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This paper reports a study into the
impact of cadmium telluride layer thick-
ness on the effectiveness of the CdS/
CdTe/Cu/Au film solar cells. The phys-
ical mechanisms have been investigat-
ed of charge transfer in the CdS/CdTe/
Cu/Au solar cells, which are intended for
use as a backup power source for the sys-
tems of safety and control of objects. This
is important because, despite the growing
popularity of solar cell application, the
effectiveness of laboratory samples differs
greatly from the theoretical maximum.
Thus, it has been established that the opti-
mum thickness of the base layer of film
CdS/CdTe/Cu/Au SCs is 4 um. When the
thickness of the cadmium telluride layer
is reduced, the effectiveness of such an
assembly decreases. The decrease in effi-
ciency occurs as a result of reducing the
shunting electric resistance, increasing
the density of a diode saturation current,
as well as consistent electric resistance.
With the increase in the thickness of the
telluride layer exceeding 4 um, there is
also a decrease in the efficiency of a solar
cell due to the reduced shunting resistance
and the increased serial electric resis-
tance. The deterioration of the specified
light diode characteristics of CdS/CdTe/
Cu/Au SCs, which occurs when the thick-
ness of the base layer is reduced by more
than 4 um, is due to the diffusion of copper
Jrom the contact to the area of the sepa-
rating barrier. The deterioration of light
diode characteristics when increasing the
thickness of the base layer of cadmium tel-
luride is associated with a decrease in the
positive effects of “chloride” treatment.
The examined physical charge transfer
mechanisms in the CdS/CdTe/Cu/Au
solar cells have made it possible to estab-
lish the height of the rear potential barri-
er. In the samples studied, the height of
the rear potential barrier is 0.3 eV. The
existence of such a barrier gives rise to the
thermal-emission mechanism of charge
transfer in such solar cells when applying
a direct offset exceeding 1V

Keywords: cadmium telluride, efficien-
cy improvement, backup power, security
and control systems, emergency
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1. Introduction

facilities and potentially hazardous sites [1]. This is due to

In recent years, there has been a significant increase in
the use of security and control systems, both at high-risk

the ever-increasing number of anthropogenic emergencies
whose growth is due to both technological progress and the
existence of many dangerous factors, as well as the pene-



tration of third parties into the territory of the facility [2].
Remote surveillance systems have become popular, allowing
real-time monitoring of the situation over the Internet [3].
And it is not only video surveillance that has undergone a
number of technological changes, the latter of which is the
transition from analog video surveillance to fully digital net-
work CCTYV systems. The availability of sophisticated sys-
tems has changed since the advent of cheap microcontrollers
such as Arduino, which have made it possible to introduce
low-cost security systems that include most of the features
present in expensive systems [4].

However, even though security and control systems
consume only a small part of the total energy consumption
of the facility, their uninterrupted operation is ensured by
the presence of electricity in the network. Although many
of them have a backup power supply in case of an emergency
shutdown, as a rule, its charge is enough for no more than
24 hours [5].

Therefore, it is a relevant task to devise approaches to
using photovoltaic elements as a reserve of the safety and
control system in the event of a long absence of electricity
supply from engineering networks. Such a system makes it
possible to ensure the operation of security and control sys-
tems at remote objects where there is no electricity supply
from engineering networks. However, to implement this ap-
proach, as well as employ it at a large-scale level, there should
be solar cells whose weight is small, the cost is low while the
efficiency is high.

2. Literature review and problem statement

Photovoltaic technologies are one of the most important
renewable energy sources. Since the first recognition in
1839 [6], there have been numerous studies on the charac-
teristics of photovoltaic converters. However, improving the
efficiency and reducing the cost of photovoltaic technologies
still require considerable effort. Solar cells based on crystal-
line silicon (c-Si) are known as materials in first-generation
solar cells [7]. In terms of cost, performance, and manufac-
turability, the application of new advanced materials such
as amorphous silicon (a-Si), cadmium telluride (CdTe), and
diselenide of copper, indium, and gallium (CIGS) has been
common in the second and third generations of solar panels.
The typical conversion efficiency of the first-generation
technologies is currently between 15 % and 24 %, while
that of the second-generation technologies currently ranges
from 7% to 16 % [8,9]. Another important criterion for
increasing demand for the use of solar cells is degradation
resistance. Papers [10, 11] reported an analysis of the pro-
cesses of degradation taking place in solar cells (hereinafter,
SCs) based on cadmium telluride and proposed a way to
restore their effectiveness. Work [12] examined the radiation
resistance of CdTe solar cells with an efficiency of ~10 %,
whose structure was formed on the anti-radiation glass. The
authors found that in their case the main CdS/CdTe transi-
tion is easily destroyed. It is also important when using solar
cells to pay attention to the possibility of arranging them on
non-flat surfaces. The author of [13] studied solar cells built
on flexible substrates.

Photovoltaic systems can be divided into autonomous
photovoltaic systems and photovoltaic systems connected
to the network [14]. Autonomous systems do not power the
grid. Such systems can vary significantly in size and ap-

plication, for example, in consumer electronics and remote
homes. For example, work [15] reports an experimental
study of absorption refrigerators powered by solar cells.
The system was tested when solar radiation changes in
the range from 550 to 700 W/s of solar energy and 500 ml
of water at room temperature as a cooling load. After
160 minutes, this refrigerator can maintain a temperature
from 5 to 8 °C. Work [16] reported a solar LED street light-
ing system that employs control over constant power and
dimming. The test results showed that the power of LED
lamps of 18 W and 100 W could be precisely adjusted with
a margin of error of 2-5 %.

The authors of [17], in order to functionally monitor the
state of a driver’s fatigue, effectively analyzed the features
and actions of the human body. Identifying and recognizing
the characteristics of the human body currently plays an
important role in many applied areas, such as human ob-
servation and human interaction between applications and
the computer [18—20]. Work [17] reports a system for mon-
itoring drivers on the road, which uses a built-in onboard
platform powered by solar panels. The driver’s monitoring
system on the road can determine the driver’s mental state.
The driver control function is performed using an effective
method of eye detection. With the help of the driver’s eye
movements, recorded by a camera, one can determine the
status of the driver’s attention and avoid any fatigue condi-
tions. This driver monitoring method was implemented on
a low-power platform built into the car and run by a solar
panel, which is another example of the use of solar panels in
monitoring systems.

However, despite the growing use of solar cells as an
autonomous power source, their large-scale application, in-
cluding as a backup power supply to the systems of facilities
safety and control, is still constrained by low efficiency.

3. The aim and objectives of the study

The aim of this work is to devise a technique to improve
the efficiency of film CdS/CdTe/Cu/Au SCs, designed to
provide backup power to the systems of facilities safety and
control.

To accomplish the aim, the following tasks have been set:

— to investigate the effect of the thickness of a cadmium
telluride layer on the effectiveness of film CdS/CdTe/Cu/
Au SCs;

—to investigate the physical mechanisms of charge
transfer in CdS/CdTe/Cu/Au SCs.

4. Materials and equipment used to produce CdS/CdTe/
Cu/Au photovoltaic converters

The examined instrument structures with a photo-har-
vesting surface area of up to 2 cm? were made by thermal
vacuum evaporation when using the vacuum installation
UVNG67 with modified internal equipment. The internal
installation equipment is shown in Fig. 1.

Since one cannot fabricate, without a layer of copper,
effective instrument structures, we deposited on the surface
of telluride cadmium the nanoscale layer of copper with a
thickness of 2 nm. Minimizing the thickness of the copper
layer was aimed at increasing the degradation stability of the
instrument structure.



Fig. 1. The internal installation system for spraying CdS and
CdTe: 1, 2 — screens, 3 — evaporator of powdered cadmium
telluride; 4 — evaporator of powdered cadmium sulfide;

5 — carousel, 6 — substrate heater, 7 — substrate holder

According to [21-25], the technology of tunnel electrode
formation involves, before applying the electrode, conduct-
ing chemical etching, which forms a Te layer; the final stage
is annealing, which leads to the formation of the CuyTe
phase, which is a degenerate conductor.

3. Studying ways to improve the efficiency of CdS/CdTe/
Cu/Au SCs designed for backup power

5. 1. Studying the effect of the thickness of a cadmium
telluride layer on the effectiveness of CdS/CdTe/Cu/Au SCs

Photovoltaic conversion of solar energy is carried out in
the basic layer of cadmium telluride. Therefore, when irra-
diating the surface of the layer of telluride cadmium with
photons, the energy of which is greater than its width of
the prohibited zone, the thickness of this base layer should
ensure their effective absorption. It should also be noted
that excessive growth of the thickness of the base layer leads
to an increase in the consistent resistance of the instrument
structure, which, under other equal conditions, reduces the
efficiency of a solar element [26].

The depth of light absorption in CdTe films was deter-
mined on the basis of experimental spectral dependences of
the transmission and reflection coefficients from the follow-
ing ratio:

1(h)=1, R(O[1—exp{=x/I(D)}],

where I, is the intensity of radiation entering the base layer
at a given wavelength; R([) is the reflection coefficient of
photons at a given wavelength; I(]) is the depth of absorption
of photons at a given wavelength.

Using the experimental dependences of /() and the spec-
tral distribution of the intensity of falling solar radiation
AM, and AM; 5, corresponding to the SC range of photo-
sensitivity SCs of (550-800) nm, we calculated the depen-
dence of the relative cumulative absorption of light on the
thickness of a cadmium telluride layer (Fig. 2). The analysis
shows that the optimum thickness of the CdS/CdTe-based
base layer of film SCs should be about 1 um. Indeed, with
the increase in the thickness of the CdTe layer from 1 pm to
2.5 um, the absorption of light increases by only 10 %; at the
same time, the growth in the electric resistance of the base
layer adversely affects the efficiency.

1), % | (550-800) nm AM,
80 |
60 | (550-800) nm AM,
40 |
20 L L
0 1 2

dcqre, M

Fig. 2. Dependence of the relative integrated absorption of
light on the thickness of the base layer of cadmium telluride

The CdS/CdTe/Cu/Au SCs light current-voltage char-
acteristic measurements were carried out with the different
thicknesses of a cadmium telluride layer (Fig. 3).

Fig. 3. Effect of the cadmium telluride layer thickness on the
CdS/CdTe/Cu/Au SCs light current-voltage characteristic:
6 — dcate=3 pm, 4 — dcare=4 pm, 7 — dcare=5 pm

The thickness of a cadmium telluride layer (dcqre) ranged
from 1 um to 5 pm. The thickness of a cadmium sulfide layer
and a cadmium chloride layer was unchanged and amounted
t0 0.4 pm and 0.35 pum, respectively. Based on the dependence
of the CdS/CdTe/Cu/Au SCs effectiveness on light diode
characteristics, several characteristic ranges of cadmium
telluride thickness can be identified. The effectiveness, output
parameters, and the light diode characteristics of the samples
that correspond to these ranges are given in Table 1.

Table 1

Effect of the cadmium telluride layer thickness on the
output parameters and light diode characteristics
of CdS/CdTe/Cu/Au SCs

dcdte, pM 3 4 5

Voo, mV 682 774 757

Jsey mA/cm? 208 20.1 19.8

FF, relative units 0.48 0.66 0.53

h, % 6.9 10.3 795

R,, Ohmxcm? 7.4 2.8 8.1

Ry, Ohmxcm? 127 954 240
Jo, A/cm? 1.6x10°6 5.7x108 5.8x108

A, relative units 2.7 2.3 2.2

Jpn mA/cm? 21.0 20.2 20.2

Our analysis of Table 1 shows that the growth in a CdTe
layer thickness from 4 pm to 5 pm leads to a decrease in SCs
efficiency by reducing idle voltage and the fill factor of light



current-voltage characteristic. We determined the initial
parameters and light diode characteristics of photovoltaic
converters based on cadmium telluride according to the ex-
perimental light volt-ampere characteristics. The analytical
treatment of light current-voltage characteristic of the ex-
amined SC was carried out on PC. The relationship between
the SCeffectiveness and the light diode characteristics is de-
scribed implicitly by the theoretical light SC current-voltage
characteristic:

Ji=—J i+ Jo{exp [e(V,—J,R) / (ART)]-1}+
+(V,=JiR)/ Ry, )

where J; is the density of the current flowing through the
load, e is the electron charge; & is the Boltzmann constant,
T is the temperature of the solar element; V; is the voltage
drop at loading.

Analytical expression (1) for light current-voltage charac-
teristic is converted to expressions that take the following form:

[=Ag—Ay Vi~Asexp (As VAL, (2)
Ao=(Ly+1p)Ryy/(Rs+Ryy), (3)
A=1/(R;+Ry), “)
As=IgRy/(Rs+Ry), (5)
As=e/(ART), (6)
As=eR/(ART). )

Using expression (2) and experimentally derived val-
ues of I; and V;, by varying the values of the above-spec-
ified coefficients Ag, Ay, Ay, A3, A4, one achieves the best
approximation of the experimental data I;=I(V;) for the
curve that is described by the transformed theoretical ex-
pression (2). Typically, at analytical processing, a standard
deviation does not exceed 108, which corresponds to the
relative error in determining the initial parameters and the
light diode characteristics at the level not larger than 1 %.
Upon finding the specified coefficients, which ensure the
best approximation, one determines the initial parameters
for PEC: I, V,., FF, P,y, efficiency. Light-emitting diode
characteristics Ry, Ry, A and Ijare calculated based on the
derived coefficients Aj, Ay, Ao, A3, A4 applying ratios (3)
to (7) [15-17]. Error in determining the initial parameters
and the light diode characteristics is defined not only by
the magnitude of a standard deviation, but by the error in
measuring light VAC as well.

Our numerical modeling (Fig. 3, a, b) has shown that the
decisive impact on the reduction of SC efficiency is almost
equally exerted by the reduced Ry, and the increased Ry. It
is well-known that the mandatory manufacturing operation
when making effective SCs based on CdS/CdTe is “chlo-
ride” treatment [27], which improves efficiency by several
times. The result of such treatment is the decreased specific
CdTe electric resistance due to the generation of Clr.-Vcq
acceptors with a concentration at the order of 0' cm™,
which reduces R;,. In addition, under such treatment, there
is a re-crystallization of the base layer, in which the column
structure of CdTe with small grain size is transformed into
a structure of free orientation with large grain sizes. As a
result, the probability of partial shunting of the separating

barrier with a grain-bearing surface decreases, causing the
growth of Ry;,. Thus, increasing the thickness of a CdTe layer
at the unchanging thickness of the CdCl, layer leads to that
the described positive effect of “chloride” treatment is not
fully manifested.
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Fig. 4. Modeling the effect of change in the light diode
characteristics on a change in efficiency when increasing
the thickness of a CdTe layer from 4 ym to 5 ym: @ — the

dependence of efficiency on consistent resistance; b — the
dependence of efficiency on shunt resistance; * — theoretical
efficiency; A — experimental efficiency

The analysis of the output parameters and light diode
characteristics from Table 1 shows that reducing the thick-
ness of a CdTe layer from 4 pm to 3 um leads to a decrease
in SC efficiency due to the reduction in V,, and FF. Our
numerical modeling has shown that the decisive impact on
the reduction of efficiency is exerted by the growth in_J, and
the decrease in Ry,. At the same time, the noticeable impact
is due to the growth in Ry.

3. 2. Studying the physical mechanisms of charge
transfer in CdS/CdTe/Cu/Au SCs

We studied the dark current-voltage characteristic to
investigate the physical mechanisms of influence exerted
by the rear contacts on SC efficiency. Typical dark cur-
rent-voltage characteristic of the examined CdS/CdTe/
Cu/Au SCs at direct offset are shown in Fig. 5, a. The ana-
lytical treatment of the experimental dark current-voltage
characteristic indicates the linearization of the tempera-
ture dependence of the density of dark diode saturation
current (Jy) in the 1g/,—1000/T coordinates at a direct
offset to (0.6-0.8) V (Fig. 5, b).



0.01¢

I, Alem?
1E-4
1E-6

1E-8

1E-10

1E-8}
I, A/em?

1E-9¢

1E-10}

33 34 35 36

3,7 38
1000/T, K
b

Fig. 5. Studying the electrical properties of CdS /CdTe/Cu/Au
SCs: a — dark current-voltage characteristic acquired at
different temperatures: ¢ — 7=30 °C »— 7=20 °C;

A — T=12°C;+— T=0°C; m — T=—T7 °C; b — the temperature
dependence of dark diode saturation current

This is the proof that the manufactured film CdS/CdTe/
Cu/Au SCs at these direct offsets implement a thermally ac-
tivated recombination charge transfer mechanism, in which
dark current-voltage characteristic can be modeled with the
following theoretical expressions:

J=sclexp(eV/ART) -1}, ®)

where Ji is the density of dark diode saturation current, V'is
the voltage; e is the electron charge; A is the perfection coef-
ficient; do is the Boltzmann constant; T'is the temperature.

ch:]aoexp(_Ea/kT)V (9)

where E, is the saturation current activation energy associ-
ated with the height of a potential barrier (Ep) via the ratio
E,~Ey/A.

The analytical treatment of the experimental depen-
dences J (1/T) shows that the activation energy of CdS/
CdTe/Cu/Au SCs charge transfer is 0.75eV. Taking into
consideration the fact that the dark perfection factor of the
examined CdS/CdTe/Cu/Au SCs accepts a value of 1.9, we
obtain E,=1.43 eV. The theoretical value of the height of the
potential barrier of the pCdS-nCdTe heterojunction differs
significantly from the experimental value of E;=1.43 eV be-
cause, according to literary data [25], it is 1.02 eV. The width
of the prohibited zone of the film layers of cadmium telluride
is 1.46 eV. Given this, we can conclude that in the examined

SCs the division of charge carriers is enabled by the p-n
junction, which is formed in the base layer of p-CdTe. At
the same time, according to the experimental data obtained
from the elemental analysis and optical research, a layer of
the n-type electrical conductivity may be the variance layers
of the CdS,Tey solid solutions. Thus, the formation of the
CdS,Tey solid solutions not only reduces the difference
in the lattice periods of telluride and cadmium sulfide but
it also shifts the region of the built-in electric field away
from the CdS-CdTe interphase boundary deep into the base
layer of cadmium telluride as a result of the formation of the
nCdSTey-pCdTe heterojunction. In such a transition in the
examined SCs it carries out the division of uneven charge
carriers. At the same time, the negative impact of the surface
recombination on the diode characteristics of the separating
barrier decreases.

At large direct offsets (V>1V), the shape of the exam-
ined SC current-voltage characteristic is affected by the rear
contact. To describe the features of charge transfer in CdS/
CdTe/Cu/Au SCs at direct offsets over 1V, it was suggested
to take into consideration the rear contact as a consistently
connected diode. In this case, the rear contact, which, to-
gether with the base layer of cadmium telluride, forms the
Schottky barrier, is connected in a direction opposite to
the main p-n transition. Our study has shown that the dark
current-voltage characteristic of CdS/CdTe/Cu/Au SCs
demonstrates a plateau under a voltage exceeding 1 V. At
the same time, the amount of current density corresponding
to the plateau increases with the temperature rise. Thus, the
density of the current passing SCs is limited to the density
of the saturation current of the rear contact (/;). In this case,

0,01t
J1,A/CIII2
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\I\
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Fig. 6. Saturation current temperature dependence for CdS /
CdTe/Cu/Au SCs in the Ig /;—1000/ T coordinates

in the lg/;—1000/T coordinates, there is a linearization of the
experimental dependence /i (T) (Fig. 6).

This indicates that at direct shifts exceeding 1 V there is
a thermal-emission charge transfer mechanism acting in the
CdS/CdTe/Cu/Au instrument structure:

]1~€Xp(*EaC/kT), (10)
where E, is the energy of activation of the saturation current
of the rear contact, which is correspondingly related to the
height of the potential rear contact barrier (Ej.) via the ratio
Eo=Epc/A.

For the examined CdS/CdTe/Cu/Au SCs, the E,. value
is 0.16 eV; A=1.9, and, therefore, E;,=0.30 eV. The resulting
value is practically the same as Ep.=(0.31-0.33) eV, certain



for the film CdS/CdTe/Cu/Au SCs made by physical vacu-
um evaporation.

5. Discussion of results of studying the effectiveness and
physical mechanisms of charge transfer in the film CdS/
CdTe/Cu/Au SCs

According to earlier studies [10, 11], in the film ITO/
CdS/CdTe/Cu/Au SCs the main mechanism of degradation
in their efficiency is associated with a copper diffusion into
the CdS/CdTe heterojunction region from a Cu/Au elec-
trode. This process causes a decrease in the quality of the
separating barrier by increasing the density of the diode
saturation current and reducing the shunting electric resis-
tance. The analysis of the dependence of relative integrated
light absorption on the thickness of a cadmium telluride
layer (Fig. 2) shows that the optimum thickness of the CdS/
CdTe-based base layer of film SCs should be about 1 pm.

When the thickness of a CdTe layer increases from 1 pm
to 2.5 um, the absorption of light increases. However, with
the thickness of a CdTe layer of 3 um, copper diffusion is
observed in the CdS/CdTe heterojunction area from the
Cu/Au electrode, causing a decrease in the quality of the
separating barrier by increasing the density of the diode
saturation current and reducing the shunting electric re-
sistance (Table 1). Our modeling of the effect of change
in the light diode characteristics on a change in efficiency
when increasing the thickness of a CdTe layer from 4 pm
to 5 um has made it possible to establish that increasing
the thickness of a CdTe layer from 4 pm to 5 um reduces
the shunting electric resistance (Rg =954 Ohm-cm? for
dear=4 pm, and Rg=240 Ohm-cm? for dcgre=5pm) and
increases sequential resistance (Ry=2.8 Ohm-cm? for dc.
are=4 pm, and R;=8.1 Ohm-cm? for dcqre=5 um). This, in
turn, affects the reduction of idle voltage and the fill factor
of the light volt-ampere characteristic (Table 1). Thus, the
optimum thickness of the basic layer of film CdS/CdTe/Cu/
Au SCs is 4 um (Table 1), which makes it possible to ensure
the effective absorption of solar radiation and neutralizes the
impact of the Cu/Au rear contact on the quality of the main
separating barrier.

Our study of the physical mechanisms of charge transfer
in the film CdS/CdTe/Cu/Au SCs suggests the following
physical mechanisms that form the rear contacts in the ex-
amined CdS/CdTe/Cu/Au SCs. For SCs, after etching the

cadmium telluride layer in a solution of bromine in methanol,
a layer of amorphous tellurium with a thickness of 2-3 nm is
formed on the surface of the base layer. The etching is carried
out in accordance with the CdTe (solid)+Bry (CH30H) (lig-
uid)=Te (solid)+CdBr, (liquid)+CH3OH (liquid) chemical
reaction. The layer of the amorphous tellurium is character-
ized by low electrical conductivity.

For SC with a rear Cu/Au contact, the annealing of the
formed CdS/CdTe/Cu/Au structure in the air at 200 °C
causes the formation of a p+CuyTe-type connection on the
surface of the base layer. Such a connection is a degenerated
semiconductor with a significantly higher electrical conduc-
tivity compared to crystalline tellurium. Diffusing into the
base layer at SC annealing, copper atoms generate acceptor
levels within it. Both specified factors predetermine the for-
mation of a Cu-p+CdTe tunnel contact with a low contact
electric resistance. That makes it possible to use relatively
cheap Cu/Au materials, compared to platinum, to construct
tunnel contacts for efficient CdS/CdTe-based solar cells.

6. Conclusions

1. It has been established that the optimum thickness of
the base layer of the film CdS/CdTe/Cu/Au SCs is 4 pm.
When the thickness of cadmium telluride decreases, the
efficiency of such an instrumental structure decreases. This
occurs as a result of reducing the shunting electric resis-
tance, increasing the density of the diode saturation current,
and consistent electric resistance. With the increase in the
thickness of cadmium telluride, the efficiency is reduced by
reducing the shunting electric resistance and increasing the
consistent electric resistance.

When the thickness of the base layer is reduced from
the optimum value, the deterioration of the specified light
diode characteristics of ITO/CdS/CdTe/Cu/Au SCs is due
to the diffusion of copper from the contact to the region of
the separating barrier. When increasing the thickness of the
base layer, the deterioration of light diode characteristics is
associated with a decrease in the positive effect of “chloride”
treatment.

2. We have established that the height of the rear po-
tential barrier in the CdS/CdTe/Cu/Au SCs is 0.3 eV. The
presence of this barrier gives rise to the thermal-emission
mechanism of charge transfer in such SCs when applying a
direct offset exceeding 1 V.
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