
INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH  
Maitry Dey et al., Vol.11, No.1, March, 2021 

Impact of Source to Substrate Distance on the 
Properties of Thermally Evaporated CdS Film 

Maitry Dey*‡, N. K. Das*, Mrinmoy Dey*, S. F. U. Farhad**, M. A. Matin* and N. Amin***  

 

*Department of Electrical and Electronic Engineering, Chittagong University of Engineering and Technology,         
Chittagong-4349, Bangladesh 

** Industrial Physics Division, Bangladesh Council of Scientific and Industrial Research, Dhaka-1205, Bangladesh 

*** Institute of Sustainable Energy, Universiti Tenaga Nasional (@The Energy University), 43000 Kajang, Selangor, Malaysia 

(maitrydeyeee@gmail.com, nipudas@cuet.ac.bd,  mrinmoy@cuet.ac.bd, imamatin@yahoo.com, nowshad@uniten.edu.my) 

‡ Corresponding Author; Maitry Dey, Department of Electrical and Electronic Engineering, Chittagong University of 
Engineering and Technology, Chittagong-4349, Bangladesh, Tel: +880-1704-920709, maitrydeyeee@gmail.com 

Received: 11.12.2020 Accepted:03.02.2021 
 

Abstract- In this work, we present the effect of varying distances between source and substrate of the thermal 
evaporator on the structural, optical, and electrical properties of as-deposited Cadmium Sulfide thin-films. The CdS 
films were deposited on the borosilicate glass substrate using the thermal evaporation method under high vacuum 
conditions to optimize SSD. The variation of SSD greatly influences the physical properties of as-deposited CdS 
films caused the change in substrate temperature and density of incident adatoms of CdS. The structural and optical 
properties of as-deposited CdS films were analyzed by X-ray diffraction and UV-VIS-NIR spectroscopy.  The Hall 
Effect Measurement System investigated the three main electrical properties (carrier concentration, carrier 
mobility, and resistivity) of the deposited CdS films. The XRD pattern of all the CdS thin-films exhibited the 
polycrystalline nature with the preferential hexagonal (002) plane.  The CdS films deposited at 10 cm SSD showed 
better crystallographic properties among all the deposited films. The optical bandgap of the CdS films followed a 
decreasing trend from 2.44 eV to 2.37 eV as the SSD decreases from 14 cm to 8 cm due to the improvement of 
crystallinity of the deposited films. All the deposited CdS films showed the n-type property, and the carrier 
concentration of the CdS films increases from 3.78×1013 cm-3 to 4.41×1016 cm-3 as we decrease the SSD from 14 
cm to 8 cm. The CdS films resistivity also decrease with the reduction of SSD. The characterization results suggest 
that the CdS films deposited at 10 cm SSD are suitable for photonic and thin-films solar cells.     

Keywords Thin film; CdS; Thermal Evaporation; Source to Substrate Distance; XRD; UV-VIS-NIR; HEMS. 

 

1. Introduction 

The polycrystalline CdS is regarded as one of the 
potential Photovoltaic (PV) materials that have been 
extensively explored in the last few decades [1]. The binary 
(II-VI) semiconductor CdS material is a preference for solar 
PV applications [2]. The CdS material gets n-type 
conductivity because of its Sulfur (S) vacancies, Vs  during 
the processing [1, 2]. Typically donor concentration of 
processed CdS thin-film is about  1016 ~ 1017 cm-3 [3]. It 
exhibits a high absorption coefficient (α) is approximately 
(2.29 – 4.93)×105/cm [4] which occurs especially in the short 
wavelength region beneath 510 nm [5, 6]. Moreover, it has a 
direct bandgap of 2.42 eV [7, 8], high transparency [9], and 
high absorption but in the blue region [10]. The mentioned 
attractive optoelectronic properties make CdS material as a 

suitable window layer for thin-film PV solar cells [11, 12] 
and optoelectronic devices [13, 14]. 

Many researchers are doing intensive research work to 
improve the quality of the film for various applications.  
Meanwhile, the low-cost fabrication methods for synthesizing 
the CdS material make it attractive. In particular, within the 
last few years, more than ten methods have been used to 
deposit the CdS thin films [15]. Above these methods, Close-
Spaced Sublimation (CSS) [16], Chemical Bath Deposition 
(CBD) [17], RF and DC Sputtering [18], Spray Pyrolysis 
[19], Pulsed Laser Deposition (PLD) [20], Sol-Gel [21], 
Thermal Evaporation (TE) [22], and Electrode Deposition 
[23] are mostly used for CdS film synthesis. Each method has 
different deposition parameters needed to optimize the 
deposition recipe to obtain better as-grown film 
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characteristics. The TE method is frequently used to prepare 
high-quality films in the semiconductor industry, such as 
CdS, CdTe, etc. The TE is a high vacuum thin film deposition 
method widely used to deposit the nano-structured film and 
permit a uniform, homogeneous, and better crystallinity over 
the substrates' enormous territory [22]. For that reason, this 
method is preferred for synthesizing the CdS thin film in this 
work. 

The as-deposited film's physical properties in the TE 
method depend on the different process parameters like 
substrate temperature, pressure, substrate material, and SSD. 
It is well known that the as-deposited CdS thin films comprise 
many phases such as cubic, hexagonal, or both mix phases 
due to their deposition condition. The effect of substrate 
temperature and process ambient of TE on the 
crystallographic and optical properties of CdS thin films was 
reported in previously published works [24, 25]. In 2007 
Devika et al. reported that the distance between the source 
and the substrate influence the SnS thin films grain size, 
roughness, thickness, and percentage ratio of Sn and S of the 
deposited SnS films decreased [26]. In another study, Kai et 
al. studied the effect of the distance between the substrate and 
the evaporation source to find the Be films' physical 
properties since the SSD is a function of substrate temperature 
and the adatoms kinetic energy [27]. To the best of our 
knowledge, no reports on TE deposited CdS film for variable 
SSD.  Hence, SSD effects on the CdS films are investigated 
to explore the optimum growing condition for better 
performance. Subsequently, it creates an increased interest in 
studying the SSD's effect on thermally evaporated CdS films' 
physical properties. 

In this work, the CdS thin films were grown on BSG 
substrates for different evaporation source to substrate 
distance by using VCM 600 V1 thermal evaporator machine 
to observe the influence of SSD on the structural, optical, and 
electrical properties of the as-deposited CdS thin films. 

2. Experimental Details 

2.1. Substrate Preparation of CdS Thin Film  

Initially, the bare BSGs were scratched by a diamond pen 
cutter on one side of all substrates to identify the deposited 
sides. Both sides of substrates were mechanically scribed by a 
clean brush in a glass beaker containing soapy water for two 
minutes of each side and then rinsed with deionized (DI) 
water. After mechanical scribing, these substrates were 
cleaned sequentially by MAMD (MAMD stands for the 
introduction of Methanol, Acetone, and then again Methanol 
and Deionized water solution) process in an ultrasonic bath 
[28, 29].  

During the cleaning procedure in the ultrasonic bath, 
each step lasted for 10 minutes with methanol, acetone, and 
again methanol solution while 15 minutes for DI water at    
50 ˚C temperature. These wet substrates were dried by pure 
industrial nitrogen (N2) gas and further baked-on hot-plate at 
100 ˚C for 5 minutes. The substrate holder, evaporation boat, 
and growth chamber of the thermal evaporator machine were 
carefully wiped out with ethanol-soaked lint-free tissues. 

Later, we attached the clean BSG substrate to the cleaned 
substrate holder and placed it inside the TE chamber.  

2.2. Deposition of CdS Thin Film  

The CdS thin films were prepared onto clean glass 
substrates by the TE method. We used high purity (99.999%) 
CdS powder as source material for VCM 600 V1 thermal 
evaporator machine, and it was evaporated by a Molybdenum 
(Mo) evaporation boat. The experimental setup of VCM 600 
V1 TE machine and its growth chamber shown in Fig. 1 
during the deposition of CdS films.  

 
Fig. 1. Full set up of Thermal Evaporator machine in CUET. 

 
Before the evaporation, the TE chamber was pump-

down to 10-6 hPa by a turbomolecular pump. After that, 
gradually increased the evaporation boat current to 160 A 
AC for evaporating the CdS thin films for 3 minutes in all 
experiments. The CdS thin films were deposited onto the 
glass substrate for four different SSD (Δd): 8 cm (CdS_S4), 
10 cm (CdS_S3), 12 cm (CdS_S2), and 14 cm (CdS_S1) 
while keeping the other process parameters of the TE 
constant. The CdS film deposition recipe used in this work 
took from the related published papers after reasonable 
estimation [25, 28, 30]. The growth parameters of VCM 600 
V1 thermal evaporator for CdS synthesis are given in Table 
1.  
 

Table 1. Deposition parameters of CdS window layer. 
 

Process Parameter Value 

Evaporation Boat Molybdenum 

Chamber Pressure 10-6 hPa 

Deposition Current 160 A 

Deposition Time 3 minutes 

SSD 14, 12, 10, 8 cm 
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  After the CdS film evaporation had been completed, the 
deposition current gradually decreased to zero amperes and 
allowed time to cool down the samples and evaporation boat.  

2.3 Characterization of CdS Thin Film 

The Dektak profilometer measured the thickness of the 
as-deposited CdS films, and the deposited thickness is 
around 200 nm. As-grown CdS film is shown in Fig. 2. A 
vacuum desiccator was used to preserve the thermally 
evaporated CdS film samples to avoid any film quality 
deterioration before the characterization. 

 

 

 
 

Fig. 2. Thermally evaporated CdS film on BSG. 
 

The electrical properties of thermally evaporated CdS 
films were investigated using ECOPIA Hall Effect 
Measurement System (HEMS 3000) integrated by a 
resistivity/ Hall measurement tool. The structural analysis of 
all the CdS films was carried out by the “BRUKER aXS-D8” 
diffractometer whose “Cu-Kα” X-ray radiation wavelength,   
λ = 0.15406 nm. All thermally evaporated CdS films were 
investigated for optical analysis by SHIMADZU UV-2600 
spectrophotometer for a wavelength range of 200 - 1100 nm. 

 

3. Results and Discussion 

3.1 Structural Properties of CdS Thin FIlm 
 
The XRD patterns of the as-deposited CdS films at 

various SSD of 8, 10, 12, and 14 cm are presented in Fig. 3. 
The diffraction patterns were recorded in intervals from 20 
up to 80 with a 2°/min scanning rate.  
 
       All the as-deposited CdS films exhibited polycrystalline 
nature and suggested that the hexagonal wurtzite structure 
with a very sharp prominent peak at 2θ = 26.4°      
corresponding to the (002) plane shown in Fig. 3. 

 

 

  
 

Fig. 3. XRD pattern of the thermally evaporated CdS films 
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The hexagonal wurtzite crystal structure of CdS films 
oriented at (002) is more stable than the cubic zinc blend 
structure and prefers the solar cell application of that 
advantage [31]. 

It is observed in Fig. 3 (a) that the thermally evaporated 
CdS_S1 sample deposited at SSD of 14 cm has four minor 
peaks corresponding to (103), (004), (203), and (211) are 
found at 2θ ≈ 48.1°, 54.9°, 67.12°, and 71.31° intensity 
respectively. As the SSD decreases from 14 cm to 8 cm, the 
minor peaks corresponding to (203),  (211), and (105) planes 
disappeared due to a reduction in the microstrain, 
dislocations, and lattice misfits from these planes [32]. Fig. 4 
illustrates the variation of the (002) plane's prominent peak 
intensity with the SSD for better understand.  

 
Fig. 4. Highest peak intensity of (002) plane for CdS films 
grown at different SSD. 

 
The variation of the lattice constant, crystallite size, 

micro-strain, and dislocation density, and the peak intensity 
in the thermally evaporated CdS film samples occurs due to 
the growth distance presented in Table 2. These structural 
properties have been calculated from the dominant peak of 
the XRD pattern. The lattice constant for the hexagonal 

plane of the CdS films is determined by Brag’s law and 
Vegard’s law [29]: 

 

                       
(1) 

  

             
(2) 

     

                    
(3) 

 

Where dhkl represents the interplanar spacing in the 
crystal in which λ is the X-ray wavelength equal to 0.15406 
nm, θ refers to the angle between the incident X-ray and the 
scattering plane.  

Scherrer equations (4-6) are applied to determine the 
crystallite size D, micro-strain ε, and dislocation density δ 
for the CdS thin films as assigned in Table 2 [29, 32]: 
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Where λ is the X-ray wavelength (0.15406 nm), θ is the 

Bragg’s angle, and β is the full width at half maximum 
[FWHM] of the most intense peak (002), and n is considered 
a unity factor for minimum dislocation density. 

 
It is evident from the crystallographic data in Table 2 

that the crystallite size increased with SSD decreases up to 
10 cm. In contrast, micro-strain and dislocation density 
decreases, and afterward, properties are decreased at 8 cm. 
The reduction of SSD increases the substrate temperature, 
which helps the deposited films' recrystallization. 
Consequently, it enhanced the crystallite size, and this study 
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Table 2. Calculated values of structural properties of thermally evaporated CdS thin-films. 
 

Sample SSD, 

Δd 

(cm) 

Lattice Constant 

 

Crystallite 
Size, D 

(nm) 

Micro 
Strain, ε 

       (×10-3) 

Dislocation 
Density, δ 

(×1011 cm-2) 

 
a (Å) c (Å) 

CdS_S1 14 cm 4.138 6.746 27.486 5.44 1.32 

CdS_S2 12 cm 4.133 6.736 34.346 4.35 0.85 

CdS_S3 10 cm 4.133 6.736 37.779 3.95 0.70 

CdS_S4 8 cm 4.337 6.738 32.435 4.61 0.95 
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is consistent with previous reports [25-27, 33]. The smallest 
crystallite size at 8 cm distance may be due to excess kinetic 
energy and higher substrate temperature induced by the 
higher surface migration of CdS atoms [25-27]. The 
deposited CdS film at 10 cm SSD demonstrates a better 
crystallinity with a sharp dominant peak intensity of the 
(002) plane than the other distances deposited films because 
of the proper orientation along the (002) plane. The lattice 
constant data of the CdS films are almost matched with the 
standard lattice constant values (a ~ 4.137 Å, c ~ 6.716 Å) 
that confirm the deposited CdS films are hexagonal type 
depicted in Table 2. The estimated values of crystallite size, 
microstrain, etc., are in good agreement with the related 
published works [24, 34, 35].  

3.2 Optical Properties of CdS Thin FIlm 

The optical transmission and absorbance spectrum of 
thermally evaporated CdS films grown on the BSG 
substrates at different SSD were measured for wavelength 
200 - 1100 nm, as illustrated in Fig. 5. The transmittance 
spectrum of all CdS films revealed the interference fringe 
pattern with a sudden fall that happened near the band edge.  

 
Fig. 5. The transmission spectrum of all the thermally 
evaporated CdS thin films. (Insert) Image of absorbance 
spectrum of those films. 

 

It appears a sharp fall in the optical transmission near 
the fundamental absorption regions of CdS film samples 
with SSD decrement. It may be due to the recrystallization of 
the film and an increase in the crystallite size. The 
transmission spectrum edges of all CdS films started near 
about 300 nm wavelengths. The transmission spectrum 
showed an average transmittance of over 75% after 500 nm 
wavelengths, suitable for the application as a window layer 
for thin-film solar cells. A significant increment in the 
transmittance on the short wavelength region (~ 350 - 500 
nm) is observed for the thermally evaporated CdS thin films, 
which improved the blue response. 

This property is desirable as a window layer since it 
allows more photons to pass through the absorber layer and 

increase the photogenerated carriers. Moreover, the 
absorption spectrum edges for all thermally evaporated CdS 
thin films are laid in the wavelength range between 400 nm 
to 500 nm. The absorption coefficient tends to decrease with 
the decreases in the SSD of the thermal evaporator chamber. 

For the entire absorption region, the absorption 
coefficient, α was computed from the transmission data 
using the following relation [29]: 

 

                       (7) 
 

      T, R, and t indicate the transmission, reflection, and 
thickness of the thermally evaporated CdS. The optical 
spectrum (transmission and absorbance) is shown in Fig. 5, 
which means that the thermally evaporated CdS films have 
comparatively low absorption and better transmission, which 
is agreeable with previously reported works [24, 35-37]. 
These results also assure that all deposited CdS samples are 
suitable for the window layer material for applying the solar 
cell. 

     The bandgap was computed for all thermally evaporated 
CdS films using the Tauc's relation, where the absorption 
coefficient is related to the bandgap [29].  

                        
                       (8) 

    Where A is the energy constant, hv, and Eg refers to the 
incident photon's energy and bandgap of the material. As the 
CdS material allowed the direct transition hence the 
magnitude of n is 1/2. Using the Tauc's relation, the graph of 
(αhv)2 versus photon energy (hv) for thermally evaporated 
CdS films at different SSD is plotted, shown in Fig. 6. The 
optical bandgap of CdS films is obtained through the 
extrapolating of the linear part in the graph. 

 
Fig. 6. Optical bandgap of thermally evaporated CdS films at 
different SSD. 
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The optical bandgap for CdS films is estimated to be  
2.37 eV, 2.40 eV, 2.41 eV, and 2.44 eV with an SSD of 8 
cm, 10 cm, 12 cm, and 14 cm, respectively. The lowest and 
highest bandgap are found for the sample CdS_S4 and 
sample CdS_S1, respectively. It is conspicuous that the 
bandgap of thermally evaporated CdS films decreased 
slightly with the decreases in SSD. This above event occurs 
due to the crystallite size increment [27, 38, 39]. These 
bandgap values for all thermally evaporated CdS film 
samples are close to 2.42 eV that agree with related works 
[33, 36]. 

3.3. Electrical Properties of CdS Thin Film 
 

The parameters, like carrier concentration, mobility, and 
resistivity, are mainly examined to evaluate a deposited 
film's electrical properties. This measurement was performed 
by applying a constant current source and magnetic field 
with 36 nA and 0.5 T, respectively, in this ECOPIA HEMS 
3000. All the thermally evaporated CdS films showed n-type 
property. A variety of carrier concentrations (n) is observed 
for as-grown CdS films as we change SSD from 14 cm to 8 
cm, and this phenomenon is illustrated in Fig. 7. The carrier 
concentration increases from 3.78×1013 cm-3 to 4.4×1016 cm-3  

as we decrease the SSD from  14 cm to 8 cm.  

 
Fig. 7. Carrier concentration of as-deposited CdS films with 
SSD. 
 

It is observed from Fig 7. that the carrier concentration 
of deposited CdS thin films increases with the decreases in 
SSD due to increment in the ratio of Cadmium (Cd) than the 
Sulfide (S) atom in the interstitial defect densities. These 
may occur for decreasing SSD where substrate temperature 
increases and kinetic energy of the evaporated particles, 
particularly for S atoms, is high because of their high vapor 
pressure. These S atoms diffused from the hot substrate 
resulting in a Sulfur deficiency occurred in the deposited 
films. The sharply increased carrier density from     
2.15×1015  cm-3 to 4.4×1016 cm-3 as we were changed the SSD 
from 10 cm to 8 cm may cause higher substrate temperature 
and S atoms' excessive kinetic energy [25-27, 39].  

 
Fig. 8. Carrier mobility measurement with the variation of 
SSD. 
 
         From Fig. 8, it is apparent that the carrier mobility of 
the deposited CdS films at 14 cm, 12 cm, 10 cm, and 8 cm is 
estimated to 26.17 cm2/Vs, 15.32 cm2/Vs, 6.87 cm2/Vs, and 
3.03 cm2/Vs, respectively. It is observed that the carrier 
mobility of deposited CdS films decreases significantly with 
the decreases in the SSD. This phenomenon occurs because 
the mean free path of evaporated CdS atoms is smaller than 
the distance between source and substrate, and particles 
would collide with each other, resulting in decreasing the 
carrier mobility. The decrement in carrier mobility with the 
decline of SSD is consistent with related published work 
[40]. 

The variation in film resistivity,  with the change of 
SSD is presented in Fig. 9. 

 
Fig. 9. Film resistivity measurement with the variation of 
SSD. 

 
 As seen in Fig. 9, the resistivity sharply decreases from 

103 Ω-cm to 102 Ω-cm with the decrease in SSD from 14 cm 
to 12 cm may cause due to the increment of the crystalline 
quality [38, 41]. After that, the resistivity gradually reduced 
and finally reached 10 Ω-cm as we further decreased the 
SSD to 8 cm. The film resistivity decreases due to crystallite 

r
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size increment [38] and improved film crystallinity and grain 
boundaries [41]. Generally, the resistivity decreases as the 
grain size increases [25, 26]. This reduction of film 
resistivity with SSD is consistent with previously published 
works [25-27, 42]. 
 
4. Conclusion 

This work aims to investigate the optimum distance 
between the evaporation source and substrate for achieving 
the high quality of thermally evaporated CdS films. The 
XRD analysis of the as-deposited CdS films revealed the 
most preferential stable hexagonal wurtzite crystal structure 
orientation (002) with polycrystalline nature. The 
crystallographic properties of as-grown CdS films showed 
better quality as we decrease the SSD value to 8 cm.  The 
better crystallinity is revealed at 10 cm distance. All the 
deposited CdS films transmitted the incident photon after the 
band edge of 500 nm wavelength. They exhibited an average 
transmittance of over 75%, which implies that the maximum 
amount of photon transmitting into the active region causes 
the increment of photogenerated current density in the solar 
cell device. The optical bandgap of as-deposited CdS thin 
films followed a decreasing trend from 3.44 eV to 3.37 eV as 
we decrease SSD from 14 cm to 8 cm. On the other hand, the 
carrier concentration of deposited CdS films increases from 
3.78×1013 cm-3 to 4.4×1016 cm-3 with SSD decrement. 
Besides, the mobility and resistivity of the deposited CdS 
films decrease with the decrement of SSD. We prefer 10 cm 
SSD is suitable for growing CdS films in our case as this 
shows better structural, optical, and electrical properties. 
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Nomenclature 

CdS         Cadmium Sulfide 
SSD         Source to Substrate Distance 
XRD        X-ray diffraction  
HEMS     Hall Effect Measurement System 
CSS         Close-Spaced Sublimation 
CBD        Chemical Bath Deposition 
PLD         Plused Laser Deposition 
TE           Thermal Evaporation 
BSG        Borosilicate Glass  
DI            Deionized Water 
MAMD   Methanol, Acetone, Methanol, Deionized 
Mo          Molybdenum 
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