailed in Table 1. 

Additionally, a phase transformation from cernyite to 

stannite structure is evident with the increase in deposition 

temperature. The XRD patterns of CCTS films grown at 

300, 350, and 400 °C clearly demonstrate this 

transformation from the cernyite phase to the stannite 

phase as the substrate temperature increases.  

 

 
Figure 1: XRD Pattern for Cu2CdSnS4 Thin Films at Different Substrate Temperatures 

 

The crystallite size (D) , the dislocation density (δ) and 

the micro-strain (ε) of the CCTS thin films were estimated 

using  Equations 1, 2 and 3 (Ochang et al., 2023) and then 

presented in Table 1. 

𝐷 =
𝐾𝜆

𝛽 cos 𝜃
    (1) 

𝛿 =
1

𝐷2     (2) 

𝜀 =
𝛽 cos 𝜃

4
    (3) 

Where, K is a constant equal to 0.94, 𝛽 is the full width at 

half maximum (FWHM) in radians of the diffraction peak 

in radians, θ is the Bragg’s angle and λ = 1.5406 Å, 

wavelength of monochromatic Cu-Kα radiation.  

It is observed that, raising the substrate temperature from 

300 °C to 400 °C leads to an increase in the average 

crystallite size from 32.5 nm to 48.3 nm. This change is 

also accompanied by a drop in dislocation density and 

microstrain (Table 1). These results point to thermally-

driven grain growth and a reduction in defects: as the 

substrate temperature rises, both surface diffusion and 

adatom mobility improve, facilitating the merging of 

smaller grains into larger ones and relaxing micro 

stresses. (Gunavathy et al., 2019; Bandoh, 2021) Similar 
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trends have been observed in thin films produced through 

spray pyrolysis and chemical deposition, where higher 

deposition and annealing temperatures boost crystallinity 

and reduce lattice strain (Begum et al., 2012; Mohamed et 

al., 2016). 

The drop in dislocation density at elevated temperatures 

happens because defects are eliminated and 

recrystallization takes place during grain growth. 

However, some residual microstrain might stick around 

due to thermal stresses and variations in composition. So, 

while both factors improve with better crystallinity, they 

don’t necessarily decrease at the same pace (Baker, 2000; 

Ungár and Borbély, 1996). 

 

Table 1: Structural Properties of Spray Pyrolyzed CCTS Thin Films 

Substrate 

Temperature (oC ) 

2θ(o) FWHM 

(radian) 

Crystallite size 

D(nm) 

Dislocation density δ 

x1014 (m-2) 

Microstrain ε 

x 10-4 

300 28.40 0.2573 32.51 9.5 10.88 

350 28.00 0.1979 42.26 5.6 8.37 

400 27.75 0.1732 48.27 4.3 7.33 

 

 
Figure 2: Variation of Crystallite Size, Microstrain and 

Dislocation Density with Substrate Temperature 

 

Surface Topography of CCTS Thin Films 

The surface topography of CCTS thin films, as 

characterized, is illustrated in the 2D and 3D AFM images 

shown in Figure 3. These AFM images, taken at various 

substrate temperatures of 300, 350, and 400 °C, depict the 

topography within a 5μm x 5μm scan area. Figure 4 

reports the changes in average surface roughness of the 

CCTS thin films as the substrate temperature varies. We 

observed a steady increase in average surface roughness, 

rising from 64.7 nm at 300 °C to 95.5 nm at 400 °C. This 

trend can be linked to the increased mobility of adatoms 

at higher temperatures (Edwin et al., 2020), which 

encourages grain coarsening, competitive columnar 

growth (Hall et al., 25), and stress relaxation processes 

like grooving and hillock formation (Zhou et al., 2023) 

(see Figure 3b and Figure 3c). These processes ultimately 

lead to greater peak-to-valley heights on the film surface 

(Nayak et al., 2024; Reddy and Udayashankar, 2016). 

Similar patterns of increased roughness with annealing 

temperature have been noted in oxide and chalcogenide 

thin films, such as CuO, where grain coalescence and the 

development of porosity resulted in higher RMS values 

(Masudy-Panah et al., 2016). Thus, our findings are 

consistent with existing literature on the roughening 

regime of temperature-dependent growth, where 

coarsening and porosity are predominant. 
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Figure 3: 2D and 3D AFM Images of Spray Pyrolyzed CCTS Thin Films 

at (a) 300 ( ֯C), (b) 350 ( ֯C) and (c) 400 ( ֯C) 

 

 
Figure 4: Variation of Average Surface Roughness 

with Substrate Temperature 

 

Surface Morphology of Cu2CdSnS4 Nanomaterial 

Photoabsorber Layer 

The FE-SEM analysis of CCTS thin films (Figure 5) 

showed temperature-dependent changes in their surface 

morphology. At 300 °C, the films had small, loosely 

packed grains, which resulted in poor surface coverage 

because the adatoms weren't very mobile. As the 

temperature was raised to 350 °C, the morphology 

became more compact and uniform, featuring larger 

interconnected grains. This change suggests that surface 

diffusion and grain coalescence were enhanced. At 400 

°C, the films displayed densely packed, well-defined 

grains indicating significant grain growth and better film 

continuity. However, AFM measurements did reveal a 

slight increase in surface roughness due to grain 

coarsening. The larger grains and tighter microstructure at 

400 °C are advantageous for minimizing grain-boundary 

recombination and improving carrier transport, both of 

which are crucial for photovoltaic performance. These 

findings align with earlier studies on chalcogenide 

absorber films, which noted that higher deposition 

temperatures lead to better grain connectivity and overall 

morphological quality (Abed et al., 2020). Coupled with 

the enhanced crystallinity and phase purity seen in the 

XRD analysis, these results suggest that 400 °C is the 

ideal deposition temperature for creating high-quality 

CCTS absorber layers for thin-film solar cells (Ahmed et 

al., 2019). 

In thin-film photovoltaic materials like kesterites, CZTS, 

CIGS, and other related chalcogenides, films that are 

smoother and more compact tend to show less electron–

phonon scattering, which leads to higher carrier mobility 

and better photovoltaic performance. On the otherhand, 

increased roughness often comes with higher defect 

densities and stronger carrier–phonon interactions, which 

can ultimately limit the efficiency of the device (Schorr et 

al., 2020). 

 



Electron-Phonon Interaction and Electron…      Ochang et al., NJAP2026 2(2): 75-89 

80 

NIGERIAN JOURNAL OF APPLIED PHYSICS 

 
Figure 5: FESEM Images of Cu2CdSnS4 photoabsorber Layer Deposited at (a) 

300 °C, (b) 350 °C and (c) 400 °C 

 

Elemental Composition of Cu2CdSnS4 Nanomaterial 

Photoabsorber Layer 

The elemental composition of CCTS thin films in atomic 

percent (at. %) as captured by EDS (Fig.6) and reported 

in Table 2 exhibits a systematic variation with increasing 

substrate temperature. Specifically, the measured atomic 

percent of Cu decreases while Cd increases as the 

temperature rises; Sn shows a minor decrease, and S 

content also drops gradually. It can be noted that the Cu-

poor compositions are the result of shallow acceptors due 

to the formation of Cu vacancies in the film (Suresh et al., 

2020). Moreover, Cu-poor and Sn-poor compositions in 

the CCTS thin films minimized the formation of SnCu anti-

site defects, which can limit efficiency in the solar cells 

(Sun et al., 2023). This trend suggests that elevated 

temperature processing promotes partial loss of volatile 

species (notably sulfur) and/ or segregation of Cu-rich 

species, leading to a relative enrichment of Cd. Such 

behaviour is consistent with observations in similar Cu-

based quaternary sulfide such as CMTS (Chen et al., 

2015) CZTS (Surgina et al, 2015), where increased 

sulfurization or annealing temperatures have been linked 

to non-stoichiometry and chalcogen loss (Zhang et al., 

2017) .This result is in agreement with the XRD results, 

as there is no detectable CuS2 secondary phase caused by 

a Cu-rich condition. Also, it is noticed that the 

compositional ratio of CCTS films is much closer to 

stoichiometric, even though it is difficult to produce 

stoichiometric quaternary films by the spray pyrolysis 

method (Khalate et al., 2017; Kumar et al., 2010; 

Daranfed et al., 2012)  

 

 
Figure 6: EDS of Cu2CdSnS4 Photoabsorber Layer Deposited at (a) 300 

°C, (b) 350 °C and (c) 400 °C 

 

Table 2: Elemental Composition (At. %)  Analysis of Cu2CdSnS4 Photoabsorber Layer at Different Deposition 

Temperature 

Temp. oC Cu Cd Sn S 𝑪𝒖

𝑪𝒅 + 𝑺𝒏
 

𝑪𝒅

𝑪𝒖 + 𝑺𝒏
 

𝑪𝒅

𝑺𝒏
 

𝑺

𝒎𝒆𝒕𝒂𝒍
 

300 32.21 11.92 18.8 36.99 0.73 0.23 0.63 0.59 

350 31.36 14.70 17.08 36.78 0.68 0.30 0.86 0.58 

400 29.2 17.61 16.95 35.41 0.62 0.38 1.04 0.56 
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Optical Properties of CCTS Thin Films 

Optical Absorbance  

The absorption spectra of the CCTS thin films (Figure 7a) 

clearly demonstrate that the substrate temperature has a 

significant impact on their optical response. Films 

deposited at 400 °C show a stronger absorbance across the 

visible spectrum and a more pronounced absorption edge 

compared to those created at the lower temperature of 300 

°C. The observed red-shift of the absorption edge with 

rising substrate temperature suggests a narrowing of the 

optical band gap. Similar results have been noted for Cu-

based quaternary chalcogenide thin films, where 

increasing substrate or annealing temperatures slightly 

decrease the bandgap due to reduced disorder and changes 

in stoichiometry (Guan, 2021; Tombak et al., 2019). For 

instance, Tombak et al. (2019) discovered that Cu₂CdSnS₄ 

thin films had absorption coefficients greater than 10⁴ 

cm⁻¹ in the visible range, showing improved absorption 

and a red-shift in the optical edge after being annealed at 

higher temperatures. This aligns with our current findings, 

where we see enhanced absorbance at higher deposition 

temperatures. Additionally, related research on 

Cu₂ZnSnS₄ (CZTS), which is structurally similar to 

CCTS, also indicates better optical absorption and sharper 

absorption edges as the substrate temperature increases 

(Ahmad et al., 2021). Still, within the moderate substrate 

temperature range we've examined, the improvements in 

absorbance and the red-shift of the absorption edge are 

consistent with the main trends reported in the literature 

for quaternary chalcogenide absorbers. 

 

Absorption Coefficient 

To determine the absorption coefficient (α) of the CCTS 

thin films at varying substrate temperatures, Equation 4 

was used. 

𝛼 =
2.303𝐴

𝑑
    (4) 

Where, A is the absorbance and d represents the film 

thickness. Figure 7(b) illustrates how α varies with photon 

energy (hυ) for the CCTS thin films. It can be observed 

that regardless of the deposition temperatures, the 

absorption coefficient is ~ 10⁵ cm⁻¹, which is comparable 

to other established photovoltaic absorbers like CIGS 

(Rawat et al., 2023), CZTS (Henry et al.,2016), and CdTe 

(Mabvuer et al.,2022, Islam et al., 2013). We observed a 

consistent rise in α as the deposition temperature 

increased, likely due to better crystallinity (Ahmed et al., 

2020) and grain densification (Bakr et al., 2015). These 

improvements enhance optical transitions, placing α in the 

ideal range for efficient photovoltaic applications.  

 

 
Figure 7: (A) Absorption Spectra (B) Absorption Coefficient of Spray 

Pyrolyzed CCTS Thin Films at Varying Substrate Temperature 

 

Optical Bandgap, Refractive Index and Urbach Energy 

The optical band gap values of the CCTS thin films at 

varying substrate temperature were calculated using the 

well-established Tauc's relation for direct optical 

transition given in Equation 5 (Ochang et al., 2023).  

(𝛼ℎ𝑣)2 = 𝐵(ℎ𝜐 − 𝐸𝑔)   (5) 

Where, 𝛼 is the absorption coefficient, ℎ𝑣  is the incident 

photon energy, Eg is optical band gap, B is constant. To 

estimate the optical band gap values, the (αh𝑣)2 is plotted 

against ℎ𝑣   as shown in Figure 8. The value of the band 

gap is obtained by extrapolating the linear portion of the 

curve on the horizontal axis where (𝛼ℎ𝑣)2 = 0.  The 

estimated bandgap values are presented in Table 3.  
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Figure 8: Tauc’s Plot for CCTS Thin Films at (A) 300 ( ֯C), (B) 350 ( ֯C) 

and (C) 400 ( ֯C) Substrate Temperature 

 

The refractive index n of the CCTS thin films is calculated 

using the Herve and Vandamme relation (Equation 6). 

𝑛 = √1 + [
𝐴

𝐸𝑔+𝐵
]

2

   (6) 

Where, Eg is the optical band gap. A = 13.6 eV and B = 

3.4 eV. The calculated values of n at different substrate 

temperature are reported in Table 3. The Urbach energy 

(Eu) characterizes the width of the exponential absorption 

tail extending into the band gap region, which arises from 

localized states caused by structural disorder, defects, and 

thermal vibrations (Urbach, 1953). It is determined from 

the absorption spectra using the Equation 9: 

  𝛼 =  𝛼0𝑒𝑥𝑝
ℎ𝑣

𝐸𝑢
     (9) 

Where, α is the absorption coefficient, hν the photon 

energy, and Eu represents the Urbach energy. By plotting 

ln (α) against photon energy, Eu can be extracted from the 

inverse of the slope of the linear region of the curve 

(Figure 9). 

 

 
Figure 9: Plots of Ln Α Versus Photon Energy CCTS Thin Films at (A) 300 ( 

֯C), (B) 350 ( ֯C) And (C)400 ( ֯C) Substrate Temperature 

 

The determined values of the Eu are reported in Table 3. 

The variation of optical band gap, refractive index and 

Urbach energy with substrate temperatures is represented 

in Figure 10. The observed decrease in the optical band 

gap (Eg) with increasing substrate temperature, from 1.52 

eV at 300 °C to 1.31 eV at 400 °C, is in good agreement 

with previous reports on Cu-based quaternary 

chalcogenides. Guan (2013) reported band gaps in the 

range of 1.40–1.45 eV for sol–gel deposited CCTS films, 

while Batir (2024) noted values between 1.35–1.45 eV for 

well-crystallized CCTS and CZTS thin films. The slight 

blue-shift observed at lower substrate temperatures in the 

present study can be attributed to disorder-induced band 

tailing and smaller grain sizes, which are gradually 

reduced at higher temperatures, leading to red-shifted 

band gaps within the intrinsic range of the material. A 

similar temperature-dependent narrowing of Eg has been 

reported for CZTS thin films, where annealing improved 

crystallinity and reduced the density of localized defect 

states (Ahmad et al., 2021). The refractive index (n) 

values obtained here (2.94–3.06) also compare well with 

earlier work. Al-Douri et al. (2018) found a similar range 

for nanostructured CCTS alloys. The slight increase in n 

with substrate temperature in this study suggests 

improved film density and reduced porosity, consistent 

with reports that higher growth or annealing temperatures 

enhance grain packing in chalcogenide absorbers. 

Collectively, the agreement of both Eg and n values with 
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existing literature underscores the role of substrate 

temperature in optimizing the optical quality of CCTS 

films for photovoltaic applications.  

It is observed that as the substrate increased from 300 ֯C 

to 400 ֯C, the Urbach energy increased from 0.372 eV to 

0.704 eV. The increase in Eu with substrate temperature 

can be attributed to increase in electron – phonon 

interaction strength (Makhnovets et al., 2018 and Bonalde 

et al., 2005) with substrate temperature as seen in Table 3. 

 

Table 3: Optical Properties and Electron Phonon Interaction of CCTS Thin Films 

Substrate 

Temperature 

(oC) 

Optical 

Bandgap Eg 

(eV) 

Refractive 

index n 

Urbach 

energy EU 

(eV) 

Steepness 

parameter 

𝝈 

Electron – phonon 

interaction strength Ee-p 

(eV) 

300 1.52 2.94 0.372 0.133 5.03 

350 1.36 3.03 0.549 0.098 6.83 

400 1.31 3.06 0.704 0.082 8.10 

 

 
Figure 10: The Variation of Optical Band Gap, Refractive Index 

and Urbach Energy at Varying Substrate Temperatures 

 

Electron-Phonon Interaction Strength 

The strength of electron–phonon interaction (Ee-p) 

describes the degree to which charge carriers (electrons 

and holes) interact with lattice vibrations (phonons) 

within a material. This interaction directly affect 

resistivity, charge carrier mobility, and optical transitions. 

In semiconductors and oxide thin films, this coupling 

governs band-gap renormalization and the formation of 

Urbach tails that broaden the absorption edge (Urbach, 

1953; Jean et al., 2017). The Ee-p is related to the Urbach 

energy Eu according to Equation 10 (Ilkani and Dejam, 

2021; Hossain et al., 2016).      

𝐸𝑒−𝑝 =
2

3𝜎
=

2𝐸𝑢

3𝐾𝐵𝑇
   (10) 

Where, 𝜎 is the steepness parameter which characterizes 

the broadening of the optical absorption edge due to the 

electron–phonon interactions. It is related to the Eu as 

shown in Equation 11 (Hossain et al., 2016). 

𝜎 =
𝐾𝐵𝑇

Eu 
     (11) 

The estimated values of the electron–phonon interaction 

strength and the steepness parameter of the CCTS thin 

films are presented in Table 3. While the variation of 

electron–phonon interaction strength, the steepness 

parameter and Urbach energy with substrate temperature 

is presented in Figure 11. The result revealed that the Ee-p 

in CCTS thin films showed a clear relationship with the 

substrate temperature. A steady increase in Ee-p, rising 

from 5.03 at 300 °C to 8.10 at 400 °C was observed. This 

pattern suggests that higher substrate temperatures boost 

the coupling between carriers and the lattice vibrations in 

the films. The rise in Ee-p can be attributed to the fact that 

higher deposition temperatures not only increase the 

phonon population but also change the microstructural 

characteristics. In quaternary chalcogenides, elevated 

substrate temperatures often lead to sulfur volatilization, 

cation disorder, and the formation of secondary phases. 

These factors create localized states that interact strongly 

with phonons (Pishdadian and Ghaleno, 2013). This 

disorder-driven band tailing is known to enhance phonon-

assisted absorption processes, which in turn increases the 

effective electron–phonon coupling (Sati et al., 2021). 

The corresponding rise in Urbach energy observed in the 

same films supports this idea, as Urbach broadening is 

commonly linked to disorder and electron–phonon 

interactions (Rambadey et al., 2021). 

Similar findings have been noted in other Cu-based 

quaternary absorbers like Cu₂ZnSnS₄ (CZTS). Research 

indicates that while moderate annealing or deposition 

temperatures can improve crystallinity and lower defect 

density, temperatures that exceed the optimal processing 

range can lead to increased phonon scattering and band 

tailing (Zaki et al., 2021; Rey, 2018). The consistent 

increase in Ee-p strength from 300 to 400 °C in this study 

suggests that the films deposited at higher substrate 
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temperatures went beyond the ideal thermal range, 

resulting in greater lattice disorder. 

From the standpoint of device performance, stronger Ee-p 

is not desirable. It tends to broaden the absorption edge 

and increase non-radiative recombination losses, which 

can lead to reduced carrier lifetimes and lower open-

circuit voltage in photovoltaic devices (Monserrat et al., 

2018; Handa et al., 2018). The the Ee-p reported in this 

study, especially at 400 °C, suggests that while stronger 

phonon-assisted transitions might enhance light 

absorption, the charge transport properties are likely to 

suffer. Therefore, it is essential to optimize spray 

pyrolysis deposition of CCTS at 400 °C substrate 

temperature with sulfurization for example to achieve a 

good balance between crystallinity and minimal electron-

phonon coupling strength. 

 

 
Figure 11: Variation Of Of Electron–Phonon Interaction 

Strength, Steepness Parameter and Urbach Energy with 

Substrate Temperature of CCTS Thin Films 

 

Electron Energy Loss Function in CCTS Thin Films 

The loss of energy of a fast moving electron in a material 

is given in terms of surface energy loss function (SELF) 

and volume energy loss function (VELF). SELF describes 

the probability of fast moving electrons losing energy 

through the excitation of surface plasmons, which are 

collective oscillations of free electrons localized at the 

film surface. Mathematically, SELF is expressed in 

Equation 12 (Rocca et al., 1995). 

SELF = -Im[
1

𝜀+1
]= 

𝜀2

(𝜀1+1)2+𝜀2
2  (12) 

Where, ε is the complex dielectric function, with ε1 being 

the real part and ε2 the imaginary part. The variation of 

SELF in CCTS thin films at different temperatures is 

presented in Figure 12b.  It is observed that SELF 

increases with temperature. The observed increase in 

SELF in CCTS thin films could be due to improved 

crystallinity and reduced defects (Mahato et al., 2017; 

Todorov et al., 2018) as seen in the XRD results in Table 

1, Increased film’s surface roughness (Lehmann et al., 

2014), enhanced carrier concentration and Plasmon 

resonance (Savariraj et al., 2017) and temperature-driven 

modulation of dielectric function (Tiwari et al., 2014). 

Similar behaviour has been reported in related kesterite 

thin films such as CZTS and CZTSe. For example, 

Boutebakh et al. (2025) showed that increasing substrate 

temperature improved the SELF due to enhanced 

crystallinity and plasmonic activity. The results in CCTS 

thin films are therefore consistent with the broader trend 

in quaternary chalcogenide absorbers, confirming that 

temperature plays a critical role in modulating plasmonic 

and dielectric responses. 

VELF defines the loss of energy of fast moving electron 

via characteristic plasma excitation when traveling 

through bulk of the material. VELF can be determined 

using Equation 13 (Rocca et al., 1995). 

VELF =-Im(
1

𝜀
) = 

𝜀2

𝜀1
2+𝜀2

2   (13) 

The variation of the volume energy-loss function (VELF) 

with substrate temperature for CCTS thin films is 

presented in Figure 12(a). The VELF values increased 

systematically with substrate temperature, rising from 

0.0014 at 300 °C to 0.0016 at 350 °C and reaching 0.0030 

at 400 °C. This steady enhancement suggests that higher 

deposition temperatures promote stronger dielectric 

resonance within the films. A larger VELF reflects an 

intensified bulk Plasmon excitation, which is typically 

associated with improved electronic polarizability and 

reduced damping of electron oscillations. Such 

improvements are consistent with the expectation that 

higher deposition temperatures enhance crystallinity, 

reduce structural disorder, and increase the mobility of 

charge carriers (Ahmad et al., 2021).  

The modest rise in VELF between 300 °C and 350 °C can 

be linked to incremental improvements in microstructure, 

such as slight grain coarsening and defect reduction. 
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However, the significant increase at 400 °C indicates a 

more substantial structural transformation. At this 

temperature, grain growth may become more pronounced, 

reducing grain boundary scattering, while sulfur 

vacancies and antisite defects are likely minimized. These 

microstructural changes improve the dielectric response 

of the absorber layer, thereby amplifying the VELF. Such 

observations are in line with annealing studies on 

Cu₂ZnSnS₄ (CZTS) thin films, where higher annealing 

temperatures enhanced the dielectric strength and 

sharpened loss-function peaks due to reduced disorder 

and defect annihilation (Ren, 2017). 

Comparing these results with related kesterite-based 

absorbers confirms the observed trend. In Cu₂ZnSnS₄ 

(CZTS) films, annealing has been reported to enhance the 

amplitude of the loss function due to improved 

crystallinity and reduced defects (Ren, 2017). Density 

functional theory (DFT) studies also reveal that strain 

relaxation and cation ordering in kesterite-type 

semiconductors significantly increase the calculated 

energy-loss function values (Yang et al., 2022).The 

observed increase at 400 °C in the present work therefore 

strongly suggests that the film structure approaches a 

more ordered and stoichiometric state at this temperature. 

Nevertheless, care must be taken since excessive heating 

beyond this range can cause sulfur loss or secondary 

phase formation, leading to degraded electronic properties 

(Ren, 2017). On the other hand, spray pyrolysis 

deposition of CCTS above this temperature can be done 

in sulphur atmosphere. 

 

 
Figure 12: (A) Volume Energy Loss Function and (B) Surface Energy Loss 

Function of Spray Pyrolyzed CCTS Thin Films at Different Substrate Temperature 

 

CONCLUSION 

The current study effectively explored how substrate 

temperature affects the electron–phonon interaction and 

the electron energy loss function (EELF) of spray-

pyrolyzed Cu₂CdSnS₄ (CCTS) thin films that deposited at 

temperatures ranging from 300 to 400 °C. The findings 

showed that icreasing the substrate temperature 

significantly enhanced the structural quality of the films. 

This was evident through improved crystallinity, larger 

crystallite sizes, reduced microstrain, and lower 

dislocation density. These structural enhancements also 

led to better optical and dielectric properties, such as high 

absorption coefficients (~10⁵ cm⁻¹), a smaller optical band 

gap, and increases in the refractive index, dielectric 

constant, electronic polarizability, and optical 

susceptibility. The investigation into the electron–phonon 

interaction revealed that the changes in electronic 

structure and dielectric response are heavily influenced by 

temperature-driven microstructural alterations, which 

affect carrier–lattice coupling and energy dissipation 

processes. One of the key contributions of this research is 

the thorough connection made between structural 

changes, electron-phonon interactions, electron energy 

loss behaviour, and the optoelectronic performance of 

CCTS thin films. This offers valuable insights into the 

fundamental mechanisms that drive carrier dynamics in 

this absorber material. However, the study does have its 

limitations, particularly due to the lack of direct electrical 

transport and spectroscopic investigations, like Hall-

effect and photoluminescence measurements, which 

could further validate the parameters derived optically. 

Overall, the film that was deposited at 400 °C showed the 

best combination of structural, dielectric, and 

optoelectronic properties, underscoring its potential as an 

effective absorber layer in thin-film photovoltaic and 

optoelectronic devices. 
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