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1. Introduction

Modern security and control systems have turned from 
rarely used technical solutions into a necessary component 

of almost every facility and presuppose their uninterrupted 
operation. Since such systems must at any time ensure con-
trol over the situation, the safety of personnel and visitors, 
the safety of material values and information, it is necessary 
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The technology of form-
ing film solar cells based on 
CdS/CdTe configuration of the 
"superstrat" type on a flexible 
substrate has been improved. 
To increase the efficiency of 
the developed solar cells on a 
flexible substrate, a chemical 
etching procedure in a nitro-
gen-phosphorus mixture was 
added to the traditional "chem-
ical treatment". The conducted 
studies of the output parameters 
of the developed device struc-
tures showed that the high-
est values are observed in the 
case of chemical etching, both 
before the "chloride treatment" 
and after it. In the course of the 
study, it was found that a man-
datory procedure in the forma-
tion of effective device structures 
is chemical etching in a nitro-
gen-phosphorus mixture both 
before the "chloride treatment" 
and after it. Carrying out the 
described procedures made it 
possible to obtain solar cells on 
a flexible substrate with an effi-
ciency of 13.1 %. The increase in 
the efficiency of solar cells with 
two-stage chemical etching can 
be explained by the formation 
of excess tellurium on the sur-
face, which leads to a decrease 
in resistance and, therefore, to 
a more efficient penetration of 
chlorine during the subsequent 
chloride treatment. Analysis of 
the transverse cleavage of the 
investigated device structures 
demonstrates significant grain 
growth and surface smoothness 
of the base layer, which ensures 
good adhesion with back con-
tact. A study of the degrada-
tion resistance of the developed 
device structures during oper-
ation has been carried out. It 
was found that the obtained solar 
cells based on CdTe on a flexi-
ble substrate have a high deg-
radation resistance and after 
10 bending cycles there is no 
decrease in the output param-
eters. Thus, it has been estab-
lished that chemical etching in a 
nitrogen-phosphorus mixture is a 
mandatory procedure for the for-
mation of efficient solar cells on a 
flexible substrate
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to ensure their uninterrupted operation. Typically, these 
systems have redundant power supplies that are activated in 
the event of a power outage. Interruptions in the supply of 
electricity can be not only as a result of force majeure arising 
in the power supply system, but deliberate impact from the 
outside.

This is especially true for objects located far from the 
central power lines of central electrical networks, where the 
restoration of a damaged source of electricity can take longer 
than the operation of backup power sources. For such cases, 
the way out of this situation is to use alternative renew-
able energy sources. Among the existing options, the most 
suitable from the point of view of ease of delivery, speed of 
installation and deployment, are lightweight film solar cells.

It is these elements that include CdTe-based film device 
structures, since they have insignificant weight relative to 
traditional silicon ones and, at the same time, have a high 
level of efficiency. However, these characteristics are typical 
for frame film solar cells.

The next important step and, therefore, the actual di-
rection for expanding the range of their use is the transition 
from frame types to flexible ones without significant loss in 
the values of the output parameters.

2. Literature review and problem statement

Thin-film solar cells (SC) based on CdTe were first pre-
sented in the early seventies of the last century [1]. The au-
thors of [2] proposed this type of solar cells as an alternative 
to traditional silicon ones as part of a hybrid installation, but 
the disadvantage of such solar cells is their low efficiency. 
This type of solar cells is most easily adapted to large-scale 
production [3]. Such attention to cadmium telluride-based 
film solar cells is due to the fact that CdTe is very strong 
and chemically stable. Cadmium telluride can be applied 
to a substrate using a wide variety of methods available, 
making it ideal for large area production. It has an optimal 
band gap of about 1.5 eV, which can provide an efficiency of 
about 30 % at an open circuit voltage of more than 1 V and 
a short-circuit current density of more than 30 mA/cm2 [4]. 
Research by scientists who are engaged in film solar cells 
based on CdTe are focused on finding approaches aimed 
at increasing the efficiency of such device structures, as 
well as increasing their degradation resistance [5], this is 
especially typical for solar cells on a flexible substrate. Since 
solar cells on a flexible substrate change their configuration 
in the film during operation, excessive stresses arise. This 
leads to a deterioration in the output parameters, hence to a 
drop in the efficiency. Thus, in [6], based on the analysis of 
degradation processes occurring in SC based on cadmium 
telluride, a method for their recovery was proposed, but the 
issue of increasing the efficiency was not resolved. For a long 
time, one of the problems standing in the way of reaching 
the theoretical maximum was the creation of a back contact, 
since only platinum is suitable for creating an ohmic one. The 
solution to this problem was the creation of a tunnel contact 
using a Cu/Au compound. Thanks to the work of various 
research groups [7], it was possible to increase the efficien-
cy of solar cells based on CdTe/CdS by more than 16.5 % 
for devices on a glass substrate coated with a transparent 
conductive oxide (TCO) coating [8]. Significant efficiency 
gains have been achieved by re-upgrading the CdTe solar cell 
arrangement, removing CdS, and taking into account new 

features such as bandgap gradation, chloride treatment and 
a more transparent n-layer. With these changes, First Solar 
introduced a device with an efficiency of 21.5 % [9] and later 
improved to 22.1 % [10], a striking fact is that these results 
were obtained on materials adapted to industrial produc-
tion. The next step towards improving solar cells based on 
cadmium telluride was even more weight reduction and the 
transition from wireframe models to flexible ones. To create 
flexible solar cells, both metals and polymers are used as a 
substrate. Among metals, the most popular are molybde-
num, titanium and stainless steel, and among polymers – 
polyamide, polyethylene terephthalate and polyethylene 
naphthalate.

The authors of [11] used molybdenum as a substrate, but 
the efficiency of the obtained samples did not exceed 5 %, 
which is due to imperfect current collection in the region 
of the rear contact. In [12], molybdenum and stainless steel 
were used as flexible substrates. The low efficiency of the 
obtained samples, as shown by the X-ray diffractometry 
method, is due not only to the complexity of the formation 
of the rear contact, but also to the presence of defects in the 
form of dislocations in the base layer. Polymer substrates for 
flexible solar cells are used in “superstrat” type device struc-
tures. In [13], the results of studies of solar cells on a flexible 
molybdenum substrate as part of a micromodule are present-
ed. The efficiency of such a micromodule was 5.3 %, which 
is very different from the theoretical maximum. In [14], the 
authors described the process of obtaining solar cells with 
record efficiency. The authors noted that, since transparent 
polymers have low thermal stability, the options for their 
use are limited by temperature conditions. At the same time, 
polymer substrates capable of withstanding high tempera-
tures are usually opaque and inapplicable for superstrat solar 
cells [15]. In [16], to create base layers of cadmium telluride 
on a flexible polyimide substrate, use low-temperature meth-
ods for obtaining base layers. The samples obtained showed 
an efficiency of less than 10 %. The authors of [17] demon-
strated the creation of tandem structures, but despite the 
prospects in this direction, the efficiency of the developed 
device structures did not exceed 14 %. Another important 
procedure that causes discussion is the chemical treatment 
and annealing of the device structure after the deposition 
of the base layer [18]. In [19], the authors demonstrated that 
chloride treatment followed by annealing is a mandatory 
procedure for the formation of efficient solar cells, since 
during the chemical treatment grain growth and boundary 
passivation occur [20].

Consequently, SCs based on CdTe are promising and in 
demand device structures, but to create efficient SCs, i. e., 
with a high level of efficiency, on a flexible substrate, it is 
necessary to optimize the physical and technological foun-
dations of their formation.

3. The aim and objectives of research

The aim of research is to develop a method for producing 
solar cells based on cadmium telluride on a flexible substrate 
with a high efficiency. This will make it possible to expand 
the scope of application of film solar cells.

To achieve this aim, it is necessary to solve the following 
objectives:

– to study the output parameters of solar cells on a flexi-
ble substrate with an optimized layer formation technology;
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– to investigate the degradation of produced solar cells 
on a flexible substrate after multiple bending cycles.

4. Materials and methods of research

4. 1. Obtaining ITO/CdS/CdTe/Cu/Au solar cells “su-
perstrat” configuration on a flexible substrate

Solar cells based on CdS/CdTe of the “superstrat” config-
uration were fabricated on borosilicate glass 200 µm thick. In-
dium and tin oxide was formed by DC magnetron sputtering. 
ITO films were formed at a deposition temperature of 300 °C. 
The initial partial pressure was 10–4 Pa. The specific power 
of the magnetron was 1.5 W/cm2, which corresponds to 
the range of values usually used to obtain transparent and 
electrically conductive ITO films [21]. Sputtering of ITO 
was carried out in an argon-oxygen mixture at a pressure of 
8•10–1 Pa. Under such conditions, layers were formed with 
a surface resistance of 10 Ohm/□ and an average trans-
mittance in the visible spectral range of about 90 %. The 
device heterosystem CdS/CdTe was obtained in a single 
technological cycle by thermal vacuum deposition from 
graphite evaporators at an initial vacuum of 10–4 Pa. For 
the deposition of base layers, we used an industrial device 
UVN67 (Ukraine) (Fig. 1) with modified internal equip-
ment. The volume of the working area of the installation 
is 0.12 m3 and includes two resistive evaporators with a 
capacity of up to 2 kW. This allows several film layers to be 
deposited in a single cycle on a substrate up to 10×10 cm 
in size by using nodes for moving the substrates during the 
deposition process. The temperature control of the substrate 
was carried out with a thermocouple mounted on the front 
surface of the substrate.

Fig.	1.	General	view	of	the	experimental	device	UVN67:		
1,	2	–	screens;	3	–	evaporator	of	cadmium	telluride	powder;	
4	–	evaporator	of	powdered	cadmium	sulfide;	5	–	carousel;	

6	–	substrate	heater;	7	–	substrate	holder	[22]

Subsequent sample formation procedures were different 
from each other.

The first and second groups of samples were subjected to 
the so-called “chloride treatment”. “Chloride treatment” is 
a mandatory technological operation in the manufacture of 
high-performance film solar cells based on CdS/CdTe [23]. 
The processes occurring as a result of the interphase inter-
action of CdTe-CdCl2 contribute to an increase in the grain 
size of telluride and cadmium sulfide, and also, as a result of 
such treatment, an increase in the lifetime of non-equilibri-
um charge carriers is observed.

After chloride treatment, the second group of samples 
was immersed in a container with a mixture of nitric 
and phosphoric acids in the following volumetric ratio 
HNO3:H3PO4:H2O=1/3:71:29. Then it was washed and 
dried in a gas atmosphere of N2.

The third group of samples was subjected to chemical 
etching in a nitrogen-phosphorus mixture both before and 
after the “chloride treatment”. The formation of rear con-
tacts, which is a Cu/Au film heterostructure of nanosized 
thickness, was carried out for all three groups of samples 
using a UVN71-P3 device (Ukraine) (Fig. 2).

Fig.	2.	General	view	of	the	UVN71-P3	device	[22]

The final procedure was annealing, which stimu-
lates the passage of a chemical reaction leading to the 
formation of the Cu2-xTe phase, which is a degenerate 
p+semiconductor of the electrical conductivity type. It 
is this layer that forms the tunnel junction with the rear 
current-collecting electrode.

4. 2. Study of ITO/CdS/CdTe/Cu/Au solar cells “su-
perstrat” configuration on a flexible substrate

The study of the obtained samples was carried out by 
the measurement method with subsequent analytical pro-
cessing of their current-voltage characteristics (CVC). To 
measure by the compensation method in a stationary irra-
diation mode, close to the standard AM 1.5, the light CVC 
of the SE samples, we used a USO-2 universal LED illu-
minator, which was installed in a laboratory setup. Along 
with USO-2, this setup includes: a stabilized direct current 
source TES 88, a stabilized direct current source HUAYI 
Electronics HY3020MR and two MASTECH MS8040 
multimeters. In addition, the installation circuit is sup-
plemented with a resistive voltage divider to provide a 
step-by-step change in the voltage in the measuring circuit 
through 0.01 V. With a step-by-step change in the voltage 
at the input of the divider through 0.1 V, as well as a store 
of reference resistances R-33.

Further analytical processing of the light CVC of the 
investigated SCs was carried out using a personal computer 
with special software.

The transverse cleavage of the samples under study was 
identified using a Leo Supra 35 high-resolution scanning 
microscope (Germany).

To test the flexibility and degradation resistance of solar 
cells after multiple bending cycles, an arc tube with a radius 
of curvature of 8 cm was used.
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5. Results of the study of ITO/CdS/CdTe/Cu/Au 
 solar cells “superstrat” configuration on a 

flexible substrate

5. 1. Results of studies of the output param-
eters of ITO/CdS/CdTe/Cu/Au solar cells with 
an optimized layer formation technology

The output parameters of the three groups of 
ITO/CdS/CdTe/Cu/Au solar cell samples under 
study were obtained by analytical processing of 
the lightCVC. The research results are presented 
in Table 1.

The light CVC of the three groups of ITO/
CdS/CdTe/Cu/Au solar cells on a flexible sub-
strate are shown in Fig. 3.

Table 1

Output parameters of ITO/CdS/CdTe/Cu/Au solar cells of 
three groups of samples

Sample group Vim, mV Jsc, mA/cm2 FF r. u. Efficiency, %

No etching in a 
nitrogen-phos-
phorus mixture

469.9 24.60 0.42 4.8

Etched in a 
nitrogen-phos-
phorus mixture 
after “chloride 

treatment”

765.6 25.90 0.57 11.3

Etched in a nitro-
gen-phosphorus 
mixture before 
and after “chlo-
ride treatment”

781.7 28.95 0.58 13.1

The transverse cleavage of the three groups of ITO/CdS/
CdTe/Cu/Au solar cells under study on a flexible substrate 
is shown in Fig. 4.

Fig. 3. Light current-voltage characteristics of the 
investigated three groups of ITO/CdS/CdTe/Cu/Au 

solar cells on a flexible substrate:  – without etching 
in a nitrogen-phosphorus mixture;  – with etching in 
a nitrogen-phosphorus mixture after “chloride treatment”; 

 – with etching in a nitrogen-phosphorus mixture 
before and after “chloride treatment”

As seen from Fig. 4, the chemical etching process and 
“chloride treatment” have a significant effect on the surface 
smoothness of the base layer and on the grain size of the 
device structure.

5. 2. Results of a study of the degradation obtained 
by solar cells on a flexible substrate after multiple 
bending cycles

To assess the degradation resistance of the three groups of 
solar cells under study, tensile deformation was used. The ten-
sile deformation was calculated according to the formula [24]

D=tsub/(R×2),

where tsub – the thickness of the substrate, R – the radius of 
curvature.

The light current-voltage characteristics of ITO/CdS/
CdTe/Cu/Au solar cells on a flexible substrate after multiple 
bending cycles are shown in Fig. 5.

Fig. 5. Light CVC of ITO/CdS/CdTe/Cu/Au solar cells 
on a flexible substrate after multiple bending cycles:  

 – before bending;  – 3 cycles of bending; 
 – 5 cycles of bending;  – 10 cycles of flexion

As shown in Fig. 5, the light CVC of the samples before 
and after tensile deformation practically do not differ. The 
investigated solar cells ITO/CdS/CdTe/Cu/Au on a flexible 
substrate demonstrate constant values of the output param-
eters even after 10 bending cycles.

6. Discussion of the results of the study  
of ITO/CdS/CdTe/Cu/Au solar cells on  

a flexible substrate

The study of the output parameters of three groups of 
ITO/CdS/CdTe/Cu/Au solar cells on a flexible substrate 
showed that the lowest values of the output parameters are 
observed in the group of solar cells, in which the samples 
were subjected only to “chloride treatment”. The efficiency 
of such samples was only 4.8 %. For the second group of 

 
  

             

a                                         b                                         c 
 

Fig. 4. Cross cleavage of ITO/CdS/CdTe/Cu/Au solar cells on 
a flexible substrate: a – without etching in a nitrogen-phosphorus 
mixture; b – with etching in a nitrogen-phosphorus mixture after 

“chloride treatment”; c – with etching in a nitrogen-phosphorus mixture 
before and after “chloride treatment”

 
  



Eastern-European Journal of Enterprise Technologies ISSN 1729-3774 6/5 ( 114 ) 2021

10

samples, which after the “chloride treatment” were subject-
ed to chemical etching in a nitrogen-phosphorus mixture, a 
significant increase in efficiency is observed. The increase in 
efficiency is due to the growth of output parameters such as 
Vim and FF. So, for example, Vim increased to 765.6 mV in 
comparison with the corresponding value for the first group 
of samples (469.9 mV), and the FF value for the second 
group of samples is 15 relative units higher. in comparison 
with the first group. The short-circuit current value did not 
increase significantly. A significant increase in the output 
parameters and, consequently, the efficiency of solar cells 
of the second group is due to chemical etching in a nitro-
gen-phosphorus mixture. As is known, chemical etching 
removes natural oxides (TeO2) and promotes the formation 
of a Te-rich layer on the surface of a thin CdTe film and, as 
a consequence, reduces the series resistance of the element.

The third group of samples, which was subjected to 
chemical etching in a nitrogen-phosphorus mixture both 
before and after the “chloride treatment”, demonstrated 
record results of the output parameters. The efficiency of 
the samples of the third group reached 13.1 %. This can be 
explained by the fact that when the samples were spilled in 
a nitrogen-phosphorus mixture before the “chloride treat-
ment”, excess tellurium was formed on the surface. The for-
mation of excess tellurium leads to a decrease in resistance 
and, therefore, more efficient penetration of chlorine during 
the subsequent chloride treatment. The analysis of the trans-
verse cleavage of the investigated device structures (Fig. 4) 
showed that in the sample from the first group (Fig. 4, a) it 
is possible to observe irregularities on the surface, which are 
formed after “chloride treatment” due to recrystallization. 
The presence of such irregularities prevents good adhesion 
during the formation of the rear contacts, which, as a re-
sult of repeated bending of the device structure, leads to a 
violation of the current collection, and, consequently, to 
a decrease in the efficiency of the solar cell. In contrast to 
the previously carried out only “chloride treatment”, the 
introduction of an additional procedure of chemical etch-

ing made it possible to introduce significant changes in the 
morphology of the device structure. After chemical etch-
ing (Fig. 4, b), the edges of the grains become more round-
ed, and the gaps between the grains practically disappeared. 
This leads to a decrease in series resistance and an increase 
in electrical contact between the back contact and the base 
layer, which leads to an increase in efficiency (efficiency). 
Chemical etching preceding the “chloride treatment” and af-
ter it leads to an even smoother surface of the base layer and 
a noticeable increase in the size of the CdTe grain (Fig. 4, b). 
This leads to an even greater increase in the output param-
eters and, accordingly, an increase in efficiency. Thus, it can 
be argued that in order to create efficient solar cells based on 
CdTe on a flexible substrate, chemical etching both before 
and after the “chloride” treatment is a mandatory procedure 
in the formation of the device structure.

Subsequent studies will be aimed at analyzing the losses 
in the output parameters of solar cells on a flexible substrate 
and ways to achieve their theoretical maximum efficien-
cy (30 %).

7. Conclusions

1. Research of the output parameters of solar cells based on 
CdTe on a flexible substrate has been carried out. It has been 
established that chemical etching in a nitrogen-phosphorus 
mixture both before and after the “chemical treatment” is an 
obligatory procedure in the formation of effective device struc-
tures. Carrying out the described procedures made it possible 
to obtain solar cells on a flexible substrate with an efficiency of 
13.1 %, previously achievable only for frame film elements.

2. A study of the degradation resistance of the developed 
device structures during operation has been carried out. It 
has been found that the obtained solar cells based on CdTe 
on a flexible substrate have a high degradation resistance 
and after 10 bending cycles there is no decrease in the output 
parameters.
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