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s 3a00601enHs nompedu y anomepha-
muenill cucmemi enexmposabesneuenms nio
yac aixeidayii ma nonepeoyicenns Hao36u-
ualinoi cumyauii 6 Ymoeax NOWKOONCEHHS
cucmemu eaexmponocmauanis 00caioxNce-
HO MNIBK06I COHAuHI enlemenmu. 3 ypaxy-
eanmnam eucoxoi oezpaodauitinoi cmitixocmi
menypudy xKaomito 0as 00CaiOHceHHA OYa0
00pano 060CMOPOHHLO HYMAUBT COHAUHI
enemenmu na octoei CdS/CdTe 3 naomon-
Kum 6a3068um wapom npudami ons popmy-
eéanns mandemnux cmpyxmyp. Cmeopenns
mandemnux cmpyxmyp 0036015€ 30inb-
wumu xoegiyienm xopuchoi 0ii 3a paxy-
HOK PO3MiueHHs Ha PpoHmMAaNbHIU NOGEPXHI
inwozo ¢omonepemeoprosaua. Ilposedeno
BUMIPIOBAHHS CBIMII0OBUX B0JIbM-AMNeEP -
HUX XAPAKMEPUCMUK COHAUHUX eJleMeHmis
ITO/CdS/CdTe/Cu/ITO 3 moswuoro 6aso-
6020 wapy 1 mMxm, npu 00HOUACHOMY OCEimM-
JleHHI 3 MUaAbHOT ma PpoHmanoHoi CMopiH.
Excnepumenmanvno noxazano, wo 060cmo-
POoHHE oc8imaenns 0036014€ NiOGUUUMU
eNeKMPUUHY NOMYHCHICMb, WO BUPOONLEMD-
¢ npunacoeoro cmpyxmypoto, Ha 30 %.

Hocaidxcenns cnexmpanvHux 3asnedxnc-
Hocmell Koeiyienmy nponyckaumus noxa-
3anu, wo npunadosi cmpyxmypu ITO/
CdS/CdTe/Cu/ITO 3 moewunoro 6aso-
6020 wapy 1 mxm 6 cnexmpanviomy dia-
nasoni (0,82-1,10) mxm matomov cepeo-
i  Koegiyienm nponycxanus 0,58.
Hocniodxcenns ceimnoeux e6oavm-amnep-
HUX XAPAKMEPUCMUK COHAUHUX eJleMeHmis
Mo/CulnSe?/CdS/Zn0,/Zn0:Al/Ni:Al/Ni
noxaszanu, w0 po3mMiuieHHs Ha U020 Ppon-
manvHill N0BEPXHI COHAUNHO20 eNeMeHmy
ITO/CdS/CdTe/Cu/ITO npuszsodumv 0o
3HUIMCeHHA KO iyienmy Kopucnoidiiz 11,2 %
00 6,0 %. Taxe s3nudicenns, 6 neputy uepey,
00ymosieHe 3MEHUEHHAM 2YCMUHU CMpY-
My Kopomxozo samuxanna 3 25,9 MA/cm®
0o 13,8 MA/cM?. Oonax, ockinvku xoedi-
uieHm Kopucnoi 0ii coHauH020 enemenmy
ITO/CdS/CdTe/Cu/ITO cmanosumo 7,8 %,
mo anpobosani mandemui pomoenexmpuuni
nepemeoptosaui ITO/CdS/CdTe/Cu/ITO —
Mo/CulnSe?/CdS/.Zn0/Zn0:Al/N npooe-
Moncmpysanu edpexmuenicmo 13,8 %

Kntouoe6i crosa: meaypio xaomiro, pomo-
eslexmpuuni nepemeoproeaui, manoemui ma
080CMOPOHHLOUYMAUET NPUNAO0B] CMPYK-
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1. Introduction

and catastrophes of various nature including those of medi-

A side result of active scientific and technological prog-
ress has become the growth of emergencies due to accidents

cal and biological character (COVID 19). Their complexity
and complicated socio-economic implications actualize the
issue of readiness of governance bodies, as well as their capa-



bilities, to prevent and eliminate them. In addition, in case
the electricity supply is disrupted, each means of counteract-
ing the emergency should be equipped with a rechargeable
battery, which can renew its charge even in the absence of
a conventional power supply. It is for such purposes that it
is advisable to use non-traditional power sources, namely
solar cells. However, a significant precondition for their use
for this purpose is the low weight of instrument structures,
which are highly effective and degradation resistant. Given
this issue, it becomes necessary to focus on analyzing the
prospects of using tandem and double-sided sensitive solar
cells as an alternative power supply system to prevent emer-
gencies in case conventional electrical systems are damaged.
Considering the above, it is a relevant task to study the
CdS/CdTe-based double-sided sensitive solar cells, as well
as to use such instrument structures as part of tandem pho-
tovoltaic converters.

2. Literature review and problem statement

The solar cells considered in this work are the cadmium
telluride-based film solar cells that show prospects for fur-
ther research [1, 2]. Papers [3, 4] report the results of study-
ing the initial parameters and the diode characteristics of
such instrument structures. It is shown that such solar
cells have not yet reached their theoretical maximum but
they demonstrate high values of degradation stability [5].
The authors of works [5, 6] suggest the production of so-
lar cells based on CdS/CdTe using the electrochemical
method. However, the application of this method also did
not make it possible to improve the effectiveness of such
instrument structures. The authors of [7] reported a study
into the degradation stability and showed that such solar
cells are adapted exactly for the solar insolation observed
in Ukraine. However, the theoretical maximum efficiency
could also not be achieved. One way to increase the effec-
tiveness of SC is to build tandem (cascading) structures,
an example of which is described in [8], as well as dou-
ble-sided structures in which two or more base layers of
different E, (the width of the forbidden zone) are used, but
such instrument structures were not investigated when us-
ing cadmium telluride. Such an approach makes it possible
to effectively convert incident solar radiation over a wide
spectral range. Paper [9] proposed, with respect to the
size of the forbidden zone, building the tandem structures
by using the film solar cells based on CdTe and CulnSe,
since it is known that E, for CdTe is 1.46 eV [4] and E, for
CulnSe; — 1.10 eV [8]. However, the cited works did not
perform experimental studies of such tandem structures.
Up to now, the construction of tandem and double-sided
sensitive instrument structures with a base layer of CdTe
was prevented by the lack of effective transparent rear con-
tacts and the inappropriate thickness of the base layer of a
solar cell based on CdTe. The issue of building transparent
rear contacts for p- CdTe was considered in [10] and was
resolved and described in detail in [11, 12], but the tandem
structures were also not investigated in the cited works.
The authors of [13] reported research aimed at reducing the
thickness of the base layer to 1 um. As shown in paper [13],
the ITO/CdS/CdTe/Cu/ITO solar cells with a base layer
thickness of 1 um demonstrate high degradation stability.
In addition, the authors of the paper indicated that the

reduction of the base layer thickness makes it possible to
consider the investigated solar cells as part of tandem in-
strument structures and as the double-sided sensitive solar
elements. However, no such studies have been conducted
yet. However, no such studies have been revealed until now.

3. The aim and objectives of the study

The aim of this study work is to build and investigate SC
with a thin base layer made from CdTe under double-sided
irradiation and as part of tandem photovoltaic converters.
This would make it possible to increase the efficiency of the
instrument structure through the more effective absorption
of incident radiation.

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

— to investigate the efficiency and output parameters of
ITO/CdS/CdTe/Cu/ITO SC under double-sided irradia-
tion;

—to investigate the spectral dependences of the col-
lection factor of ITO/CdS/CdTe/Cu/ITO SC at different
shifting voltages;

—to investigate the efficiency and output parameters
of ITO/CdS/CdTe/Cu/ITO SC within the tandem photo
converters.

4. Materials for building, and methods for studying, the
ITO/CdS/CdTe/Cu/ITO film solar cells

For the present research, we fabricated a series of SC
using the method of thermal evaporation applying the vac-
uum installation UVN67 with modified internal equip-
ment. The design of the installations is given in [12]. In or-
dertoforma high-quality rear contact, the samples of ITO/
CdS/CdTe were subjected to “chloride” treatment [14].
The procedure of the “chloride” treatment was carried out
according to the procedure described in detail in work [13].
After the “chloride” treatment, the samples were exposed to
annealing in the air in a closed volume. The air annealing
was carried out at a temperature of 430 °C for 25 minutes.
We applied the ITO films (oxides of indium and tin)
by the method of non-reactive magnetron spraying at
the direct current in the vacuum installation VUP-5M,
using the original material-saving magnetron [14].
The length of a discharge gap, which is the distance be-
tween the magnetron and the substrate, was 70 mm. The
power consumption of the magnetron was 0.2 W/cm?. The
substrate temperature (Ty) was 300 °C. The initial pressure
in the vacuum chamber was 3x10-> mm Hg, the operating
pressure of the argon-air mixture in the process of spray-
ing — (2.1-2.6)x102 mm Hg. For pressing the targets of
ITO, containing 95 % by weight of indium oxide and 5 %
by weight of tin oxide, a special press was made. It should
be noted that magnetron spraying is an effective method
of obtaining all transparent electrodes [15, 16]. This is
due to the high degree of accuracy of transferring the
target’s composition to the substrate, the reproducibility
and manageability of the magnetron spraying process [17].
The procedure of analytical processing of light volt-ampere
characteristics is described in detail in work [13]. The irra-
diation, which was used in studying the film solar cells both
from the frontal and rear sides, is 1,000 W/m?.



5. Results of studying the experimental samples of ITO/
CdS/CdTe/Cu/ITO

5. 1. Results of studying the output parameters of
the ITO/CdS/CdTe/Cu/ITO SC under double-sided
irradiation

In order to quantify the impact of double-sided irra-
diation on the efficiency of electric energy generation,
the comparative studies of CdS/CdTe/Cu/ITO were
carried out under irradiation from the rear and front
sides and at simultaneous irradiation (Fig. 1).
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Fig. 1. Light current-voltage characteristic of
CdS/CdTe/Cu/ITO current-voltage characteristic:
1 — under irradiation on the rear side; 2 — under
irradiation on the frontal side; 3 — under simultaneous
irradiation on the rear and frontal sides

The analytical processing of the light current-voltage
characteristic of the examined samples produced the out-
put parameters under different irradiation variants, which
are given in Table 1.

Table 1
Output parameters of ITO/CdS /CdTe/Cu/ITO SC under

ment structures, we studied the spectral dependences of the
collection factor at various shifting voltages and different
directions of irradiation. Based on the acquired spectral
dependences, we analyzed the influence of the region of the
spatial discharge of a rear contact on the efficiency of photo-
voltaic processes in the basic layer of SC based on ITO/CdS/
CdTe/Cu/ITO (Fig. 2).
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Direction of irradiation A, nm
SC output on the on the rear | simultaneously on
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2 *
Jse, (mA/cm) 196 125 324 321 Fig. 2. Spectral dependences of collection factor of
Voo (mV? 620 570 610 the CdS /CdTe/Cu/ITO SC with a thickness of the base layer
FF, rel. units 0.59 044 0.50 of 1 um at various shifting voltages (1-0V,2—0.5V,
n, % 717 3.13 9.88 3-06V,4—0.7V,5—-0.8V,6—0.9V,7—CE 1.1V,

Note: * — output parameters of the theoretical light current-volt-
age characteristic, obtained by adding two experimental light
current-voltage characteristic at the rear side illumination

As seen in Table 1, at the irradiation on the rear side,
there is a significant decrease in the magnitudes J;. and V.,
which is accompanied by a significant decrease in efficiency.
However, simultaneous irradiation on both sides demon-
strates high results of the output parameters.

5. 2. Results of studying the spectral dependences of
the collection factor of the ITO/CdS/CdTe/Cu/ITO SC
at different shifting voltages

In order to analyze the possibility of using the designed
SC based on ITO/CdS/CdTe/Cu/ITO in tandem instru-

8 — 1.2 V): @ — under irradiation on the frontal side;
b — under irradiation on the rear side

To quantify the contribution of incomplete absorption to
the reduction of the photocurrent density, we investigated
the light current-voltage characteristic of CdS/CdTe/Cu/
ITO with a thickness of the base layer of 1 um when illumi-
nated on the rear side (Fig. 3).

The output parameters of SC from the analytical treatment
of light current-voltage characteristic are given in Table 2.

In carrying out such studies, we placed on the frontal
side, under the irradiation on the rear side, a mirror, which
allowed the radiation passed through the SC to be directed
again to the base layer from the frontal side. Thus, we have
experimentally analyzed the loss of electrical power, gener-



ated by SC, due to the incomplete absorption of light when
illuminated from the rear side.

Table 2

The output parameters of CdS/CdTe/Cu/ITO SC with a
thickness of the base layer of 1 uym under different irradiation
variants

The output parameters of the characteristic samples
of Mo/CulnSe?/CdS/Zn0O/Zn0O:Al/Ni: Al/Ni SC and a
tandem ITO/CdS/CdTe/Cu/ITO — Mo/CulnSe2/CdS/
Zn0O/ZnO:Al/Ni:Al/Ni photoelectric converter are given
in Table 3.

Table 3

Fig. 3. Light current-voltage characteristic of
CdS/CdTe/Cu/ITO SC: 1 — irradiation on the rear side,
2 — rear-frontal irradiation

5. 3. Results of studying the output parameters of
ITO/CdS/CdTe/Cu/ITO SC as part of tandem SC

We have verified the designed ITO/CdS/CdTe/Cu/
ITO SC as part of the tandem SC with a narrow band layer
based on copper diselenide and indium. Such solar cells were
produced at the Swiss Institute of Technology. The Mo/Cu-
InSe2/CdS/Zn0O/Zn0O:Al/Ni:Al/Ni SC were made on glass
substrates and had a frontal configuration. The lighting of
such instrument structures is enabled on the side of a ridge
Ni contact. The light current-voltage characteristic of such
instrument structures were studied when the illuminated
surface hosted an ITO/CdS/CdTe/Cu/ITO SC with a base
layer thickness of 1 pm and the efficiency 7.8 % (Fig. 4).
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Fig. 4. Light current-voltage characteristic of Mo/CulnSe2 /
CdS/Zn0/Zn0:Al/Ni :Al/Ni SC: — (1) and when ITO/
CdS/CdTe/Cu/ITO is placed at its frontal surface — (2)

. - T Output parameters of solar cells in a tandem structure
Direction of irradiation
SC output parameters rear rear-frontal | frontal SC parameters | CulnSe, CulnSey/CdTe CdTe
Jse (mA/cmu?) 125 14.1 19.7 Jse (mA/cmy?) 259 138 19.7
Voe, (mV) 570 571 666 Voe, (MV) 634 590 666
FF, rel. untis 0.44 0.43 0.60 FF, rel. units 0.68 0.74 0.60
n, % 3.1 3.4 7.8 n, % 11.2 6.0 7.8
‘s Isf As shown by Table 3, placing the ITO/CdS/CdTe/Cu/
é’ . ITO solar cell at the surface of Mo/CulnSe2/CdS/ZnO/
E 1of ZnO:Al/Ni: Al/Ni results in a significant decrease in the
= effectiveness of the latter.
st
-0,3 of L6 ; ; ;
0 6. Discussion of results of studying the ITO/CdS/CdTe/
- V.V Cu/ITO SC under double-sided irradiation and as part of
5 a tandem photoelectric converter
-107 The parameters and the efficiency of the instrument
- — structure ITO/CdS/CdTe/Cu/ITO SC were analyzed,
5 which were obtained from the analytical processing of light

current-voltage characteristic. It was determined that the
resultant light current-voltage characteristic of the SC
when illuminating on both sides is not the sum of light cur-
rent-voltage characteristic when illuminated from the rear
and front sides (Fig. 1).

However, double-sided illumination makes it possible to
improve the efficiency of the instrument structure by 43 %
(Table 1) This reduces the area of the corresponding sin-
gle-sided SC and that, in turn, makes it possible to expand
the scope of their application in case of emergency preven-
tion in the event of a limited deployment area.

The spectral dependences of the collection factor of the
ITO/CdS/CdTe/Cu/ITO SC under different shifting volt-
ages were analyzed. It was determined that in the absence
of a shifting voltage a maximum on spectral dependence is
observed at the wavelength 0.65 pm, then there is a decline
of photoresponse so that the area under the spectral depen-
dence decreased by 20 %.

Since the area under the spectral dependence of the
coefficient of quantum efficiency is proportional to the
short-circuit current density, the efficiency of the instru-
ment structure also decreased by 20 relative %. Such a
significant decrease in the effectiveness of photovoltaic pro-
cesses can probably be due to either the adverse effect of the
surface recombination on the rear contact or the incomplete
absorption in the base layer because of the small thickness of
the base layer.

An analysis of Table 2 reveals that if the radiation that
has passed through the SC when illuminated on the rear
side is directed to the frontal surface, it leads to an increase
in electric power by 0.3 mW/cm?. The increase in efficien-
cy is due to the increased short-circuit current density on
1.6 mA /cm? at constant values for the idling voltage and the
fill factor of light current-voltage characteristic. As regards
the short-circuit current density in the radiation on the
frontal side, an increase in the original parameter is 8 %.



Thus, we have experimentally demonstrated that in reducing
the efficiency of photovoltaic processes the contribution of
incomplete absorption of light in the base layer in the region
of its photosensitivity almost coincides with the negative
contribution of the rear contact.

In the case of direct shift, the area of the spatial charge
of the main separating barrier where the electric field exists
that accelerates the electron motion is decreased. This leads
to a decrease in the efficiency of harvesting the non-equilib-
rium charge carriers, generated under the influence of light,
due to the reduction of the semiconductor region where their
drift in the electric field occurs. The increase in effectiveness
is seen experimentally in the analysis of spectral dependenc-
es. With the increase in voltage, there is a decrease in Q(\)
over the entire spectral range of photosensitivity. Thus, the
greatest decrease is observed for the non-equilibrium charge
carriers generated under the influence of photons from the
long-wave part of the spectrum. The depth of light absorp-
tion increases with the growth of wavelength, which leads to
distancing the active generation region from the separating
barrier area. There is also an increase in the negative impact
exerted on the collection factor by the volumetric recombi-
nation in the diffusion of charge carriers from the field of
generation to the separating area.

At avoltage of 0.7 V, corresponding to the idling voltage,
the photosensitivity becomes zero as the external electric
field becomes equal to the internal field of the separation
barrier. Since these electric fields have the opposite content,
the process of separation of non-equilibrium carriers stops.
With further growth of the displacement voltage, the voltage
drop is carried out on the rear diode enabled in the opposite
direction. Therefore, the non-equilibrium charge carriers
are separated by the rear diode. The result is a change in
the shape of the spectral dependence of photoresponse. The
greatest contribution to the creation of photoresponse is
provided by the non-equilibrium charge carriers generated
under the action of photons from the long-wave part of the
spectrum, as the region of their generation is located near
the separation area. When illuminated on the rear side
(Fig. 2, b), a maximum on the spectral dependence is ob-
served at absorbing the photons from the long-wave region of
the spectrum, which testifies to the high surface recombina-
tion on the rear contact. Indeed, the non-equilibrium charge
carriers when illuminated from the rear side are generated
near the rear surface. If this surface is characterized by
the high-speed surface recombination, the contribution of
charge carriers, generated near the rear surface, to the pho-
toresponse is minimized, which is experimentally observed.

With the growth of the shifting voltage, the energy structure
of the rear contact is being optimized and there is a growth
of the depletion region, which causes an increase in the pho-
toresponse over the entire spectral range of photosensitivity.

An analysis of the output parameters of the tandem
structure ITO/CdS/CdTe/Cu/ITO — Mo/CulnSe?/CdS/
Zn0O/ZnO:Al/Ni : Al/Ni shows that the absorption of part
of the incident radiation in the ITO/CdS/CdTe/Cu/ITO
SC results in the decreased efficiency of the Mo/CulnSe?/
CdS/Zn0O/Zn0O:Al/Ni :Al/Ni SC, from 11.2% to 6.0 %.
Such a reduction of efficiency occurs due to the reduc-
tion of short-circuit current density, from 25.9 mA /cm? to
13.8 mA /cm?.

At the same time, the idling voltage is reduced slightly
while the fill factor of the light current-voltage characteris-
tic increases. The obtained results agree well with the spec-
tral dependence of the transmittance of ITO/CdS/CdTe/
Cu/ITO SC, shown in Fig. 2, since the short-circuit current
density linearly depends on the intensity of the incident radi-
ation while the idling voltage depends on it logarithmically.

It should be noted that despite the substantial reduction
in the effectiveness of the Mo/CulnSe?/CdS/Zn0O/ZnO:Al/
Ni :Al/Ni SC at its darkening by the ITO/CdS/CdTe/Cu/
ITO SC, the efficiency of the tandem structure significantly
higher than those of such SC separately, and is 13.8 %.

Thus, by building a tandem structure it was possible
to increase the efficiency of the instrument structure to
13.8 %. Studies in the future may address the development
of structural and technological solutions to further improve
efficiency.

5. Conclusions

1. We have investigated the ITO/CdS/CdTe/Cu/ITO
SC with a thickness of the base layer of 1 um at different
irradiation variants. It has been established that the dou-
ble-sided illumination makes it possible to increase the effi-
ciency of the instrument structure by 43 %.

2. Studying the loss of electrical power, generated by the
ITO/CdS/CdTe/Cu/ITO SC, due to the incomplete absorp-
tion of light when illuminated from the rear side, showed a
decrease in efficiency when changing the direction of irradi-
ation, from 7.8 % to 3.1 %.

3. The construction of the ITO/CdS/CdTe/Cu/ITO —
Mo/CulnSe?/CdS/Zn0O/Zn0O:Al/Ni :Al/Ni tandem struc-
ture has made it possible to obtain an instrument structure
with the efficiency of 13.8 %.
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