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In the current study, the electron beam (e-beam) evaporation deposition technique was utilized to examine the effect of 
annealing on the structural and electrical properties of In-doped CdTe/CdS thin-film solar cells. Thin-film solar cells were 
deposited onto the ITO-coated glass substrate with the e-beam technique. These solar cells  were characterized by X-ray 
diffraction (XRD), scanning electron microscopy (SEM), and energy dispersive X-ray (EDS) analysis. The crystallite size, 
inter-planer distance, and lattice constant values were calculated for the thin-film solar cells using XRD data. The current–
voltage (I–V) characteristics of the solar cells were examined by solar simulator.  
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1. Introduction 
 

CdTe thin films are a semiconductor that finds 

applications in solar energy conversion, X-ray and gamma 

detectors, electro-optic modulators, photoconductive 

devices, and the medical, defence, and security industries 

[1, 2] due to their low thermal noise and high absorption 

coefficient [3, 4]. CdTe II–VI compound semiconductors 

and the 1.5 eV band range are very suitable for 

photovoltaic applications [5]. Some recent studies report 

that CdTe/CdS solar cells are highly efficient [6].  

Doping is a phenomenon that is studied extensively in 

order to obtain electron hole conductivity in 

semiconducting materials. A considerable reduction in the 

cost of the devices can be achieved by preparing 

polycrystalline thin films with appropriate quality. In 

polycrystalline semiconductor films, doping is often 

difficult and new technologies need to be developed. The 

deposition of polycrystalline semiconductor films using 

electron beam techniques is thought to be much more 

economical than deposition of thin layers by techniques 

such as molecular beam epitaxy. Both low- and high-

resistivity materials can be obtained by using various 

amounts of Indium as dopant in CdTe [7]. 

In this article, In-doped CdTe was used as the 

absorber layer and CdS was used as the window layer to 

form an In-doped CdTe/CdS thin-film solar cell structure. 

The structural and electrical properties of the solar cells 

obtained and the effect of annealing on these properties 

was investigated. The results are presented in graphs and 

tables. 

 

 

2. Materials and methods  
 

Powdered Cd, Te and In were sintered to obtain 

polycrystalline In-doped CdTe. For sintering; For CdTe 

prepared by weighing at stoichiometric ratios, 8 g of Cd 

was added to 9.08 g of Te and 0.17 g of In was added to 

doped 1% of In. These materials were placed on quartz 

tubes and the mouths of the tubes were closed. The 

sintering process was started by placing the tubes in a 

horizontal furnace. The oven was gradually heated. When 

the oven temperature reached 1150 o C after 48 hours, it 

was left for 24 hours. After the crystal formation was 

achieved, the cooling process was carried out gradually. 

The obtained polycrystalline material was powdered again. 

ITO-coated glass substrate by e-beam system after 

being placed on the retention of graphite crucibles of 

polycrystalline materials (In-doped CdTe) in powder form 

was placed in a water-cooled crucible cabin. The storage 

process was started when the e-beam system reached the 

required vacuum value. First, substrate rotation was 

commissioned in order to obtain film homogeneity. The 

process was started by applying a current of 2 mA. The 

evaporation rate during storage was kept at approximately 

10–12 Ǻ/s. The system automatically ended the storage 

process when the thickness was 0.7 µm by turning off the 

circuit breaker. In-doped CdTe deposited substrates were 

annealed for 1 hour in a horizontal furnace heated up to 

400 °C and maintained in a nitrogen atmosphere [8]. The 

absorber structure was formed, and annealed (E1_400) and 

as-deposited (E1) samples were reseated in the e-beam 

system. Then the CdS (99.999% pure) was placed into a 

graphite crucible in the system, which was closed. The 

deposition started when the vacuum value was 2 × 10
-5
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Torr and the process was continued until the thickness was 

0.7 µm. After the window layer structure was formed, 

indium contacts were deposited on annealed and as-

deposited samples.  

The surface morphology and compositions of films 

were examined by scanning electron microscopy (SEM) 

and energy dispersive X-ray spectroscopy (EDS) analysis  

with a Quanta (FEG-250) model. The crystal structure of 

semiconductor films was investigated by X-ray diffraction 

(XRD) measurements taken using a Bruker XRD system 

(D8 Advance). The current–voltage (I–V) characteristics 

of the solar cells were examined by solar simulator at 

room temperature. 

 

 
3. Results and discussion 
 

3.1. Structural analysis 

 

An In-doped CdTe/CdS thin-film solar cell was 

deposited by the e-beam technique. E1 for the as-deposited 

In-doped CdTe layer and E1_400 for the annealed In-

doped CdTe layer. The XRD diffractions of E1 and 

E1_400 thin-film solar cells were shown in the Fig. 1. The 

positions of the peaks of the E1 and E1_400 samples were 

observed to be at approximately 2θ = 23.9
o
, 26.6

o
, and 

33.0
o
. These peaks corresponded, respectively, to the 

diffraction lines produced by the (111), (200), and (211) 

crystalline planes. When the peaks obtained were 

examined, it was determined that the intensity increased 

due to the annealing. Annealing helped to eliminate 

structural defects. At the same time, it enabled the thin 

films to pass from an amorphous structure to a 

polycrystalline structure [9]. 

 

 
Fig. 1. The X-ray diffraction patterns of the absorber  

layer of E1 and E1_400 thin-film solar cells 

 

The crystallite sizes of thin films were calculated with 

XRD data using the Scherrer formula [10]:  

𝐷 =
𝑘𝜆

𝛽𝐶𝑜𝑠 𝜃
                          

where D is the crystal size, λ is the wavelength of the X-

ray source, β is half of the maximum width of the 

diffraction peak in radians, θ is the Bragg angle of XRD 

peak, and k  is a constant related to the film whose particle 

size is being calculated [10].   

The lattice constant (a) for cubic samples was 

calculated using the relation: a = d(h
2 

+ k
2 

+ l
2
)
0.5

, where h, 

k, and l are the lattice planes and (d) is the inter-planar 

distance, measured using the Bragg equation [11]. The 

values for E1 and E1_400 calculated for thin film solar 

cells are given in Table 1. It was determined that the 

crystallite size increased due to the effect of the annealing. 

The increased crystallite size was an indication that the 

films had changed from an amorphous structure to a 

polycrystalline structure.  

 

 
Table 1. Inter-planar distance (d), lattice constant (a),  

and crystallite size (D) of E1 and E1_400 samples 

 

 
hkl 2θ o 

d 

(Ǻ) 

a 

(Ǻ) 

D 

(nm) 

E1 

(111)a 23.91 3.717 6.438 30.30 

(200)b 26.68 3.337 6.674 24.36 

(211) 33.04 2.707 6.631 24.05 

E1_400 

(111)a 23.89 3.720 6.443 38.56 

(200)b 26.69 3.336 6.672 32.83 

(211) 33.04 2.707 6.633 29.86 
            a Ref. [5] b Ref. [12] 

 

 

3.2. Surface morphology analysis 

 

In order to determine the morphology of the surface 

material for annealed and as-deposited solar cells , SEM 

images of the absorber layer are shown in Fig. 2. 

Flocculation, surface roughness, and the crystallite size on 

the film surface can be seen in Fig. 2a. It was determined 

that the annealing had the effect of decreasing the surface 

roughness and agglomeration while increasing the 

crystallite size in the film (Fig. 2b). 

 

 

 
 

Fig. 2. SEM images of absorber layer: (a) E1 and (b) E1_400 
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3.3. Composition analysis 

 

The energy dispersive X-ray (EDS) spectra of the 

annealed and as-deposited samples are shown in Fig. 3. 

 

 

 

 

 
 

Fig. 3. Energy dispersive X-ray (EDS) spectra taken for 
E1: (a) In-doped CdTe layer, (b) CdS layer; and E1_400:  

             (c) In-doped CdTe layer, (d) CdS layer 

 

The EDS analysis results for the deposited thin-film 

solar cells are shown in Table 2. An increase in the In and 

Te ratios and a decrease in the Cd ratio were observed in 

the deposited absorber layer obtained by the e-beam 

evaporation technique after annealing.  

 

 
Table 2. EDS results of the absorber layer (In-doped 

 CdTe layer) and the window layer (CdS) 

 

 E1 E1_400 

Elements 
Average 
weight % 

Atomic 
weight % 

Average 
weight % 

Atomic 
weight % 

Cd 41.00 43.93 40.49 43.39 

In 3.70 3.88 4.10 4.30 

Te 55.30 52.19 55.41 52.31 

Cd 77.83 50.03 80.67 54.34 

S 22.18 49.97 19.33 45.66 

 

 
3.4. Electrical analysis 

 

The dark and illuminated I–V characteristics of as-

deposited and annealed In-doped CdTe/CdS thin-film solar 

cells are presented in Figs. 4 and 5. It is clearly visible in 

Fig. 4 that the variation in current with voltage for as -

deposited and annealed In-doped CdTe/CdS thin films 

solar cells was continuous. It is observed that the current 

of the solar cells is  increased for annealed solar cells. The 

annealed solar cell shows ideal diode characteristics. Also, 

it is observed that the highest forward and reverse current 

at constant voltage can be obtained for annealed solar 

cells, indicating their high conductivity. The results are 

consistent with previous work [13]. The illuminated I-V 

variations showed that the sensitivity to light increased for 

the annealed cell (Fig. 5) for which efficiency was 

determined slightly under 1%.  

 

 
 

Fig. 4. E1 and E1_400 In-doped CdTe/CdS thin-film  

solar cells dark I–V characteristics 
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Fig. 5. E1 and E1_400 In-doped CdTe/CdS thin-film 

 solar cells illuminated I–V characteristics 
 

 
4. Conclusion 
 

The e-beam technique was used to fabricate p-In-

doped CdTe and n-CdS structures on an ITO-coated glass 

substrate. Both annealed and as-deposited thin-film solar 

cells were investigated to determine their structural and 

electrical properties.  Through XRD analysis, as-deposited 

and annealed solar cells were found to be in the (111), 

(200), and (211) crystal directions. The positions of the 

largest peaks were found to be at 2θ = 23.9
o
, 26.6

 o
 and 

33.0
o
 for as-deposited and annealed solar cells  

respectively. Particle size was also calculated; annealed 

films were found to have increased particle size, indicating 

clearly that a polycrystalline structure has been formed. In 

addition, the inter-planar distance (d) and lattice constant 

(a) values were calculated using Bragg’s law. SEM and 

EDS analyses showed an increase in surface roughness  

and a decrease agglomeration of the annealed solar cells , 

and no impurity atoms were found in the structure. The I–

V characteristics showed that the current and the 

sensitivity to light increased for annealed thin-film solar 

cells. 
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