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Nanocrystalline CdTe thin films (d=300nm - 500nm) deposited by thermal evaporation under 
vacuum using stacked layer method, onto glass substrates at room temperature were 
investigated. During the evaporation process, the substrate holder periodically passed, by 
rotational moving, over the CdTe evaporating source. The rotating frequency (ν = 20 – 210 
rpm) of the substrate holder and source temperature (Tev = 900 – 1200K) during deposition 
have been considered as process parameters. The structural (surface morphology and film 
crystall inity), electrical (temperature dependence of conductivity) and optical (transmission 
and absorption spectra) properties of as deposited CdTe films are studied. The effect of heat 
treatment on the film structure is also investigated. The obtained results revealed an 
important influence of the above mentioned deposition parameters, especially the source 
temperature, on the film characteristics. 
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 1. Introduction 

 In the last years, the interest on the physical properties of the CdTe thin films have been 
considerable increased due to their practical importance in technology of thin-fi lm devices as high-
efficiency solar cells, field effect transistors, nuclear radiation detectors, etc. The quality of these 
devices is strongly influenced by the deposition techniques used for preparation of component films. 
A study of the correlation between physical properties of the CdTe films and their preparation 
conditions is still necessary for more comprehensive understanding of this correlation and for the 
improvement of the quality of these films for the technological applications. Various methods as hot 
wall vacuum evaporation, close-spaced sublimation, molecular beam epitaxy, electro-deposition, etc. 
have been used to prepare CdTe fi lms [1–7]. Thermal evaporation in vacuum is also often used 
because it offers many possibil ities to modify the deposition conditions and so to study the 
preparation conditions – physical properties relationships for respective films. It has been well 
established that in this preparation method the process parameters like substrate temperature, source 
temperature, deposition frequency (rate) change the quality and physical properties of the CdTe 
films [8 – 11]. 
 In the present paper, the physical properties of CdTe films deposited in vacuum by stacked 
layer method have been investigated. The rotational rate of the substrate during film deposition and 
source temperature have been considered as process parameters and structural, electrical and optical 
properties of as deposited CdTe fi lms are investigated. 
 
 
 2. Experimental 

 CdTe powder was thermally evaporated from a resistively heated tungsten crucible in a 
quasi-closed volume, onto glass substrates at room temperature. The residual pressure in standard 
                                                
* Corresponding author: rusugxg@uaic.ro 



G. G. Rusu, M. Rusu, E. K. Polychroniadis, C. Lioutas 
 
 

1958 

vacuum equipment was about 10-5 Torr. The substrates were fixed to a rotating disk periodically 
passing over the evaporation source with constant rate ν ranged between 20 rpm and 210 rpm. The 
source temperature, Tev, maintained constant during film deposition, ranged from 900 K to 1200 K.  
The distance between film substrates and the evaporation source was approximately 7 cm. Other 
details of the preparation method and used experimental setup are given in our previous works [12, 
13]. The interferometrically measured samples thickness, d, varied between 300 nm and 500 nm. 
 Some samples were heat-treated under ambient conditions for 20 min. at 620 K. The 
isochronial annealing arrangement was used. 
 The structural as well as morphological analysis where carried out by atomic force 
microscopy (AFM), X-ray diffraction (XRD) standard technique and by electron di ffraction (ED). 
 Electrical conduction behavior of the obtained samples were investigated by measuring their 
electrical resistance in the temperature range 300 – 550 K, using surface type cells [14]. For 
electrical contacts, indium thin films electrodes deposited in vacuum onto CdTe films were used. 
The gap between electrodes was about 2 mm. 
 The optical reflectance and transmittance measurements were recorded in 500 – 1100 nm 
wavelength range using a STEAG-ETA OPTIK spectrometer. Optical measurements, corrected for 
the effect of the glass substrates, were used to calculate the absorption coefficient, α, and the optical 
energy gap, Eg

opt. 
 
 
 3. Results and discussion 
 
 3.1. Structural characterization 
 
 3.1.1. Surface morphology 
 
 Fig. 1 presents a selection of atomic force micrographs of the films deposited at various 
values for ν and Tev, revealing a significant influence of these deposition parameters on the film 
surface morphology. 
 As it results from Fig. 1 (Top), the increase of rotational rate of the sample holder during 
deposition process at source temperature of 925 K, determines a greater uniformity of the film 
surface. As one can seen, the surface of the film deposited with greater ν (210 rpm) shows more 
regular arrangement of the grains. The surface of such fi lms contains a larger number of pyramidal 
shaped hillocks, homogenously distributed on the film surface.  
 For the films deposited at higher source temperature (1165 K) with lower rotation rate  
(ν = 20 rpm), the morphologic aspect of their surface is less pronounced, with very small grains and 
lower pores (Fig. 1 (Bottom)). The increase of ν up to 210 rpm, determines the growth on the film 
surface of some hillocks having a noticeable average sizes. An important increasing of the size of 
these hil locks takes place when the respective sample is heat-treated (Fig. 1 (d)). The presence on 
the film surface of such larger hillocks can be a consequence of the precipitation of the Te excess 
during deposition films. This conclusion is sustained by the results obtained by XRD and ED studies 
of such films (see § 3.1.2).  
 For a surface area of 1×1 µm2 the average roughness (a-r) and the root mean square surface 
(rms) roughness for some representative samples deposited in various conditions have been 
calculated. The (a-r) roughness (the average deviation of height data from the average of the data) 
was calculated with the relation [15]: 
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 Table 1 summarizes the calculated values for Ra-r and Rrms-r for CdTe samples from Fig. 1. 
 
 

 
Fig. 1. AFM topography for CdTe films deposited with different values for ν : (a) 20 rpm; 
(b) 120 rpm; (c) 210 rpm. Top: at source temperature of 925 K;. Bottom: at source 
temperature of 1165 K; (d) sample S5 after heat treatment (the sample thicknesses are listed  
                                                                      in Table 1). 

 
 

Table 1. Values of average roughness and rms roughness for CdTe films deposited at 
different values of source temperature (Tev) and rotational rate (ν):; d – fi lm thickness;  
           D - average CdTe crystalli te size in [111] direction calculated from XRD patterns. 

 

Sample 
d 

(nm) 
Tev 
(K) 

ν 
(rpm) 

a-r 
(nm) 

rms-r 
(nm) 

D 
(nm) 

S 1 340 925 20 2.31 3.03 22.0 
S 2 420 925 120 0.95 1.21 28.3 
S 3 360 925 210 0.57 0.79 20.6 
S 4 390 1165 20 0.53 1.04 10.5 
S 5 475 1165 210 2.12 2.79 16.5 
S 5 
heat 

treated 
475 1165 210 8.48 12.86 57.6 

 
 From the Table 1 clearly results the tendency of the roughness of the films deposited at 
lower source temperature to decrease with increasing of the rotational rate. In contrast, at greater 
source temperature, the increasing of rotational rate determines an increasing of the film roughness. 
 

Sample S1 Sample S2 Sample S3 

(a) (b) (c) 

Sample S4 Sample S5 Sample S5 
heat-treated 

(a) (c) (d) 
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 3.1.2. X-ray diffraction studies 

  

 
 The structure of as-deposited films was investigated using XRD technique, with CoKα 
radiation (

�
 = 0.1790 nm) in the range 20o-60o. In Figs. 2, 3 representative XRD patterns for studied 

films are shown. It may be observe that for the films deposited at source temperature of 925 K, the 
diffraction patterns yield only a sharp and intense (111) reflection at 2θ ≅ 27.7o (Fig. 2 (a,b)). This 
indicates that in these films the CdTe microcrystallites grow preponderantly with (111) planes 
parallel to the substrates. The rotational rate, ν, does not essentially influence this structure. After 
heat-treatment these films present the same (111) texture. In the case of the heat-treated films 
deposited at Tev = 925 K but with increased ν (210 rpm), their XRD patterns exhibit additional peaks 
for Te at 2θ ≅ 32.1o and 2θ ≅ 44.8o. This indicates that the respective fi lms exhibit an amount of 
tellurium excess that precipitates during annealing process (Fig. 2c). 
 For the samples deposited at greater source temperature (Tev = 1165 K), the XRD patterns 
exhibit the weak broad peaks at 2θ ≅ 27.7o, 46.1o and 54.6o, which correspond to reflection on (111), 
(220) and (311) planes of CdTe cubic structure, respectively, along with additional shallow 
diffraction peaks of low intensity which are characteristic for Te, at 2θ ≅ 47.3o and 2θ ≅ 53.8o (Fig. 3 
(a,b)). This means that the films contain an admixture of fine-grained CdTe and Te. 
 When such films are annealed at temperature of 620 K, their structure becomes 
polycrystalline without any preferred orientation. Also, another peaks for Te at 2θ ≅ 26.8o, 32.1o and 
44.8o respectively are visible in respective pattern (Fig. 3c). The increase of the intensities of the Te 
diffraction peaks after heat treatment, indicates that the average size of Te crystallites in respective 
films increased as consequence of the heat treatment. This is in agreement with AFM micrograph 
from Fig. 1 (d). 
 The CdTe average crystallite size in [111] direction were evaluated for discussed samples 
using the relation [16]: 

0.9

cos
D

λ
β θ

=   ,      (3) 

where D is the average crystallite size in normal direction to the reflection plane, θ - the Bragg angle 
and β - the corrected full width at half maximum [FWHM]. As it results from Table 1, D depend 

Fig. 3. XRD patterns for CdTe films deposited at 
source temperature of 1165 K, with different 
values for ν : (a) 20 rpm (sample S4);  
(b) 210 rpm (sample S5); (c) sample S5 after heat  
                                      treatment. 

Fig. 2.XRD patterns for CdTe films deposited at 
source temperature of 925 K, with different 
values for ν : (a) 20 rpm (sample S1);  
(b) 210 rpm (sample S3), (c) sample S3 after heat  
                                  treatment. 
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both on rotational rate, ν, and source temperature, Tev, the lower source temperature determining a 
greater crystallite sizes. The heat treatment of the samples deposited at 1165 K determines an 
important increase of CdTe crystallite size. 
 
 
 3.1.2. Electron microscopy studies 

 The electron di ffraction (ED) studies on the structure of the investigated samples confirm 
above presented results. Fig. 4a presents a typical ED pattern for as deposited sample at  
Tev = 1165 K and ν = 20 rpm. As it can be seen from Fig. 4, the respective ED pattern presents 
symmetrical rings of spots that reveal the polycrystalline structure of the film. The analysis of the 
diffraction patterns shown the co-existence of two phases. The calculation of the interplanar 
distances from ED patterns shown that the main phase is cubic and is in very good agreement with 
those of the FCC CdTe (PDF #15-0770), with cell parameters a = 0.6481 nm (Fig. 4 b).  
 Additional individual spots in positions not predicted from the above mentioned phase 
(indicated with small arrows) may be seen on Fig. 4a. These extra spots can be attributed to the 
tellurium excess in respective sample. In Fig. 4c the intensity distribution obtained from digitized 
images for a direction containing the extra spot and the estimated positions of the rings on the ED 
pattern (inset) for hexagonal Te (with cell parameters a = 0.4457 nm and c = 0.5927 nm) (PDF # 36-
1452), are shown. As it may be seen, the positions of the observed spots are in good agreement to 
the calculated ones, fact that reveals the presence of Te microcrystallites in films.  
 
 

 (a)      (b)     (c) 
 

Fig. 4. (a) typical ED pattern of the films deposited at 1165 K (small arrows indicate the 
position of the extra spots); (b, c) the relative spot intensity on the intensity distribution for 
direction containing the extra spot. Inset: estimated positions of the rings on the ED pattern  
                                                for CdTe phase (b) and Te phase (c). 

 
 Thus, both the X-ray patterns and ED studies confirm the presence of Te excess in CdTe 
studied fi lms. 
 
 
 3.2. Electrical properties 

 It is well known that the electronic transport properties of the polycrystalline thin films 
strongly depend on their structure [17]. The study of the temperature dependence of electrical 
conductivity of such films offers a lot of information on the electrical conduction mechanism in 
respective films in correlation with their structure. Our previous studies revealed that CdTe fi lm 
structure may be changed in first heating cooling cycle during such electrical measurements [13, 14]. 
From this reason, in this paper, for the study of the temperature dependence of electrical 
conductivity, the samples were previously subjected to a heat treatment consisting in several 
successive heating and cooling cycles in the temperature range 300 – 620 K. In this way, CdTe films 
with stabilized structure and reproducible electrical properties were analyzed. In the Figs. 5, 6, the 
typical temperature dependence of electrical conductivity, σ, for as heated films, prepared at 
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different deposition parameters are shown. It can be observed a linear dependence of lnσ vs. 103/T 
for all studied samples. This suggest that σ varies with the temperature according to the relation: 

( )0 exp /E kTσ σ= −∆  ,     (4) 

which is in concordance with the thermally activated conduction mechanism [17]. In the relation (4), 
∆E denotes the thermal activation energy of electrical conduction, σ0 represents a parameter 
depending on the semiconductor nature and k is the Boltzmann’s constant. The activation energy 
values, ∆E, calculated from the slope of lnσ vs. 103/T curves from Figs. 5, 6 are given in Table 2. It 
may be seen that at constant source temperature, the thermal activation energy decreases with 
increase of rotational rate, ν. Also, an important decrease of ∆E is determined by increase of source 
temperature. These results may be correlated with Te excess that is greater in respective CdTe fi lms. 
The segregation of tellurium excess in such films may determine the decrease of potential barrier in 
the grain boundary region and hence a decrease of ∆E [17]. 

 
 

Table 2. Some electrical and optical characteristics for the typical studied samples d – film 
thickness; Tev - source temperature; ν - rotational rate; ∆E – thermal activation energy,             
σc – electrical conductivity at room temperature after heat treatment; Eg

opt – optical band gap. 
 

Sample d (nm) Tev (K) ν (rpm) σc (Ω–1.cm–1) ∆E (eV) Eg
opt (eV) 

S1 340 925 20 4.6×10–8 0.75 1.54 
S2 420 925 120 8.8 ×10–8 0.71 1.53 
S3 360 925 210 2.7 ×10–7 0.68 1.52 
S4 390 1165 20 1.1 ×10–6 0.52 1.42 
S5 475 1165 210 4.1 ×10–3 0.14 1.34 

 
 In Table 2, the electrical conductivity at room temperature, σc, for typical heat treated 
samples are also indicated. One can be observe the increase of σc with increase of ν and Tev, hence 
with increase of Te contents in the films. This can be explained by the role played by the free Te 
atoms in CdTe lattice l ike the acceptor impurities in p type semiconductors [18]. An increase of the 
Te amount will determine an increase of carrier concentration and, consequently, an increase of the 
electrical conductivity of the film [18, 19]. 
 

Fig. 6. Typical temperature dependence of 
electrical conductivity for CdTe fi lms deposited 
at  Tev = 1165  K  with  various  rotational  rate:  
                  (a) ν = 20 rpm; (b) ν = 210 rpm. Fig. 5. Typical temperature dependence of 

electrical conductivity for CdTe films deposited at 
Tev = 925 K with various rotational rate:  
(a) ν = 20 rpm; (b) ν = 120 rpm; (c) ν = 210 rpm 
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 3.3. Optical properties 

 The absorption coefficients, α, of the as-deposited CdTe films were determined by 
measuring the transmittance, T, and the reflectance, R, in the wavelength range of CdTe absorption 
edge, using the relation [20]: 

( )2
11

ln
R

d T
α

� �−
� �=
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 ,    (5) 

where d denotes the film thickness. 
 Fig. 7 shows typical absorption spectra for CdTe films deposited at di fferent values for ν 
and Tev. It can be observe that the source temperature is the main factor which influences the fi lm 
absorbance. The greater values of α for samples deposited at 1165 K can be attributed to the stronger 
absorbance of tellurium in analyzed spectral range [13]. 
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 From the optical absorption spectra, by assuming allowed direct inter-band transitions [18], 
the optical band-gap, Eg

opt, were determined by extrapolating the linear portion of the  
(αhν)2 = f(hν) plots to  (αhν)2 = 0. Fig. 8 shows the (αhν)2 vs. hν for different samples. The 
obtained optical direct band-gap values, for respective samples are also listed in Table 2. The values 
of about 1.5 eV obtained for samples deposited at Tev = 925 K are in good agreement with those 
found in the literature data for the CdTe band-gap. The lower values of Eg

opt obtained for samples 
deposited at Tev = 1165 K can be correlated with greater Te amount present in respective films. This 
may thereby increases the number of non-saturated bounds in grain boundary, and so to perturb the 
band structure. The high concentration of the acceptor states introduced by these free Te atoms give 
rise to the density of the state tails extending into the forbidden band. Consequently, the effective 
band-gap width will be reduced [8, 21]. 
 
 

4. Conclusions 

 CdTe thin films were deposited in vacuum onto unheated rotating glass substrates at 
different CdTe source temperatures. The study of the structure, electrical and optical properties of as 
deposited films revealed that the rotating rate influence primarily the morphology and crystallinity of 

Fig. 7. Absorption spectra for studied CdTe 
films: (a) ν = 20 rpm; (b) ν = 210 rpm. 

Fig. 8.The dependence (αhν)2 = f(hν) 
corresponding to samples from Fig. 7. 
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the films whereas the source temperature is the most important factor in determining of the electrical 
and optical properties. An increase of the rotational rate and source temperature favor the increasing 
of the tellurium excess in CdTe films, playing an essential role in determining both of the electrical 
conductivity and optical absorbance of CdTe films. As the amount of free Te atoms increases, the 
electrical conductivity decreases from 4.6×10–8 Ω–1cm–1 to 4.1×10–3 Ω–1cm–1 and optical band-gap 
varies in the range 1.50 eV - 1.34 eV. 
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