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Abstract
Photovoltaic cells with a base layer of cadmium telluride with a decrease in its thickness are studied. It is known that the widespread 

use of photovoltaic converters is constrained by their high price in the case of highly efficient instrument structures, or low efficiency. The 
creation of tandem and two-sided sensitive photoelectric converters will reduce their cost while increasing their efficiency. However, to 
create tandem and two-sided sensitive photoelectric converters, the necessary conditions are the use of transparent contacts and a decrease 
in the thickness of the base layer for efficient absorption of incident radiation by the converter, which is lower. In the research process, it was 
found that reducing the thickness of the base layer to 1 μm allows to increase the efficiency of the photoelectric transducer during irradia-
tion from the back. An increase in the efficiency of the photoelectric converter occurs due to a decrease in the distance from the generation 
region of nonequilibrium charge carriers in the region of separation. If the thickness of the base layer is less than 1 μm, then regardless of 
which side of the irradiation is carried out, a decrease in the efficiency of the instrument structure is observed. Increase in the efficiency of 
photoconverters is associated with an increase in the negative influence of recombination processes on the back contact, a decrease in the 
number of charge carriers generated due to incomplete absorption of incident radiation, and a decrease in the volume of the built-in field of 
the separating barrier when it overlaps with the depletion region of the back contact. ITO/CdS/CdTe/Cu/ITO SCs with a base layer thickness 
of 1 μm demonstrates degradation stability. The highest value of efficiency in the case of illumination from the front side 8.1 % and with 
illumination from the back side 3.8 % received after a year of operation of the photovoltaic converter.
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1. Introduction
Today, advances in the production of high-performance photovoltaic converters are very 

successful. However, the massive use of such instrument structures is not observed. This is due, 
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first of all, to the fact that the high efficiency of photoconverters is achieved by using complex het-
erostructures. Such instrument structures are expensive because they are created using precious 
high-tech equipment. However, the creation of photoconverters based on thin films from a wide 
variety of materials and compounds is a promising direction in the development of solar energy. 
Unfortunately, the efficiency of these photoconverters is not yet high enough, but the cost of equip-
ment for their creation, and hence the cost of instrument structures, is already quite acceptable. 
So there are two directions for increasing the use of solar energy – increasing the efficiency and 
spectral sensitivity of photoconverters and reducing their cost.

The experimental values of the efficiency of photoconverters based on thin films differ sig-
nificantly from theoretical ones. This circumstance is associated with energy losses due to the 
design features of photoelectric converters and the features of photoelectric processes that occur 
in the volume of the instrument structure when irradiated with sunlight [1, 2]. A radical way to in-
crease the efficiency of solar cells is the formation of tandem (cascade) [3] and two-sided sensitive 
structures that use two or more base layers with different Eg (band gap). This approach allows to 
effectively convert incident solar radiation in a wide spectral range. The most interesting elements 
for the formation of tandem structures are film PECs based on CdTe and CuInSe2 [4]. It is known 
that Eg for CdTe is 1.46 eV [5], and Eg is 1.10 eV [6]. The combination of the energy structure of 
such solar cells will provide increased efficiency, both in terrestrial and in atmospheric conditions. 
However, the formation of tandem and two-sided sensitive instrument structures using solar cells 
with a CdTe base layer is constrained by two reasons. Firstly, the lack of effective transparent back 
contacts. Secondly, the thickness of the PEC base layer, which must be reduced.

The problem of creating transparent rear contacts to p-CdTe was considered in [7] and 
solved and described in detail in [8, 9]. The authors of [9] studied the conditions for the creation 
and operation of Cu/ITO transparent back contacts for film photoconverters with a CdTe base layer, 
which are intended for use in tandem and two-sided sensitive instrument structures.

Given the foregoing, it becomes relevant to study the method of creating PEC with a thin 
base layer of CdTe, which can be used in tandem and two-sided sensitive structures.

The aim of this research is the creation and study of solar cells with a thin base layer of CdTe 
suitable for use in tandem and two-sided sensitive structures.

To achieve this aim it is necessary to solve the following objectives:
1. To study the effectiveness of ITO/CdS/CdTe/Cu/ITO SCs with a decrease in the thickness 

of the base layer.
2. To study the effectiveness of ITO/CdS/CdTe/Cu/ITO SCs with a thin base layer when 

changing the direction of illumination.
3. To study degradation stability of the ITO/CdS/CdTe/Cu/ITO SCs with a thin base layer.

2. Materials for the creation and methods of investigation of film photovoltaic cells with a base 
layer of CdTe

2. 1. Materials and equipment used to obtain ITO/CdS/CdTe/Cu/ITO photoelectric 
converters

For research, a series of SC was made with a base layer thickness (hereinafter referred  
to as tbl) from 2.5 μm to 0.8 μm. The studied instrument structures ITO/CdS/CdTe/Cu/ITO were ob-
tained by thermal evaporation using a UVN67 vacuum unit with modified internal equipment, the 
design of the units is given in [9]. Formed samples of ITO/CdS/CdTe were subjected to “chloride” 
treatment [10]. To carry out the “salt” treatment procedure, CdCl2 films were deposited on the CdTe 
surface without heating the substrate by thermal evaporation at a pressure of 10-5 mm. During the 
“chloride” treatment, the CdCl2 layer linearly decreased from 0.35 μm to 0.15 μm with a decrease in 
the CdTe layer from 2.5 μm to 0.8 μm. After the “salt” treatment, ITO/CdS/CdTe/CdCl2 was annealed 
in air in a closed volume. Annealing in air was carried out at a temperature of 430 °C for 25 minutes. 
The annealing time was also linearly reduced from 25 minutes to 15 minutes with a decrease in the 
thickness of the base layer, and the thickness of the copper layer was reduced to 0.3 μm.

The ITO films (indium and tin oxides) were deposited by direct current non-reactive mag-
netic sputtering in a VUP-5M vacuum unit using an original material-saving magnetron [11]. The 
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length of the discharge gap, which is the distance between the magnetron and the substrate, was  
70 mm. The power consumption of the magnetron was 0.2 W/cm2. The substrate temperature (Ts) was 
300 °C. The initial pressure in the vacuum chamber was 3×10-5 mm hg., the working pressure of the 
argon-air mixture during the spraying process is (2.1–2.6)×10-2 mm. For pressing ITO targets, con-
taining 95 wt. % of indium oxide and 5 wt. % of tin oxide a special press was made. It should be noted 
that magnetron sputtering is an effective method for producing all transparent electrodes [12, 13]. 
This is due to the high degree of accuracy of transferring the target composition to the substrate, 
reproducibility and controllability of the magnetron sputtering process [14, 15].

2. 2. Methods of measurement and analytical processing of light current-voltage char-
acteristics

Measurements of light current– voltage characteristics (hereinafter referred to as CVC) 
during the simulation of solar radiation by a system of LEDs were carried out according to the 
procedure described in [15].

The initial parameters and light diode characteristics (hereinafter referred to as LDC) of the 
studied samples were determined by their CVC obtained experimentally. The analytical processing 
of the light CVC of the investigated PECs was carried out using a PC.

The theoretical expression for describing the relationship between the efficiency of the PEC 
with light diode characteristics has the form:

                             Jn=–JphJ0{exp[е(Vn–JnRsh)/(АkТ)]–1}+(Vn–JnRsh)/Rs, 	  (1)

where Jn – the current density; Jph – the photocurrent density; the saturation diode current density; 
е – the electron charge; Vn – voltage drop at the load; Rsh– series resistance; А – the diode ideality 
coefficient; k – the Boltzmann constant, Т – the temperature of the photoelectric converter; Rs – 
shunt resistance.

According to the program, the analytical expression (1) for the light CVC turns into an ex-
pression, which has the form:

                                            In=А0–А1Vn–А2exp (А3Vn+А4In), 	 (2)

                                                   А0=(Iph+I0)Rs/Rsh+Rs),	  (3)

                                                         А1=1/(Rsh+Rs),	  (4)

                                                       А2=I0Rs/(Rsh+Rs),	  (5)

                                                           А3=е/(АkT), 		  (6)

                                                        А4=еRsh/(АkT).	  (7)

Using expression (2) and experimentally obtained values of In and Vn, by varying the val-
ues of the above coefficients А0, А1, А2, А3, А4, the best approximation of the experimental data is 
obtained, In=In(Vn), described by the transformed theoretical expression (2). Usually, during an-
alytical processing, the average deviation does not exceed 10-8, which corresponds to a relative 
error in the determination of the initial parameters and LDC at a level of no more than 1 %. After 
finding the specified coefficients that provide the best approximation, the initial PEC parameters 
are determined: Jsc (current density short circuit), Voc (open circuit voltage), FF (filling factor), Pm 
(maximum power), Efficiency (coefficient of performance). LDC (light diode characteristics) Rs 
(series resistance), Rsh (shunt resistance), A (diode ideality coefficient) and J0 (saturation diode cur-
rent density) are calculated according to the found coefficients A0, A1, A2, A3, A4, using the relations 
(3)–(7) [16–18]. The error in determining the initial parameters and LDC is determined not only 
by the value of the standard deviation, but also by the error in the measurement of the light CVC.
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3. Results of the study of experimental samples ITO/CdS/CdTe/Cu/ITO 
3. 1. Results of the study of changes in the output parameters and diode characteristics 

of the ITO/CdS/CdTe/Cu/ITO PECs at different thicknesses of the base layer
In this work, the CVCs of the instrument structures were measured upon irradiation on both 

sides with a change in the values of tbsh from 2.5 μm to 0.8 μm. It was found that with a decrease in 
the thickness of CdTe films, one can distinguish characteristic thicknesses in which a change in the 
physical mechanisms of the influence of the distance from the back contact to the separating barrier 
on the efficiency of photoelectric processes in the base layer is observed (Fig. 1).

Fig. 1. Light CVCs of the solar cell: 1 – with a base layer thickness of 1 μm and irradiation 
from the front side; 2 – with a base layer thickness of 0.8 μm and irradiation from the front side; 
3 – with a base layer thickness of 1 μm and radiation from the back side; 4 – with a base layer 

thickness of 0.8 μm and radiation from the back side

By analytical processing of the light CVCs, the initial parameters were obtained and the di-
ode characteristics under irradiation on both sides were calculated. The output parameters and the 
LDC of the samples under irradiation on both sides are given in Tables 1, 2, respectively.

Table 1
ITO/CdS/CdTe/Cu/ITO output parameters and LDC of PEC upon irradiation from the front side

The thickness of 
the base layer, μm

Jsc,  
mA/cm2

Voc,  
mV FF Efficiency,  

%
Jp,  

mA/cm2
Rsh, 

Ohm∙cm2
Rs, 

Ohm∙cm2 A J0,  
A/cm2

2,5 19,4 740 0,68 9,8 19,5 1,6 1031 2,28 6.2∙10-8

1 19,3 670 0,52 6,7 19,7 4 185 3,03 3,0∙10-6

0,8 19,1 607 0,51 5,9 19,2 <0,1 169 4,11 4,9∙10-5

Table 2
ITO/CdS/CdTe/Cu/ITO PECs output parameters and LDC upon irradiation from the back side

The thickness of the 
base layer, μm

Jsc,  
mA/cm2

Voc,  
mV FF Efficiency,  

%
Jp,  

mA/cm2
Rsh, 

Ohm∙cm2
Rs, 

Ohm∙cm2 A J0,  
A/cm2

2,5 19,4 740 0,68 9,8 19,5 1,6 1031 2,28 6.2∙10-8

1 19,3 670 0,52 6,7 19,7 4 185 3,03 3,0∙10-6

0,8 19,1 607 0,51 5,9 19,2 <0,1 169 4,11 4,9∙10-5

As can be seen from the Tables 1, 2 with a thickness of less than 1 μm, a decrease in effi-
ciency is observed not only during irradiation from the front, but also from the back. That is, it is 
impractical to create tandem and bilaterally sensitive PECs with tbl less than 1 μm. Therefore, to 
analyze the degradation stability, the ITO/CdS/CdTe/Cu/ITO PECs with tbl of 1 μm were studied 
under illumination both from the back and from the front.

3. 2. The results of the study of the degradation stability of ITO/CdS /CdTe/Cu/ITO 
SCs with a base layer thickness of 1 μm

To analyze the degradation stability according to the method described in [2], ITO/
CdS/CdTe/Cu/ITO SCs with a base layer thickness of 1 μm were studied under illumination 
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from both the back and the front. The light CVCs of the structures under study are shown  
in Fig. 2.

Fig. 2. Light CVCs of the ITO/CdS/CdTe/Cu/ITO PECs with tbl 1 μm: 1 – when irradiated 
from the front side for 1 year 22 – when irradiated from the front side for 4.3 years; 3 – when 

irradiated from the back for 1 year 4 – when irradiated from the back for 4.3 years

The results of a study of the degradation stability of the ITO/CdS/CdTe/Cu/ITO PECs with 
tbl=1 μm were obtained by analytical processing of the light CVCs (Fig. 2), the initial parameters 
and LDC were determined upon irradiation on both sides (Tables 3, 4).

Table 3
ITO/CdS/CdTe/Cu/ITO PECs output parameters and LDC with a base layer thickness of 1 μm when irradiated 
from the front side

Time,  
year

Jsc,  
mA/cm2

Voc,  
mV FF Efficiency, 

%
Jp,  

mA/cm2
Rsr, 

Ohm∙cm2
Rs, 

Ohm∙cm2 A J0,  
A/cm2

0 19,3 670 0,52 6,7 19,7 4 185 3 3,0∙10-6

1 19,8 673 0,61 8,1 20,2 4 272 1,9 2,2∙10-8

4,3 19,7 648 0,6 7,6 19,9 3,4 310 2,2 1,9∙10-7

Table 4
ITO/CdS/CdTe/Cu/ITO PECs output parameters and LDC with a base layer thickness of 1 μm when irradiated 
from the back side

Jsc,  
mA/cm2

Voc,  
mV FF Efficiency, 

%
Jp,  

mA/cm2
Rsh, 

Ohm∙cm2
Rs, 

Ohm∙cm2 A J0,  
A/cm2

Jsc,  
mA/cm2

0 12,8 604 0,36 2,8 13,3 4,99 76,8 2,6 5,9·10-7

1 13,4 610 0,47 3,8 13,8 2,47 115 2,9 2,7·10-6

4,3 13,6 610 0,44 3,7 14,3 4,2 101 2,7 1,38·10-6

As can be seen from the Tables 3, 4, PECs with a base layer thickness of 1 μm after a year 
of operation demonstrate maximum efficiency regardless of the direction of exposure.

4. Discussion of the results of the study of the ITO/CdS/CdTe/Cu/ITO PECs with a decrease 
in the thickness of the base layer

The initial parameters and light diode characteristics of receiving when illuminating the solar 
cells from the front side are shown in Table 1, showing that a decrease in tbl to 1 μm leads to a decrease 
in the efficiency from 9.8 % to 6.7 %, which is due to a decrease in Voc and the filling factor of the light 
CVCs. A decrease in the efficiency from 6.7 % to 5.9 % with a decrease in the layer thickness to 0.8 μm 
is due to a decrease in Jsc and Voc against the background of a constant value of the filling factor of the 
light CVCs. Modeling of the effect of a decrease in tbl from 2.5 μm to 1 μm on the global diode charac-
teristics of solar cells and, accordingly, on efficiency, shows that an increase in J0 and a decrease in Rs 
make a decisive contribution to the decrease in efficiency. The next decrease in tbl leads to a decrease 
in efficiency, which is mainly due to an increase in the diode saturation current. As the thickness of 
the base layer decreases, the area of the separating barrier approaches the surface of the back contact.
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Let’s believe that the physical mechanism that causes the increase in J0 is the increase in 
the negative effect of surface recombination, as a result of which the effective life time of nonequi-
librium charge carriers generated by light is reduced. In addition, with a decrease in the thickness 
of the cadmium telluride films, the space charge region may occupy the entire base layer and the 
thickness of the base layer is insufficient to ensure a complete drop in the contact potential differ-
ence arising at the boundary of the CdS/CdTe structure. This fact causes a decrease in the potential 
difference in the region of the separating barrier and causes, which is observed experimentally, a 
decrease in Voc. A decrease in tbl can lead to a decrease in Jsc due to the fact that part of the radiation 
does not have time to absorb in the base layer and this leads to a decrease in the concentration of 
generated electron-hole pairs.

Parameters given in the Table 2 show the output parameters and the light-emitting diode 
characteristics of receiving when illuminating the solar cells from the back side, showing that 
when tbl decreases from 1 μm to 0.8 μm, a change in efficiency is observed due to a decrease in 
shunt resistance. From our point of view, the non-monotonic change in the efficiency upon irradia-
tion from the back with a decrease in the thickness of the base layer is due to the action of several 
competing physical mechanisms. A feature of photovoltaic processes during illumination on the 
back side is the spatial separation of the generation region of nonequilibrium carriers and their 
separation region by the built-in electric field of the separating barrier. When illuminated from the 
back, the generation region is located near the back surface, and the separation region is near the 
front. Therefore, as tbl decreases, the generation region approaches the separation region of non-
equilibrium charge carriers. This leads to an experimentally observed increase in the photocurrent 
density, which causes an increase in efficiency with a decrease in thickness to 1 μm. Along with 
the described physical mechanism, a decrease in the thickness leads to a decrease in the lifetime 
of nonequilibrium charge carriers due to an increase in their recombination on the back surface. In 
this case, the height of the separating barrier also decreases and, obviously, the fraction of absorbed 
solar radiation decreases. It is with the action of these physical mechanisms that a decrease in the 
SC efficiency is associated with a decrease in the thickness of the base layer to 0.8 μm.

Noteworthy is the significant difference between the light diode characteristics during irra-
diation on both sides. For all thicknesses studied, the density of the saturation diode current is lower 
when illuminated from the back than from the front. This is due to the fact that under illumination 
from the back side near the separating barrier, fewer charge carriers are generated, and causes a de-
crease in J0. Smaller shunt resistance values are due to the diode properties of the back contact, which 
is included in the opposite main separation barrier. In this case, the concentration of nonequilibrium 
charge carriers generated by light in the back contact region increases, which leads to a decrease in 
the size of the depletion region and a corresponding decrease in shunt resistance. With a decrease in 
the thickness of the base layer, the overlapping of the space charge regions of the main separation 
barrier and the back contact is enhanced, it can also lead to a decrease in the region of depletion of 
the back contact, and an experimental decrease in Rs is observed when irradiated from both sides.

Analysis of the Table 3 shows that with an increase in the operating time of the ITO/CdS/
CdTe/Cu/ITO SCs with tbl=1 μm up to one year, an increase in efficiency is observed from 6.7 % 
to 8.1 %, which is due to an increase in the filling factor of the light CVCs. Modeling of the effect 
of global diode characteristics on efficiency shows that an increase in shunt resistance makes a 
decisive contribution to the increase in efficiency. A further increase in operating time to 4.3 years 
is accompanied by a decrease in efficiency to 7.6 %. However, since the efficiency of PECs after  
4 years remains above the initial value, the obtained PECs possess degradation stability necessary 
for practical use.

Analysis of the Table 4 shows that when irradiating from the back side, as well as when ir-
radiating from the front, an increase in the operating time of the ITO/CdS/CdTe/Cu/ITO SCs with 
tbl=1 μm to 1 year leads to an increase in efficiency from 2.8 % to 3.8 %, which is due to an increase 
in the FF of the light CVC. With a further increase in operating time up to 4.3 years, the efficiency 
decreases from 3.8 % to 3.7 %, due to a decrease in the filling factor of the light CVC. Thus, all 
the qualitative trends in the change in the initial parameters and light diode characteristics when 
illuminating the ITO/CdS/CdTe/Cu/ITO PECs from the back and front sides are the same.
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Let’s consider the possible physical mechanisms that determine the observed changes indi-
cated above. In the ITO/CdS/CdTe/Cu/ITO PECs design, a nanoscale copper layer was deposited 
between the ITO layer and CdTe. The diffusion of copper in tbl of cadmium telluride is carried out 
along grain boundaries and grain volume. It is well known that the grain-boundary recombination 
rate is significantly higher than bulk recombination. When cadmium is replaced in the cadmium 
telluride lattice, copper atoms act as acceptors because they have a lower valency. Therefore, with 
grain-boundary diffusion, the electrical conductivity increases in the regions of CdTe adjacent to 
the grain boundaries. As a result of this, isotypic p–p+ transitions arise near the grain boundaries. 
Such p–p+ homojunctions reduce the recombination losses of nonequilibrium charge carriers gen-
erated by light due to the fact that when electrons approach the grain boundaries with their internal 
field, they push electrons into the bulk of the grain. Therefore, when copper is located in regions 
adjacent to grain boundaries, this leads to an increase in the lifetime of nonequilibrium charge 
carriers, and an increase in the lifetime leads to a decrease in the saturation diode current and a 
corresponding increase in the efficiency of the device structure. Thus, the physical mechanism for 
decreasing the saturation diode current density with an increase in operating time up to 1 year is 
described in particular in ITO/CdS/CdTe/Cu/ITO PECs.

Since diffusion over the volume of grain is slow, a decrease in the concentration of copper on 
the grain-boundary surface due to its escape into the volume of grain due to the presence of a con-
centration gradient becomes significant for sufficiently long periods of operation of the solar cells. 
An increase in the concentration of copper in the grain volume leads to an increase in conductivity 
and a decrease in the height of potential barriers of the above isotypic homojunctions. This, in turn, 
causes an increase in grain-boundary recombination and leads to a fixed increase in the density of 
the diode saturation current, and an experimental decrease in the efficiency is observed.

The shunt resistance Rsh is included in the equivalent photomultiplier to take into account the 
influence on the efficiency of photoelectric processes of low electrical support of local parts of the 
device structure, such as: end surfaces, grain boundaries, secondary phases, through pores in the 
layers. In the framework of the traditional equivalent PEC scheme, the observed evolution of shunt 
resistance can’t be explained.

Thus, when conducting further studies of PECs based on cadmium telluride assigned to 
tandem and two-sided sensitive solar cells, the main attention should be focused on ways to limit 
the diffusion of copper into the grain volume, and not on further reducing the thickness of the base 
layer. Since a further decrease in the thickness of the base layer leads to a decrease in the diode 
characteristics and, accordingly, the output parameters of the solar cell.

5. Conclusions
When studying the ITO/CdS/CdTe/Cu/ITO PECs, it was found that a decrease in the thick-

ness of the base layer to 1 μm makes it possible to increase the efficiency of the instrument structure 
from 2.8 % to 3.8 % when illuminated from the back due to the approximation of the region of 
active generation of nonequilibrium carriers charge in the field of separation.

With a base layer thickness of less than 1 μm, regardless of the direction of illumination, 
a decrease in efficiency is observed from 6.7 % to 5.9 % when irradiated from the front, and from 
2.8 % to 1.5 % when irradiated from the back, due to an increase in the negative the effect of sur-
face recombination on the back contact, a decrease in the number of charge carriers generated due 
to incomplete absorption of the incident radiation, and a decrease in the built-in field of the separat-
ing barrier when it overlaps with the depletion region of the back contact.

ITO/CdS/CdTe/Cu/ITO PECs with a base layer thickness of 1 μm demonstrate high deg-
radation stability. The maximum efficiency when lighting from the front side is 8.1 % and when 
lighting from the back side is 3.8 % after a year of operation of the devices of the structure.
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