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A B S T R A C T   

The impact of discrete vacuum thermal evaporation (DVTE)-produced CdTe thin films after thermal annealing 
and CdCl2 treatment is discussed in the present article. As a result of simultaneous DVTE of CdCl2 and CdTe, 
CdCl2 was added straightly into the bulk of the formed CdTe film at the 270 ◦C substrate temperature in a single 
procedure. The DVTE approach deposits CdTe thin films with a high crystalline structure, which can be utilized 
effectively for the production of high efficiency solar cell applications, according to the results of X-ray 
diffraction, scanning electron microscopy with focused ion beam, transmission electron microscopy, and atomic 
force microscopy measurements.   

1. Introduction 

Sunlight is the most abundant source of energy on earth. The con
version of sunlight energy into electricity offers tremendous opportu
nities for reducing the carbon footprint of fossil-fuel-based energy 
technologies on the global environment. Cadmium telluride (CdTe) is a 
direct-bandgap material with ~1.5 eV bandgap energy at room tem
perature [1–6]. It is an optimal material for converting solar light energy 
into electricity due to its high (above 5×104 cm− 1) visible spectrum 
coefficient of absorption [2,7–11]. Thin-film CdTe-based solar cells 
represent ~5% of the present world market for photovoltaic technology 
[12]. The manufacturing method for these cells is relatively affordable 
[4,5,12,13]. It provides a lower-cost alternative to silicon-based solar 
technologies [14,15]. The highest light conversion efficiency in labo
ratory settings for CdTe cells is 22.1% [12]. The aver-age efficiency for 

commercial modules is ~17% [12]. CdTe-based solar cells exhibit su
perior radiation damage tolerance, which makes them ideal candidates 
for space photovoltaic applications [16,17]. 

The current manufacturing technology of these cells uses the closed- 
space sublimation (CSS) method for CdTe thin-film deposition [18–23]. 
CSS is an energy-intensive process with a high temperature 
(650–700 ◦C) deposition stage, requiring the use of heat-resistant, rigid 
glass substrates. Unlike glass substrates, the deposition of CdTe on 
lightweight polymers is impossible due to the high evaporation tem
peratures of the CSS process. Such polymer substrates could decrease the 
total weight of CdTe solar cells by more than 90%. This weight reduction 
will make them better suited for space, low-power devices, electric ve
hicles, drones, and other emerging applications. Therefore, it is crucial 
to reduce the deposition temperature for CdTe films. The reported ap
proaches for CdTe film fabrication include pulsed laser deposition [7, 
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24], electrodeposition [25,26], molecular beam epitaxy [10,27], 
chemical vapor deposition [11,28], magnetron sputtering [29,30] and 
thermal vacuum evaporation [31–39]. 

The sputtering and evaporation methods demonstrate a higher po
tential to develop low-temperature deposition procedures for CdTe 
films. Magnetron sputtering provides high-quality materials, but it uti
lizes expensive and specially manufactured source materials (targets). 
The use of thermal vacuum evaporation offers high control over the 
deposition process and the ability to automate manufacturing of large- 
area solar cells. However, conventional evaporation produces crystal
lographically defective films for complex semiconductors due to the 
difference in partial pressures of source material components (as is 
distinguishable for II-VI semiconductor chalcogenide compounds, for 
instance). 

A thermally evaporated thin layer of CdCl2 on CdTe often helps to 
improve the efficiency of CdTe-based solar cells [40–45]. Another 
method for improving film quality is to dip CdTe films in a CdCl2-con
taining solution after deposition, followed by an annealing step 
(350–400 ◦C) in the air [46–48]. The diffusion of CdCl2 into the CdTe 
layer creates CdO upon oxidation, which passivates the CdTe grains. 
Meanwhile, the annealing reduces the defects in the crystal structure. 

Discrete vacuum thermal evaporation (DVTE), also known as flash 
evaporation, overcomes the disadvantages of conventional evaporation 
for the chalcogenide film deposition process [49–52]. This method uti
lizes a controlled supply of chalcogenide source materials in the pre
heated evaporation boats. As a result of this, the boat contains particles 
at different evaporation stages and temperatures at any given time. This 
fact, in turn, ensures a constant atomic flux of vaporizing components to 
maintain the desired stoichiometry of constituents in the deposited 
layer. 

In our previous works, we used this method to grow high-quality CdS 
and CdTe films with the same bandgap energy as the corresponding bulk 
materials [51,52]. Atomic force microscopy (AFM) imaging and X-ray 
diffraction (XRD) patterns demonstrate that these films have excellent 
morphological uniformity and low crystalline defects [52]. 

In this work, we report an in situ DVTE deposition procedure for 
CdCl2-containing CdTe film preparation at a substrate temperature of 
270 ◦C and an evaporator temperature of 600 ◦C–650 ◦C. Here, we 
present links between processing conditions, including post-deposition 
annealing, morphology, and the structure of thin films as a function of 
the CdCl2 content in the deposited films. This deposition technique 
could pave the way for preparing high-quality CdTe films on lightweight 
substrates. 

2. Experimental procedures 

CdTe thin films were deposited using the DVTE method on ordinary 
glass substrates with a thickness of 1 mm and a diameter of 20 mm. 
Before the deposition, the glass pieces underwent cleaning using an ul
trasonic bath with a surfactant solution and then a rinse with distilled 
water to remove any remaining surfactant. Then, the substrates were 
rewashed with high purity methanol using an ultrasonic bath. 

To make a source material powder, a single-crystal CdTe with a 
purity of 99.999% (Sigma-Aldrich, USA) was crushed and ground. The 
powder was sieved to obtain particles with a size of 100–150 μm, which 
were placed inside a vertically positioned vessel. Fig. 1 shows a sche
matic representation of the evaporator used to deposit CdTe films. CdTe 
powder (marked with 1) is placed inside the vessel (2) and fed into the 
molybdenum-made evaporation boat (3) by an automatically controlled 
vibrating outlet (4). The opening duration (0.2–0.5 s) of the outlet 
controls the CdTe supply speed to the boat. The deposition of films was 
conducted at a base pressure of ~2 × 10− 3 Pa. The temperature of the 
evaporating boat was kept at 600–650 ◦C, while the substrate (5) tem
perature was maintained at 270 ◦C using a thermocouple-controlled 
heater (6). The distance between the boat and the substrate was ~12 
cm. The deposition durations varied between 30 and 60 min to obtain 

films with a thickness of 2–4 μm. 
Three samples, denoted as sample A, B, and C, were subjected to 

deposition. Sample A was produced by evaporating pure CdTe. The 
preparatory work of samples B and C involved the synchronous evapo
ration of CdTe and CdCl2 with atomic fractions of NCdCl2

NCdTe
= 10− 4 and 

NCdCl2
NCdTe

= 10− 3, respectively. In the air (20% oxygen), samples underwent 
post-deposition thermal annealing for 60 min at 350 ◦C. Samples that 
have been annealed were marked as A*, B*, and C*, respectively. 

The CdTe film structure was investigated by an X-ray diffractometer 
(URD-6) in the θ-2θ operating regime using CuKα (λ = 0.15405 nm) 
radiation in the range 10◦-100◦ with a step of 0.01◦. With the help of 
AFM (NEXT, NT-MDT Inc.), the surface morphology and roughness of 
CdTe films were studied. The microstructures of samples were also 
examined with a scanning electron microscope (SEM, Magellan 400, 
FEI). For producing of cross-sections on thin films by gallium ion beam 
milling a Helios NanoLab600 system (FEI) with a dual-beam microscope 
was used [53,54]. First, platinum layer with a 0.3 μm thick and 10 μm ×
0.5 μm rectangular area was deposited onto the selected material area. 
Then, 5–10 μm deep trench with a 45◦ base angle was milled on the 
surface with milling current of 27 nA and under an accelerating voltage 
of 5 keV. A layer of 5 μm thick was milled in the sidewall of the trench 
with milling current of 700 pA under an accelerating voltage of 5 keV for 
producing a qualitative cross-section without any artifacts. To image the 
sidewall of the trench the electron-beam was applied. Dark field and 
high-resolution transmission electron microscope (TEM) imaging of 
samples along with electron diffraction analysis were performed with a 
Titan 80–300 (FEI) microscope at 300 keV. The TEM samples were 
prepared using a Helios NanoLab 600 system by making thin (~50–70 
nm) cross-sectional slices. 

3. Results and discussion 

3.1. The crystalline structure of films 

Fig. 2 shows XRD patterns for as-deposited and annealed CdTe thin 
films. As-deposited films (Fig. 2a) exhibit two diffraction peaks with 
(111) and (511) orientations for the typical CdTe with cubic zinc blende 
structure. 

The peak for the (111) plane at ~2θ = 23.7◦ in all as-deposited films 

Fig. 1. Schematics of the evaporator setup: CdTe powder (1), vessel (2), Mo 
evaporation boat (3), vibrating vessel outlet (4), substrate (5), thermocouple- 
controlled heater (6). 
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has significantly higher intensities compared to all other planes that 
have negligibly small intensities. These results suggest that all films have 
preferentially grown with an (111) orientation, which is perpendicular 
to the substrate. The amorphous nature of the glass substrate cannot 
influence such a preferential grain orientation in the film. After 
annealing, the films possess the typical polycrystalline nature of cubic 
CdTe (ICDD, PDF# 00-015-0770) structure, exhibiting (220), (311), 
(331), (422), and (511) plane orientations along with the intense (111) 
reflection (Fig. 2b). Such an increase in the number of plane orientations 
other than (111) indicates refinement of the structure through the 
recrystallization process at the annealing step. Fig. 2b also suggests that 
the films prepared in the presence of CdCl2 have improved the crystal
linity after annealing as the intensities of (111) reflection are signifi
cantly higher for the samples B* and C* compared to sample A*. For 
samples A, B and C the (111) peak intensity numerical values were 
12,467, 26,666 and 3378 respectively. After annealing, the (111) peak 
intensity numerical values of samples A*, B* and C* became 39,479, 
69,543 and 46,753, respectively. 

Table 1 summarizes peak position, full-width of half-maximum 
(FWHM, β) as well as crystallographic parameters, such as lattice con
stant (a = d

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
h2 + k2 + l2

√
), interplanar spacing (2dsinθ = λ), the mean 

size of the crystalline domains (τ = 0.9•λ
β•cos (θ)), dislocation density (δ = 1/ 

τ2), number of crystallites per unit area (N = t/τ3) and internal strain (ε 
= β•cos(θ)/4), where λ is the wavelength of the X-ray used (λ = 1.5405 
Å), β is the full-width at half-maximum (FWHM) of the peak and (θ) is 
the Bragg’s angle and t is the thickness. 

These parameters were calculated from the characteristics of the 
peak for the (111) plane orientations for both as-deposited and annealed 
CdTe films according to methods reported elsewhere [25,32,36]. The 
results show that the lattice constant (a) of sample A is 0.6491 nm. The 
lattice constants of the samples B and C are 0.6497 nm and 0.6502 nm, 
respectively. After annealing, the lattice constant of all samples slightly 
decreased to ~0.6484 nm. The d-spacing of all as-grown films varies in 
the range 0.3748–0.3754 nm. Annealing leads to a certain decrease in 
the d-spacing to the value ~0.3744 for all films. 

The size of the crystalline domains (τ) calculated by the Scherrer 
formula for all three as-deposited samples is approximately 87 nm, while 

after annealing of the samples, the τ values increase. This increase is 
more significant for CdCl2 containing samples (from 87 nm to ~174 nm) 
compared to pure CdTe sample (from 87 nm to 130 nm). The annealing 
reduces the dislocation density δ of films from 1.33⋅1010 to 0.59⋅1010 
cm-2 for sample A* and from 1.33⋅1010 to 0.33⋅1010 cm-2 for samples 
B* and C*. The number of crystallites per unit area (N) is found to be in 
the range 60.2⋅1010–62.53⋅1010 cm− 2 for as-deposited samples. This 
parameter also decreases (7.52⋅1010–18.30⋅1010 cm− 2) for thermally 
annealed samples due to an increase in the grain size. The values of 
internal microstrain in the samples change almost twice after annealing. 
All these calculated results suggest that the incorporation of CdCl2 in the 
CdTe film bulk of significantly improves the crystallinity of the CdTe 
films. Accordingly, XRD data has demonstrated that thermal annealing 
causes the following changes: a) a practically complete match in the 
lattice parameter of film with the conventional value; b) a sharp increase 
in the intensity of the diffraction peak; and c) a growth in grain sizes and 
a decline in the dislocation density, micro-strain and number of crys
tallites per unit area. 

3.2. Surface morphology of films 

AFM analysis was performed to investigate the surface morphology 
of all six samples. Three- and two-dimensional AFM visualizations of 
samples are shown in Fig. 3a and b. These images show bright pro
trusions and dark valleys. Information about the maximum and mini
mum surface roughness can be obtained from the 2D image areas 
(Fig. 3b). Sample A exhibits the highest surface roughness (±65 nm). 
The increase in the fraction of CdCl2 during deposition results in some 
decrease in the surface roughness. For example, samples B and C exhibit 
surface roughness of ~±50 and ~±40 nm, respectively. Thermal 
annealing within measurement accuracy does not change the roughness 
(Fig. 3b). 

Based on grain size distribution histograms, it is possible to estimate, 
the average range of grain size variation. The average range of grain size 
variation was determined from the half maximum of the grain count 
distribution (Fig. 3c). The determined grain size range for samples A, B, 
C, are 300–650 nm, 250–550 nm, 350–800 nm, and for samples A*, B*, 

Fig. 2. XRD diffractogram of deposited (a) and annealed (b) CdTe samples.  

Table 1 
The results of some crystallographic parameters extracted from XRD patterns of CdTe films.  

Sample Peak position 
(2θ), ◦

FWHM 
(β), ◦

Interplanar 
spacing (d), nm 

Lattice 
constant (a), 
nm 

Size of the crystalline 
domains (τ), nm 

Dislocation density 
(δ⋅1010), cm− 2 

Number of crystallites 
(N⋅1010), cm− 2 

Internal strain, 
(ε⋅10− 4) 

A 23.7234 0.0936 0.3748 0.6491 86.76 1.33 61.78 3.99 
B 23.7021 0.0936 0.3751 0.6497 86.76 1.33 60.20 4.00 
C 23.6825 0.0936 0.3754 0.6502 86.76 1.33 62.53 4.00 
A* 23.7481 0.0624 0.3744 0.6484 130.15 0.59 18.30 2.66 
B* 23.7463 0.0468 0.3744 0.6485 173.53 0.33 7.52 2.00 
C* 23.7507 0.0468 0.3743 0.6484 173.54 0.33 7.81 2.00  
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C* 500–900 nm, 500–850 nm, 550–850 nm respectively. 
According to these findings, the average range of grain size variation 

for CdTe films while they are deposited is essentially between 0.3 and 
0.8 μm, and following thermal annealing, it rises to values between 0.5 
and 0.9 μm. 

We also used SEM imaging to investigate the surface morphology of 

annealed samples. Fig. 4 shows the surface morphology of the samples. 
Samples A* and B* have irregular granular structures with relatively 
small grains and uniform surface coverage of grains without any cracks 
or voids. The grains in the sample C* are somewhat larger, suggesting 
that increasing the concentration of CdCl2 during deposition helps to 
obtain coarse-grained material after annealing. 

Fig. 3. AFM three-dimensional (a) and two-dimensional (b) view and distributions of the grain size (c) of the as-deposited and annealed sample determined from 
AFM images. 

Fig. 4. SEM images of annealed CdTe samples.  
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3.3. Internal morphology and the structure of films 

The cross-sectional SEM images of the annealed samples (Fig. 5a) 
show that all the films have a thickness of approximately 4 μm with a 
compact morphology, free of voids or other imperfections. 

Cross-sectional images of all three samples exhibit a few twin 
boundaries or intrinsic/extrinsic stacking faults that go across CdTe 
grains and terminate at grain boundaries or interfaces (marked by ar
rows in Fig. 5a). These types of features are commonly observed in 
previous works [55,56] and sometimes considered stacking fault regions 
with CdTe wurtzite structure. We should note that the quantity of such 
stacking faults in all those samples is significantly lower compared with 
the materials prepared by the CSS process [14]. Due to the much higher 
deposition temperatures (500–600 ◦C) in the CSS small nuclei tend to 
re-evaporate, and only more significant nuclei with larger sizes from a 
critical radius are grown rapidly in uncontrolled and non-equilibrium 
manner. In contrast, our samples contain a significant amount of 
well-defined three-dimensional vertical columnar CdTe grains without 
any visible faults. The width of these columnar grains is about 
1000–2000 nm. This result suggests that the low-temperature DVTE 
method used in this work provides controlled and equilibrium growth of 
high-quality pore-free films with relatively larger crystalline grains. 

The reason behind such a distinctive growth feature can be related to 
the mechanism of nucleation, grain growth, and the coalescence of 
crystals at the DVTE method. The low-temperature nature of this 
deposition process allows the formation of small stable nuclei that do not 
re-evaporate. The population density of small nuclei is relatively high. 
Therefore, many small nuclei have a much higher probability of suc
cessfully growing into grains during the process. The steady supply of 
vaporizing CdTe ensures a constant atomic flux of Cd and Te to maintain 
the stable growth of columnar CdTe grains with (111) preferential 
crystallographic orientation (Fig. 2a). 

We can assume that in situ evaporation of CdCl2 provides uniform 
distribution of chlorine in the CdTe lattices during the deposition stage. 
The presence of chlorine dopant plays a significant role in structural and 
morphological refinements during the post-deposition annealing stage. 
We can suggest that highly mobile chlorine ions diffuse to the grain 
boundaries and thus facilitate the recrystallization processes, forming 
large and well-defined grains. 

To elucidate the internal structure of grains, focused ion beam cross- 
sections were prepared for TEM analysis across the CdTe layer. The 
bright-field TEM images of the CdTe layers are shown in Fig. 5b. The 
white circles within the dark grains show the region of interest for the 
selected area diffraction (SAD) pattern. The indexed SAD patterns for 

Fig. 5. Cross-sectional SEM images (a), bright-field TEM images (b), SAD patterns (c) of associated are-as, and high-resolution TEM images (d) for the annealed 
samples. Twin boundaries or intrin-sic/extrinsic stacking faults are marked by arrows on panel 5a. 
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sample A* shown in Fig. 5c are consistent with the CdTe zinc blende 
structure with a grain aligned along the [101] zone axis. The SAD 
pattern from a grain (sample B*) is oriented along the [114] zone axis 
and is also indexed as the cubic zinc blende structure of CdTe. The grain 
from the sample C* also exhibits cubic structure and is oriented along 
the [112] axis. 

High-resolution TEM images of the selected grains are shown in 
Fig. 5d. Viewed along the [110] orientation of grains, the crystal can be 
seen as columns composed of pairs of Te and Cd atoms. A grain of the 
sample A* exhibits several intra-grain Shockley partial dislocations 
marked with yellow rectangles. The measured d-spacing for the [111] 
orientation is 0.371 nm. High-resolution TEM images of B* and C* 
samples grains do not exhibit visible intra-grain dislocations. The d- 
spacing for the [111] orientation is 0.371 and 0.373 nm. 

4. Conclusion 

This study discusses the impact of discrete vacuum thermal evapo
ration (DVTE)-produced CdTe thin films after thermal annealing and 
CdCl2 treatment. For the first time, CdCl2 was added to a CdTe film 
during this study using synchronous DVTE of CdCl2 and CdTe rather 
than diffusion through the surface after its deposition. 

According to XRD measurements, all CdTe thin films feature a cubic 
zinc blende structure with a predominately high intensity sharp peak, 
which is assigned to the (111) crystallographic orientation plane. It is 
found that introducing CdCl2 into the CdTe film bulk during its depo
sition results in a crystal structure that is more ideal. 

Following thermal annealing, the typical range of grain size variation 
for deposited CdTe films grew from 0.3 to 0.8 μm to values between 0.5 
and 0.9 m, according to the AFM investigation. 

Cross-sectional SEM images showed that CdTe films contain a sig
nificant amount of well-defined three-dimensional vertical columnar 
CdTe grains without any visible faults. The width of these columnar 
grains is about 1000–2000 nm. The reason behind such a distinctive 
growth feature can be related to the mechanism of grain growth at the 
DVTE method. The steady supply of vaporizing CdTe ensures a constant 
atomic flux of Cd and Te to maintain the stable growth of columnar CdTe 
grains. 

In situ evaporation of CdCl2 provides uniform distribution of chlo
rine in the CdTe lattices during the deposition stage. The presence of 
chlorine dopant plays a significant role in structural and morphological 
refinements during the post-deposition annealing stage. High-resolution 
TEM images showed that CdTe films doped with CdCl2 do not exhibit 
visible intra-grain dislocations. 

XRD, AFM, FIB, SEM, and TEM findings have demonstrated that the 
DVTE approach used in this work provides controlled and equilibrium 
growth of high-quality CdTe films with relatively larger crystalline 
grains, which can be used productively to create high-efficiency solar 
cells. 
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