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1. INTRODUCTION 

One of the main challenges limiting the widespread use of 

solar cells is their high production cost [1, 2]. Although low-cost 

semiconductors offer an attractive alternative, current film 

deposition techniques often fail to provide the structural quality 

required for high-performance photodevices [3, 4]. In particular, 

A2B6 semiconductors, despite their low cost and desirable 

optoelectronic properties, exhibit high vapour pressures, making 

conventional fabrication approaches less effective [5, 6]. 

The performance limitations of photodevices primarily arise 

from uncontrolled structural defects formed during film growth 

and the insufficient absorption of solar radiation [5-7]. The optical 

window layer plays a critical role in solar cells by transmitting 

incoming light while enabling efficient electron–hole pair 

generation. For this reason, this layer must be very thin (50–100 

nm) and exhibit high optical transparency [7, 8]. However, 

achieving these requirements with traditional deposition methods 

remains challenging. 

Recent studies have demonstrated that interface quality and 

defect-controlled charge transport play a crucial role not only in 

photovoltaic devices but also in wide-spectrum photodetectors 

based on Schottky and heterojunction architectures [9, 10]. 

Thin films are typically produced on heated substrates using 

techniques such as chemical bath deposition [2], sputtering [4, 

11], electrodeposited [5], closed-space sublimation [6], metal-

organic chemical vapour deposition [12], atomic layer deposition 

(ALD) [13], and pulsed laser deposition (PLD) [14]. Film 

nucleation and growth under these conditions frequently lead to 

structural irregularities, which may negatively influence electrical 

conduction and optical absorption. Post-deposition treatments can 

partially mitigate these issues, but often increase production costs 

and may introduce new defects. 

To address these challenges, recent studies have explored 

cryogenic thin-film fabrication, where metallic and 

semiconductor films are deposited onto cooled substrates (300–

100 K) [15-18]. This approach modifies the film growth 

behaviour and has been reported to improve the structural 
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In this study, n-CdS/p-Cu2S heterojunctions were fabricated by the chemical deposition of 

CuCl onto CdS films produced using thermal and cryogenic techniques. Initially, the 

structural, morphological, and optical properties of CdS films grown on glass/indium tin 

oxide (ITO) substrates at room temperature (300 K) and at a cryogenic temperature (200 K) 

were examined. Field emission scanning electron microscopy (FESEM) analyses revealed 

that the CdS film produced at 200 K exhibited a more uniform and compact surface 

morphology compared to the film grown at 300 K. X-ray diffraction (XRD) measurements 

showed that both films crystallised in the hexagonal (002) preferred orientation without any 

additional phase reflections. Cross-sectional scanning electron microscopy (SEM) images 

indicated film thicknesses of approximately 2.5-3 µm. Optical transmittance measurements 

demonstrated that the CdS film grown at 200 K had higher transparency. The photocurrent 

responses of the resulting CdS/Cu2S solar cells were evaluated as a function of wavelength, 

and the device fabricated at 200 K displayed a broader spectral sensitivity. Photovoltaic 

parameters obtained from current-voltage (I-V) measurements were analysed to compare the 

performance of the heterojunctions. In the second stage, the photodevices were exposed to 

360 nm Ultraviolet (UV) radiation for 1, 3, and 5 hours to investigate UV-induced effects. 

The results showed that the solar cell containing the CdS layer grown at 200 K exhibited 

greater resistance to UV degradation. According to capacitance-voltage (C-V) 

measurements, the charge carrier density (Nd) of the photodevice produced at 200 K 

remained nearly unchanged after UV exposure, which was attributed to the reduced density 

of acceptor-type defects formed at lower substrate temperatures.  
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uniformity of materials, especially those with high vapour 

pressures. Such improvements are of particular interest for 

CdS/Cu2S solar cells, in which performance degradation is 

commonly associated with the migration of Cu atoms through 

structural vacancies. A more uniform CdS layer is expected to 

limit Cu mobility and enhance device stability [16]. 

In this study, CdS/Cu2S heterojunctions were produced using 

both conventional and cryogenic techniques. The PV responses of 

these devices were examined under controlled UV exposure to 

assess the influence of structural differences on device reliability. 

The findings provide insights into the potential of cryogenic 

fabrication as a promising pathway for integrating low-cost A2B6 

semiconductors into next-generation photodevices. 

 

2. EXPERIMENTAL  

In this study, CdS thin films, defined as optical windows in 

CdS/Cu2S solar cells, were produced using thermal and cryogenic 

methods, and their structural, optical, and electrical properties were 

investigated. For this purpose, CdS thin films were grown on glass and 

indium tin oxide (ITO) substrates at 300 and 200 K in a vacuum 

environment (1 × 10 -̂6 Torr). CdS films were produced at 200 K based 

on previous analyses performed every 50 K between 300 and 100 K, 

which demonstrated that 200 K is the most suitable temperature for 

soliton-based growth [18]. High-purity CdS powder (99.99% purity, 

Aldrich) was used as the CdS source material.  

The cryogenic film production system used in this study consists of 

two main sections: a substrate cooling section and a quartz reactor 

chamber where saturated vapour is produced. The substrates used in film 

production were cooled with liquid nitrogen, and their temperatures were 

monitored using a thermocouple. When the substrate temperature 

reached 200 K, CdS powder was vaporised to provide a saturated vapour 

atmosphere. CdS films were produced with a deposition rate of 1 nms-1 

on the substrate surface. Then, 2.5-3.0 µm thick CdS polycrystalline 

films, whose characteristic properties were investigated experimentally, 

were immersed in a saturated CuCl-containing solution (97-100° C) for 

10 s, resulting in a CdS/CuCl binary structure with a thickness of ~50-

100 nm. The resulting binary structure was annealed in air at 180° C for 

10 minutes, allowing Cl ions to be removed and Cu ions to migrate into 

the Cd vacancies, forming the Cu2S phase. Thus, the CdS/Cu2S 

heterojunction, which produces photovoltaic values during annealing, 

was formed.  

Figure 1 shows the layer sequence, including the glass/ITO substrate, 

CdS window layer, Cu₂ S absorber layer, and the corresponding ohmic 

contacts. The figure also highlights the junction formation mechanism 

occurring during annealing after CuCl treatment. In the solar cell model 

shown in Figure 1, ITO is used as the ohmic contact for the CdS structure, 

and ITO is used as the ohmic contact for the Cu2S layer.  

 
Fig. 1. Schematic representation of the fabricated n-CdS/p-Cu₂ S solar 

cell structure. 

The surface images of the CdS films were characterised by Field 

emission scanning electron microscopy (FESEM). The crystal structure 

of the CdS thin films was determined by X-ray diffraction (XRD) 

analysis using a Rigaku Smartlab equipment equipped with CuKα 

radiation (λ = 1.5408 Å). Optical transmittance measurements were 

carried out in the 300-1000 nm wavelength range using a SpectraMax 

M5 spectrophotometer. Electrical measurements of the CdS thin films 

were examined using an Ivium Compacstat h 10800 device. The 

photovoltaic values of the obtained solar cells were investigated using a 

Sciencetech Solar Simulators device in bright (100 mW/cm2) and dark 

environments. To determine the working area of the produced solar cells, 

the distribution spectrum of the photocurrent value according to the 

wavelength was obtained by a Dongwoo Optron spectrophotometer at 

room temperature. UV irradiation was carried out with a Camag UV 

device with a wavelength of 360 nm and an intensity of 1400 µW/cm2.  

 

3. RESULTS   
The innovative aspect of this study is the cryogenic production 

of CdS films. As is well known, thin films produced on a heated 

substrate surface develop via an island growth mechanism. In the 

first stage of this mechanism, the formation of crystalline cells 

with growth properties occurs on the substrate surface. As time 

goes by, these cells grow and transform into islands of varying 

sizes, covering the substrate surface. Thus, the surface 

morphologies of films obtained using thermal methods always 

exhibit island-like appearances. Studies have emphasised that the 

formation of island-like crystals acts as a structural defect.  

Unlike thermal methods, the cryogenic method employs two 

distinct sections specifically designed for film production. In one 

section, saturated vapour of the vaporised material is deposited, 

while in the second, the substrate to be coated is cooled with liquid 

nitrogen. Contact between these two sections is achieved through 

an adjustable window. When the window is opened, the hot 

crystal grains in the saturated vapour environment collide with the 

cooled substrate surface, creating soliton-like waves. As is 

known, unlike electromagnetic waves, soliton waves possess 

charge-carrying properties. Thus, thanks to these waves generated 

on the substrate surface, crystal grains are propelled onto the 

substrate without losing energy, forming a close-packed array. 

The close-packed formation and uniform grain sizes of the 

resulting crystal structure result in properties close to those of 

single crystals. Furthermore, considering that the crystalline 

grains formed in a saturated vapour environment are 

stoichiometrically more uniform, it is understood that films 

obtained with this method will be of higher quality.  

Figure 2 shows the XRD spectra of CdS films produced at 

substrate temperatures of 300 K and 200 K. As can be seen, in 

both methods, the CdS films grow in a hexagonal structure, 

predominantly in the (002) plane. It is also observed that no 

additional phases form in the crystal structure depending on the 

method, and only differences in reflection intensity occur. This 

also reflects the differences in grain sizes (25-30 nm) in the crystal 

structure. Similar results were obtained in CdS films produced at 

cryogenic temperatures [18]. 
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Fig. 2. XRD patterns of CdS thin films deposited at substrate 

temperatures of 300 K and 200 K. 

 

      Figure 3 shows FESEM images of CdS films grown at 

substrate temperatures of 300 K and 200 K. As can be seen, CdS 

films grown at 200 K have the uniform grain size and 

homogeneous surface distribution expected from the cryogenic 

method. This is also evident in the optical transmittance spectrum. 

As known from the literature, films produced using cryogenic 

techniques consist of grains of equal size and have a 

homogeneous surface thanks to the soliton growth mechanism 

[15-17]. In the cryogenic technique, thin films are grown through 

the formation of soliton waves arising from interactions between 

a cryogenically cooled substrate surface and high-energy (heated) 

vapour-phase particles [18-20]. In the initial stage of the 

deposition process, the substrate is cooled to cryogenic 

temperatures, while the evaporated material is transformed into a 

saturated vapour phase via sublimation. Controlled interaction 

between the saturated vapour and the cooled substrate is achieved 

through a specially designed window integrated into the 

deposition system. 

During this interaction, the abrupt transfer of energy and 

momentum between the cold substrate surface and the hot Cd/S 

atoms is considered to induce the formation of soliton-like wave 

structures on the substrate surface. Owing to the characteristic 

property of soliton waves, namely, stable mass transport, the 

Cd₁ ₋ ₓSₓ clusters formed on the substrate surface are organised 

into densely packed and ordered assemblies. This self-

organisation mechanism promotes the formation of Cd₁ ₋ ₓSₓ 

clusters with a narrow size distribution, resulting in films with a 

highly homogeneous surface morphology and uniform thickness 

distribution.  

 
(a)                                           (b) 

Fig. 3. FESEM surface morphology of CdS films produced at 

substrate temperatures of 300 K (a) and 200 K (b). 

Optical transmittance spectra of the examined samples are 

shown in Figure 4. The CdS film fabricated using the cryogenic 

method shows noticeably higher optical transparency. This higher 

value is due to the absence of additional phase derivatives in the 

crystal structure and the more homogeneous surface morphology. 

The literature reports that films produced at cryogenic 

temperatures have high optical transmittance [19-21]. From the 

obtained optical transmittance spectra, hv-(αhν)2 graphs of the 

samples were plotted, and the band gap values for the films 

produced at 300 and 200 K were found to be 2.40 and 2.44 eV, 

respectively. Similar results have been obtained for CdS thin films 

in the literature [18, 20, 21]. The increase in band gap with 

decreasing substrate temperature may be due to the effects of 

various factors such as grain size, carrier density, stoichiometry 

deviation and lattice stress [22]. 

 
Fig. 4. Optical transmittance spectra of CdS films deposited at 

300 K and 200 K. 

 

The dark I-V characteristics of the produced solar cells were 

examined before exposure to UV radiation. Figure 5 shows the I-

V characteristics of solar cells produced at substrate temperatures 

of 300 and 200 K, obtained in the dark. As can be seen from the 

figure, samples produced using both methods exhibit diode 

behaviour. The I-V characteristics were plotted semi-

logarithmically to obtain the ideality factor (n), saturation current 

(I0), and barrier height (ϕb) and are presented in Table 1. The data 

in Table 1 demonstrate that the photovoltaic values of solar cells 

vary depending on the production method. The variation in barrier 

height (ϕb) with UV exposure is attributed to changes in interface 

state density and Fermi-level pinning effects. For 300 K devices, 

UV-induced defects increase interface recombination, causing 

fluctuations in ϕb and a pronounced increase in ideality factor. 

Conversely, cryogenic devices maintain lower ideality factors, 

reflecting transport dominated by diffusion rather than defect-

assisted recombination. Particularly when looking at the changes 

resulting from UV application, it is observed that the properties 

of solar cells produced at a 200 K substrate change more rapidly. 

Furthermore, the donor density (Nd), an important factor in 

devices, exhibits more stable values depending on the 

illumination duration in solar cells produced at 200 K compared 

to those produced at 300 K. The decrease of Nd in 300 K devices 

after UV exposure is attributed to UV-induced formation of 

acceptor-like defects and Cu migration, which compensate 
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donors. The relative stability of Nd in 200 K films is explained by 

lower intrinsic defect density and more compact grain boundaries, 

which limit UV-activated defect formation.  

Variations in barrier height (ϕb) are now linked to changes in 

interface state density and Fermi level pinning effects induced by 

UV irradiation. Films produced using cryogenic techniques 

exhibit resistance to UV-induced defect formation. This is 

thought to be due to a reduction in void concentration due to 

limited surface diffusion during growth, a more homogeneous 

stoichiometry in grains formed from saturated vapour, and a 

compact microstructure that suppresses UV-activated defect 

formation and ion migration. Collectively, these factors enhance 

UV resistance and device stability. The stability of Nd in films 

produced at a substrate temperature of 200 K is due to reduced 

donor compensation because of less UV-induced acceptor status, 

lower density of electrically active grain boundaries, and stronger 

electrostatic stability of the depletion region resulting from a more 

homogeneous interface. This trend is also evident in the 

photocurrent–wavelength spectrum presented in Figure 6. As can 

be seen, the working area of the solar cell produced at 300 K 

covers the wavelength range of 400-900 nm, while the 

photocurrent value of the solar cell produced at 200 K exhibits 

sensitivity at wider wavelength ranges between 400-1000 nm.  

 
          (a) 

 
          (b) 

Fig. 5. Dark I-V characteristics of CdS/Cu₂ S solar cells 

fabricated using the classical (a) and cryogenic (b) techniques. 

 
Fig. 6. Photocurrent–wavelength response of CdS/Cu₂ S solar 

cells produced at 300 K and 200 K. 

 

Table 1. Ideality factor (n), saturation current (I0), barrier 

height (φb), donor density (Nd) and built-in potential (Vbi) values 

of CdS/Cu₂ S solar cells. 

Sample UV 

(h) 

n ϕb 

(eV) 

I0 

(µA) 

Nd 

(10-14cm-3) 

Vbi 

(eV) 

 

300 K 

0 3.78 0.63 1.91 2.42 1.63 

1 3.44 0.66 1.56 1.74 1.58 

3 4.36 0.55 0.93 1.16 1.56 

5 6.15 0.56 0.76 0.73 1.53 

 

 

200 K 

0 1.51 0.34 1.07 2.47 1.58 

1 1.49 0.43 1.03 2.35 1.37 

3 2.01 0.62 0.87 2.45 1.22 

5 2.47 0.81 0.71 2.40 1.03 

 

Table 2 shows the photovoltaic parameters (ISC, VOC, Pmax, 

fill factor (FF) and conversion efficiency (η)) of CdS/Cu2S solar 

cells produced at 300 K and 200 K and exposed to UV radiation 

for different durations. Efficiencies below 1% are consistent with 

historical and recent CdS/Cu2S devices, especially those 

fabricated without advanced passivation or compositional grading 

[16]. The primary focus of this work is comparative stability and 

reliability under UV exposure, not record efficiency. The 

observed improvement (from ~0.2% to ~0.7%) in cryogenic 

devices is therefore significant in relative terms, particularly for 

low-cost fabrication routes. 

 

Table 2. Photovoltaic performance parameters of CdS/Cu₂ S 

solar cells produced at 300 K and 200 K under different UV 

exposure durations. 

Sample UV 

(h) 

ISC 

(µA) 

VOC 

(V) 

PMax 

(µW) 

FF η 

(%) 

 

300 K 

0  79.75 0.43 15.43 0.45 0.22 

1  80.31 0.41 15.15 0.46 0.21 

3  50.63 0.47 8.80 0.37 0.17 

5  37.13 0.51 4.17 0.22 0.11 

 

200 K 

0  112.15 0.52 35.57 0.61 0.71 

1  115.03 0.54 37.27 0.60 0.63 

3  109.01 0.55 31.78 0.53 0.61 

5  97.61 0.55 22.01 0.41 0.57 
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4. CONCLUSION 

In this study, the CdS layer, defined as the photoactive layer 

in CdS/Cu2S solar cells, was produced by two different methods 

(thermal and cryogenic). First, the characteristic properties of CdS 

films produced at 300 K and 200 K were investigated. XRD 

analysis determined that the CdS films produced with both 

techniques had a hexagonal structure. FESEM images showed 

that the CdS films produced at 200 K had equal-sized and 

homogeneous surfaces. Optical measurements also revealed that 

the CdS film produced at 200 K exhibited higher optical 

transparency. The band gaps were calculated from the absorption 

spectra of the films produced at 300 and 200 K and were found to 

be 2.44 and 2.40 eV, respectively. The solar cell samples were 

then exposed to UV light (360 nm) for different time periods (1, 

3, and 5 hours), and changes in photovoltaic parameters were 

investigated. The application of UV radiation revealed less 

change in the photovoltaic values of solar cells produced at 200 

K compared to 300 K. Furthermore, when examining the study 

areas of solar cells produced at UV exposure, it was observed that 

the solar cell produced at 200 K exhibited sensitivity at a wider 

range of wavelengths (400-1000 nm). In summary, the results 

demonstrate that cryogenic growth enables the fabrication of 

higher-performance CdS/Cu2S devices and may promote the 

broader use of A2B6 semiconductors in photovoltaic 

technologies. 
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