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IIpogedeno docniosicenns npo3opux MuabHUX KOHMAK -
mie Cu/ITO Onsa consunux enemenmis na ocnoei CdTe,
NPUHAUEHUX 0N BUKOPUCMAHHS 8 MAHOEMHUX i 080CMO-
POHHLO UYMAUGUX NPULAdosux cmpyxmypax. Cmeopenns
oMiuH020 KoHmaxkmy 0o 6azoseux wapie p-CdTe ¢ ymosax
NPOMUCTI068020 GUPOOGHUUMEA He € EKOHOMIMHUM, OCKIIbKU
MINLKU NAAGMUHA MAE HeOOXIOnY 0N popmyeanns omiu-
H020 nepexody pobomy euxody eaexmponis. Tomy mpaou-
Uilino popmyroms myneaoHi KOHMAKMU, BUKOPUCTOBYIOUU
npu YboMY MOHKI NAIEKU, WO MiCMmANb Mi0b A00 XanbKoze-
Hi0 Midi. Oonax Jugy3zis midi 6 6azoeuil wap npuzeodums
00 dezpadauii 6uxionux napamempis nii6KOGUX COHAUHUX
enemenmie nHa ocrosi CdS/CdTe. Tomy ymosu cmeopenus
NPO30PUX MUNLHUX KOHMAKMIE NPU GUKOPUCMANHHI NPO-
wapky midi nompedyiomv docaidxcenns. Bcmanosneno,
wWo nonepeoHe HaAHECeHHs HAHOPOIMIPHO20 wWapy Midi Ha
nosepxuio CdTe ons popmyseanns munavHozo enexmpo-
da 0o360751€ chopmysamu AKICHUL MYHeTbHUL KOHMAKM.
Hoxazano, wo ompumani npunadosi cmpyxmypu mMaromo
sucoky Oeepadauiiiny cmivixicmo. Ilicaa 8 poxie excnay-
amauyii eenununa KK/[ docnioncyeanux DEIT npaxmuu-
Ho 30icaemovca 3 nouamxoeum. Jlocniodncenns ceimioeux
BOTILM-AMNEPHUX XAPAKMEPUCMUK COHAMHUX eJleMeHMi6
Sn02:F/CdS/CdTe/Cu/ITO npu oceimaenni 3 060x cmopin
00360J1UJ10 6CMAHOBUMU CYMMEBT BIOMIHHOCMI Y GUXIOHUX
napamempax i c6imuo6ux 0i00HUX XAPAKMEPUCMUKAX NPU
oceimnenti 3 6OKY CKAAHOI nidKAAOKU i 3 GOKY NPO30P0O20
muabio20 enexmpooa. Bcmanoesaeni eiominnocmi o6ymos-
JleHi 6nAUBOM MUILHOZ0 0i00a Ha edexmusHicmsb omoe-
JeKmpurnux npoyecie ¢ 6azosomy wapi. B docioxcysaniii
cmpyKmypi peanizyemocs pe’cum 36epHeno20 0iooa, Koau
MUNHUIL KOHMAaKm 5646 co0010 0100, 6KN10UeHUIl NOCi-
00610 NO BiOHOWEHHIO 00 OCHO6HO020 0i00Y, WO NPU3EO-
Jums 00 HU3LKUX 3HAMEHb eheKxmueHOCmi npu 0CeimaeHHi
31 cmoponu munvHozo enexkmpoody. Ompumani pesynvma-
mu deMoHCMPYIOMb HEOOXiOHICMb Y 3MeHWeHHT MOGUUHU
0a306020 wapy 01 CMEOPEHHA ePeKmueHUx 080CMOPOH-
HbO YYMIUCUX eJleMeHMIB

Kniouoei crnosa: meaypuod xaomito, npo3opuit muioHui
KOHmMaKm, manoemua cmpyxmypa, 060CMopoOHHbL0 wymiu-
euii pomonepemesoprosau
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| DOL 10.15587/1729—4061,2018.139867|

RESULTS OF
STUDYING THE Cu/
ITO TRANSPARENT
BACK CONTACTS
FOR SOLAR CELLS
Sn0,:F/CdS /CdTe/
Cu/ITO

N. Deyneko

PhD*

E-mail: natalyadeyneko@gmail.com

0. Semkiv

Doctor of Technical Sciences,

Vice-rector, Head of Department**

E-mail: semkiv@nuczu.edu.ua

O. Soshinsky

PhD*

E-mail: soshinsky@ukr.net

V. Streletc

Doctor of Technical Sciences, Senior Researcher*
E-mail: vstrelec1956@ukr.net

R. Shevchenko

PhD, Senior Researcher®

E-mail: shevchenko605@i.ua

*Scientific department of problems of civil protection
and technogenic and ecological safety of

the scientific and research center***
**Department of service organization***
***National University of Civil Defence of Ukraine
Chernyshevska str., 94, Kharkiv, Ukraine, 61023

1. Introduction

One of the most promising directions to improve ef-
ficiency of the photoelectric conversion of solar energy
and the ability to work consistently over a long period of
time is the development of tandem and two-side sensitive
photoelectric converters (hereinafter referred to as PEC).
Development of multi-layered tandem structures implies
the use of several base layers with a varying width of the
bandgap. This makes it possible to efficiently convert solar
radiation over a wide spectral range. Thus, photons that have
large energy are absorbed at the first base layer, the rest of
the radiation coming to the lower-placed PEC with a base
layer, which has a smaller width of the bandgap. The main
requirements when creating the tandem structures is a small
thickness and a transparent rear contact between PEC and
a wide-zone base layer [1]. That is necessary for the passage
of a long-wave part of the spectrum through the base layer

with minimal losses. For the two-side sensitive photoelectric
converters the main requirement is the effective conversion
of solar radiation when illuminated on both sides. Given the
high radiation resistance of cadmium telluride, the two-side
sensitive solar cells based on it have the prospect of being
applied to supply energy to spacecraft. The rear part of the
solar battery of a space ship turns out to be illuminated by
the solar radiation reflected from the hull. Therefore, it is
necessary to undertake a research into conditions for creat-
ing transparent rear electrodes for photoelectric converters
based on CdTe, intended for application both in tandem and
two-side sensitive structures.

2. Literature review and problem statement

It is promising for the creation of tandem structures to
use film PEC with base layers of CdTe and CulnSe; [2]. It is




known that the width of CdTe bandgap is 1.46 eV [3], and
the width of CulnSe, bandgap is 1.10 eV [4]. A combination
of the energy structure of such PEC could ensure effective
conversion of solar radiation, both under ground-based and
over-atmospheric conditions. However, the use of PEC based
on CdTe, in tandem structures, is hindered by the complex-
ity of fabricating the rear contacts suitable for industrial
production. This relates to that only platinum has the work
of electrons required for the formation of ohmic transition.
Other metals form a Schottky barrier with cadmium tel-
luride that affects the efficiency of photovoltaic processes
in the cell elements based on it [5]. That is why the basic
approach for creating low-resistance electrodes are the for-
mation of a tunnel electrodes containing copper. However,
the diffusion of copper to a base layer leads to the degra-
dation of initial parameters of the film solar cells based on
CdS/CdTe. Authors of paper [6] proposed forming a rear
contact without the use of copper. However, efficiency of
the examined samples did not exceed 6.2 % while their
degradation resistance lasted only for one year, which is not
sufficient for operation under ground-based and over-atmo-
spheric conditions. Paper [7] reported research into creation
of ohmic rear contacts when using an organic layer of the
conducting polymer PEDOT-PSS, which did not contain
copper as well. However, effectiveness of the obtained
samples did not exceed 2 %. As shown by the authors, low
efficiency of the experimental samples was due to the work
of an instrumental structure under a mode of the through
diode. Authors of study [8] investigated several types of
metal oxides as a buffer layer for creating a quality rear con-
tact for solar cells based on CdTe. This approach, however,
complicates the adaptation to the industrial production.

Thus, at present, the task on creating the effective and
transparent rear contacts to the CdTe-based solar cells
without using copper has remained unsolved. Therefore, it
is necessary to undertake a research into optimization of the
structural- technological solution aimed at creating trans-
parent rear electrodes using copper.

3. The aim and objectives of the study

The aim of this work is to study transparent rear electrodes
of Cu/ITO for the photovoltaic converters SnO,:F/CdS/
CdTe/Cu/ITO.

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

— to analyze the degradation resistance of photoelectric
converters based on CdTe with the transparent rear contact
Cu/ITO;

—to analyze the initial and light diode characteristics
of the CdTe-based photoelectric converters with the trans-
parent Cu/ITO contacts at illumination from the front and
rear sides.

4. Materials and methods to study initial parameters of
photoelectric converters based on CdTe

4. 1. Materials and equipment used for obtaining the
photoelectric converters Sn0,:F/CdS/CdTe/Cu/ITO

The examined instrument structures with an area of
the photo-receiving surface up to 2 cm? were obtained by
the method of thermal vacuum evaporation employing the
vacuum installation UVN67 with modified internal equip-

ment. The thickness of the base layer of CdTe was 2.5 pm.
The outlay of internal equipment of the installation is shown
in Fig. 1.

Fig. 1. Internal structure of the installation for spraying CdS
and CdTe: 1, 2 — screens, 3 — evaporator for the powdered
cadmium telluride; 4 — evaporator for the powdered cadmium
sulfide; 5 — carousel, 6 — substrate heater;

7 — holder of the substrate

Applying the ITO films (oxides of indium and tin) was
performed using the method of non-reactive magnetron
sputtering at direct current in the vacuum installation
VUP-5M (Fig. 2). It should be noted that the magnetron
sputtering is one of the most promising methods for obtain-
ing all transparent electrodes [9, 10]. This is due to the high
degree of accuracy in transferring the composition of the
target on the substrate, to the reproducibility and manage-
ability of the magnetron sputtering process [11, 12].

a b

Fig. 2. Vacuum installation VUP-5M: g — image of the vacuum
installation; b — image of the material-saving magnetron

Since it is not possible, without a layer of copper, to obtain
effective instrument structures, we deposited, before applying
ITO on the surface of cadmium telluride, a nanodimensional
layer of copper with a thickness of 2 nm. Minimizing the
thickness of the layer of copper was aimed at increasing the
degradation resistance of the instrument structure.

According to [13], technology of forming the tunnel elec-
trodes implies conducting, before applying an electrode, the
chemical etching, at which a layer of Te forms, and the final
stage is the annealing, which leads to the formation of the
Cuy«Te, which is a degenerated conductor.



4. 2. Procedure of measurement and analytical pro-
cessing of light volt-ampere characteristics

We measured light volt-ampere characteristics (VAC)
in line with the procedure, which is described in [14]. The
simulation of solar radiation, approximated to the standard
regime AM 1.5, was enabled by a system of light emitting
diodes.

In order to measure, using a compensation method, un-
der a stationary mode of irradiation, approximated to the
standard AM 1.5, light VAC of SC samples, we determined
the initial parameters and the light diode characteristics
of the CdTe-based photoelectric converters based on the
experimental light volt-ampere characteristics. Analytical
processing of light VAC of the examined PEC was performed
using a PC.

The relation between effectiveness of PEC and the light
diode characteristics in the implicit form is described by the
theoretical light VAC of PEC:

Ji=—JontJolexple(Vi-/iRy) /(ART)|-1}+
+(Vi=/iRs)/ R, M
where /) 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 on the load.

According to the program of numerical simulation [15],
analytical expression (1) for light VAC transforms into an
expression that takes the form:

[=Ag—Ay Vi—Asexp(AsVi+Ayl), 2)
Ao=(Iph+o)Ryy/(Rs+Ryy), (3)
A1=1/(Rs*tRy), (4)
Ao=IoRy/(RstRy0), ©)
As=e/(ART), (6)
Ag=eR/(ART). )

Using expression (2) and experimentally derived values
of Iy and V), by varying the values of the above-specified
coefficients Ag, Ay, Ao, A3, A4, one achieves the best approx-
imation of the experimental data I}=1;(V)) for the curve that
is described by the transformed theoreti-
cal expression (2). Typically, at analytical
processing, a standard deviation does not
exceed 10°8, which corresponds to the rel-

magnitude of a standard deviation, but by the error in mea-
suring light VAC as well.

3. Results of studying the light volt-ampere
characteristics of the photovoltaic converters
Sn0,:F/CdS/CdTe/Cu/ITO

By processing the light VAC analytically (Fig. 3), we
analyzed the initial and the light diode characteristics of the
fabricated PEC.
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Fig. 3. Light VAC of PEC SnO,:F /CdS /CdTe/Cu/ITO:
1 — initial state, 2 — illuminated from the front side for
8 years, 3 — initial state, 4 — illuminated from the rear side
for ~8 years

Upon acquiring the initial light VAC while illumi-
nated from the front and the rear sides, the samples were
held at a constant light flux in a special chamber under
a mode of idling. The lighting was performed by an in-
candescent lamp with a power of 500 W, temperature of
the sample was 80 °C. Paper [19] showed that such light
modes increase the rate of degradation by 100 times. At
time intervals that conditionally matched: 0; 0.5; 1.4; 3.6;
4.2; 5.4; 6.02 and 8 years, we repeated the measurement
of light VAC. Results of the analytical processing of
light VAC while illuminated from the front side are given
in Table 1.

Table 1

Initial parameters and the light diode characteristics of
PEC ITO/CdS /CdTe/Cu/ITO while illuminated from the front side

ative error in determining the initial pa- th 0 05 1,4 3,6 4,2 5.4 6,02 8
rgmeters and the light diode chall)racterls— T mAjem? | 194 194 194 194 195 194 194 194
tics at the level not larger than 1 %. Upon

finding the specified coefficients, which Voe, mW 740 720 710 710 710 710 710 700
ensure the best approximation, one de- FF 068 | 073 | 075 | 074 | 073 | 073 | 073 | 0.71
termines the initfilfﬂ Pafameteis for PEC: | Efficiency, % | 98 | 102 | 103 | 101 | 102 | 101 | 100 | 97
Ise, Voo, FE, Py, efficiency. Light-emitting 5

diode characteristics R, Ry, A and I are Jph, MA/cm 19.5 19.0 19.5 19.4 19.5 19.4 19.4 19.4
calculated based on the derived coeffi- | R Ohmem® | 1.6 1.2 0.5 03 07 0.4 03 0.6
cients Ay, Ay, Ay, A3, A4 applying ratios | Ry, Ohm-cm?| 1031 911 882 965 821 922 965 951
(3) to (7) [16-18]. Error in determining A 228 | 168 | 165 | 177 | 176 | 191 | 194 | 202
the initial parameters and the light diode 5 . 5 m 5 5 5 . S
characteristics is defined not only by the Jo, A/cm 6.2-10 1107 19.7-10'°1 3.3-107 | 2.5-107 | 9-10” | 1.2-10°| 2.5-10




Table 1 shows that at the beginning of PEC operation and
up to 1.4 years there is an increase in efficiency from 9.9 %
to 10.3 %, driven by a growth of the factor of filling the light
VAC from FF=0.68 to FF=0.75 against an insignificant re-
duction of idling voltage from V,,=740 V to V,.=710 V and
the short circuit current density from_J,,=19.5 mA /em? to_J,.=
=19.4 mA/cm?. Upon a longer operation time of up to 6
years, efficiency slowly reduces to 10 %. Afterwards, efficien-
cy decreases faster and with a time of operation approaching
8 years, a decrease in effectiveness to 9.7 % is observed.
Reduction in the efficiency is the result of a decrease in the
factor of filling the light VAC from FF=0.75 to FF=0.71;
the voltage of idling also continues to decrease to 700 mV.
The short circuit current density does not almost change.
It should be noted that after 8 years of operation the mag-
nitude of efficiency of PEC SnOyF/CdS/CdTe/Cu/ITO
practically coincides with the initial value, which
indicates high degradation resistance of the obtained
heterosystems.

An analysis of the light diode characteristics

the front side (4 % compared with the initial value). Lower
values of efficiency are primarily due to the lower values for
the fill factor of the light VAC and the smaller density of short
circuit current. While illuminated from the rear side, at the
initial state, a fill factor of the light VAC is FF=0.56; and after
7.5 years, it reduces to FF=0.32. It should be noted that while
illuminated from the front side, the fill factor reduces insig-
nificantly. The density of short circuit current at the initial
state while illuminated from the rear side is 4 times lower than
when illuminated from the front side. In one year of operation
the ratio of these currents becomes equal to about 2.6 and is
maintained unchanged thereafter. The voltage of idling, both
while illuminated from the front side and when illuminated
from the rear side, changes insignificantly, and differs from
the value while illuminated from the front side by the magni-
tude of (0.05-0.1) V.

Table 2

Initial parameters and light diode characteristics of

PEC ITO/CdS/CdTe/Cu/ITO while illuminated from the rear side

of PEC SnO4:F/CdS/CdTe/Cu/ITO reveals that 0 4 36 54 6.0 3
Giode sataration. corent densiy docreasee from [LemA/en” |47 |75 |67 | 67 | 69 | 70
Jo=1.6x10-8 A fem? to Jo=9.7x10"10 A /em2. In this |—ree™V | 650 | 660 | 660 | 650 | 650 | 630
case, an ideal diode factor decreases as well. When 0.55 0.42 0.39 0.39 0.36 0.32
prolonging the time of operation to 7.5 years, the | Efficiency,% | 17 2.1 1.8 L7 1.6 14
density of diode saturation current increases by al- | .Jy» mA/em® | 4.7 77 6.9 6.8 7.1 72
most two orders of magnitudeto Jo=2.4x10"8 A /cm?, | R, Ohm-cm? | 32 4.3 4.6 1.5 3.8 3.4
the ideal factor grows as well. This may be due |Ry, Ohm-cm?| 438 146 155 150 132 112
to the fact that the atoms of copper, diffusing 19 1.2 13 13 11 11
into a base layer at the grain boundary, reach the [ 7 A/cm? [69109 [3.1:-10%] 381012 [ 1.2:1011 | 3.6:103 [ 3.6:10°13

region of p—n transition and bridge it partially.
In this case, consistent resistance for almost the
entire time of operation reduces from R¢=2.2 Ohm-cm
to Ry=0.3 Ohm-cm?, and only after 7 years of operation
there is the reverse increase in it to Ry=0.6 Ohm-cm?.
Shunt resistance at first increases from Ry=850 Ohm-cm?
to Ry;=960 Ohm-cm?; after four years, it decreases to
R,=880 Ohm-cm? with a subsequent return to the level of
Ry=960 Ohm-cm?.

The light diode characteristics of PEC SnO4:F/CdS/
CdTe/Cu/ITO at the start of operation improve; and after
7-8 years, they deteriorate and return almost to their values
at the initial state. Such a behavior of diode characteristics
predetermines the observed high degradation resistance.

Thus, the use of a layer of copper with a thickness of 2 nm
makes it possible to create a tunnel rear contact Cu/ITO
without compromising the degradation resistance of the in-
strument structure. As the thin-film PEC traditionally war-
rant a stability of efficiency for 5 years, there are promising
prospects to use the proposed transparent rear electrodes
under conditions of industrial production of film PEC based
on cadmium telluride.

Results of the analytical processing of experimental VAC
while illuminated from the rear side are given in Table 2.

Table 2 shows that the PEC efficiency while illuminated
from the rear side is significantly less than when illuminated
from the front side. The ratio of efficiency over the entire op-
eration period remains within the range from 5 to 7, reaching
a minimum difference when efficiency while illuminated from
the front and the rear sides reach maximum values. Moreover,
the relative increase in efficiency at the beginning of the op-
eration while illuminated from the rear side is larger (23 %
compared with the initial value) than when illuminated from
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6. Discussion of results of studying the light volt-ampere
characteristics of photovoltaic converters
Sn0,:F/CdS/CdTe/Cu/ITO

Our study of the light volt-ampere characteristics of
PEC SnO,:F/CdS/CdTe/Cu/ITO demonstrated that re-
ducing the thickness of the layer of copper that is applied to
the surface of CdTe to ~2 nm enabled the fabrication of deg-
radation-resistant solar cells with a transparent rear contact.

The observed evolution of initial parameters when
changing the direction of illumination is predetermined by
a change in the light diode characteristics. A reduction in
the density of short circuit current is due to a corresponding
decrease in the density of the photocurrent. The registered
decreases in Jy; at a change in the direction of illumination
relate to the fact that while illuminated from the front side,
active generation of non-equilibrium charge carriers takes
place near the p—n transition or inside its area of depletion.
As a result, a large part is generated under the action of
light from the non-equilibrium charge carriers and enters
the region of the built-in electric field of the p—n transition
where, upon their splitting, the photocurrent forms. When
the instrument structure is illuminated from the rear side,
the generation region of nonequilibrium charge carriers is
separated from the region of the p—n transition. That is why
a considerable part of the generated nonequilibrium charge
carriers, as a result of volumetric and surface recombination,
does not contribute to the creation of photocurrent.

While illuminated from the rear side, consistent resis-
tance is several times larger than when illuminated from the
front side; it does not decrease during the time of operation.



The density of diode current of saturation when illuminated
from the rear side reduces by nearly three orders of magni-
tude; it almost does not change during the time of operation.
When changing a direction of illumination from the front
side to the rear side, shunt resistance decreases by several
times. In addition, the shunt resistance decreases over the
time of operation. Thus, at the initial state, the ratio of shunt
resistance at frontal illumination to the shunt resistance at
rear illumination was 2, and by the end of operation it rap-
idly grew to 8.

When analyzing the light diode characteristics, it is
necessary to consider the possibility to implement in the
examined structure a regime of the reversed diode, reported
in paper [7], when a rear contact is the diode connected in
series relative to the principal diode. The energy structure of
diodes is affected by an illumination direction, which causes
a change in the consistent resistance and shunt resistance, as
well as a change in the density of diode current of saturation.
If the main contribution to the magnitude of J is introduced
by the energy structure of the principal separation barrier,
then a decrease in_Jj at a change in the direction of illumina-
tion from the front side to the rear side is predetermined by
the exponential decrease in the intensity of its illumination.

This, in turn, lowers the concentration of non-equilib-
rium charge carriers near the p—n transition. If the main
contribution to shunt resistance is introduced by the barrier
properties of rear contact, it becomes obvious that a given di-
ode characteristic decreases at a change in the illumination
direction from the front side to the rear side. When the rear
barrier is illuminated, a concentration of the non-equilibri-
um charge carriers in the region of a spatial charge increases,
which leads to a decrease in shunt resistance resulting from
a reduction of the thickness of the depletion layer. The con-
sistent resistance is larger when illuminated from the rear
side, because, in this case, there is no a significant quantity
of the non-equilibrium charge carriers near the principal p—n
transition, while the depletion region grows, which leads to
an increase in the consistent resistance.

The evolution of the light diode characteristics over the
time of operation is predetermined by the diffusion of copper
from a nano-sized layer to the bulk of the base layer, which

can occur in line with a grain-boundary and a volumetric
mechanism.

Since copper is an acceptor impurity for cadmium tel-
luride, its diffusion to the base layer of cadmium telluride
leads to a decrease in the specific resistance of the base layer
and, accordingly, to a decrease in the consistent resistance of
PEC [20]. The diffusion of an acceptor to a grain-boundary
surface leads to the formation of p—p + transition between
the boundary and the volume of a grain. Such potential
barriers push with their built-in electric field the nonequi-
librium electrons to the bulk of a grain, generated under
the action of light, which reduces the negative impact of
grain-boundary surface as the region with a high concen-
tration of recombination centers. Such an approach makes
it possible to expand the range of materials to form a rear
contact to the solar cells based on CdTe.

The derived low values for the efficiency of PEC SnO4:F/
CdS/CdTe/Cu/ITO when illuminated from the side of a
transparent rear contact require a more detailed analysis, as
well as conducting further research aimed at optimizing the
thickness of the base layer.

6. Conclusions

1. After 8 years of operation, the magnitude of efficiency
of PEC SnO4:F/CdS/CdTe/Cu/ITO almost coincides with
the initial value, which testifies to a high degradation re-
sistance of the obtained heterosystems. Applying a layer of
copper with a thickness of 2 nm makes it possible to create
a tunnel rear contact Cu/ITO without compromising the
degradation stability of the instrument structure.

2. It is established that a change in the illumination
direction of PEC SnO,:F/CdS/CdTe/Cu/ITO leads to
a substantial reduction in the effectiveness of the instru-
ment structure. Differences between the initial parame-
ters and the light diode characteristics of PEC SnO:F/
CdS/CdTe/Cu/ITO are predetermined by the influence
of the rear diode on efficiency of photovoltaic processes
in the base layer.
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