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The influence of the thickness of the nanosized layer on the efficiency of photoelectric processes in solar
cells (SC) ITO/SnO2/ CdS/ CdTe/Cu/ Au formed on different substrates was investigated. For device
structures formed on the glass substrates, the maximum efficiency of 11.4 % is achieved when thickness of
the tin oxide layer is 80 nm. For flexible solar cells formed on a polyimide film, the maximum efficiency of
10.8 % is observed when thickness of the tin oxide layer is 50 nm. This paper discusses the physical mech-

anisms of the observed differences in efficiency.
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1. INTRODUCTION

Formation of flexible device structures by the replace-
ment of the glass substrate by the transparent thermo-
stable polyimide film is a modern innovation direction
of the improvement of promising for large-scale applica-
tion film solar cells (SC) based on cadmium sulfide and
telluride [1]. Such flexible device structures have a rec-
ord power per unit weight and can be mounted on the
surfaces of any forms [2] that allows to increase the SC
market segment on account of the application in space
and defense technologies. Radiation resistance of cad-
mium telluride allows to use these SC even for electric
power supply of gamma detector [3]. Recently, decrease
in the cadmium sulfide layer thickness for the increase in
the density of photon flow coming to the base cadmium
telluride layer is one of the approaches to increase the
efficiency of CdS/ CdTe based SC formed on the glass
substrate [4]. At that, dielectric nanosized interlayers of
undoped oxides of different metals are deposited on the
frontal electrode surface to prevent shunting of device
structure as a result of the electrical contact of the base
layer and frontal electrode through discontinuities in the
cadmium sulfide layer during the SC formation [5]. For
the realization of this approach to the improvement of
the structural and technological solutions of flexible SC
based on CdS/ CdTe, we have carried out in the given
work a comparative study of the influence of nanosized
interlayers of tin oxide on the efficiency of photoelectric
processes of the mentioned device structures formed on
the glass and flexible substrates.

2. DESCRIPTION OF THE OBJECTS AND
INVESTIGATION METHODS

Film SC based on CdS/ CdTe were formed on the
glass substrates (Nippon sheet Company) and flexible
polyimide films (Upilex Company) with industrially de-
posited films of indium and tin oxides (ITO). ITO film
thickness was equal to 120 nm. Then, thin films of un-
doped tin oxide of different thickness were deposited in
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the vacuum plant VUP-5M on the ITO layers by the non-
reactive magnetron sputtering method on direct current
at the substrate temperature of 300 °C. Cadmium sul-
fide and telluride films were deposited by the thermal
vacuum evaporation method without vacuum failure at
the substrate temperature of 200 °C and 300 °C, respec-
tively, after formation of the frontal electrodes in the
upgraded vacuum device UVN. In this case, cadmium
sulfide thickness (dcas) was equal to 0.2 um, cadmium
telluride one — 4 um. Then, by the technique described
in [6] “chloride” treatment was performed. After “chlo-
ride” treatment, etching of the base layer was carried
out in the bromine solution and in methanol, and then,
backside film Cu/ Au contacts were formed by the ther-
mal vacuum evaporation method. Determination of the
output parameters and light diode characteristics of SC
was realized by the approximation of the experimental
light CVC by the theoretical expression [7]. During the
analytical processing, roof-mean-square deviation of the
theoretical CVC from the experimental one did not ex-
ceed 10-8 that corresponds to the relative error in the
determination of the output parameters and light diode
characteristics on the level not more than 1 %.

Investigation of the spectral dependence of the quan-
tum efficiency coefficient @(1) allows to analyze the in-
tegral efficiency of the photoelectric processes, namely,
generation, diffusion, drift, separation and collection of
the generated under the action of light non-equilibrium
charge carriers subject to the incident radiation energy.
Therefore, along with the measurement of the light CVC
these investigations are necessary for the optimization
of the structural and technological SC solutions. Quan-
tum efficiency coefficient @ is determined as the ratio of
the number of charge carriers contributing into photo-
current to the general number of photons coming at the
active SC surface [8]. There is a functional connection
between the short-circuit photocurrent Isc and the value
of Q(1) described at a sufficiently large shunting resis-
tance Rsh by the relation [7]

Le = elQ()-N()d 2 — I, 16))
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where A is the light wavelength; Ax photoelectric thre-
shold; N(A) is the rate of photon arrival on the SC sur-
face; Iais the SC diode current.

In the real conditions, intensity of solar radiation
coming on the SC surface is such that Iq << Isc for the
observed value of the device structure series resistance,
therefore

Le = eQ(2)-N(). ©

The value of N(1) can be expressed through the light
intensity fi(1) coming on the SC surface:

Q) = [Lse(A)-E(A)] / [eS-I(A)]. (©)

The values of (1) in relation (3) were determined
experimentally; Ni(1) is the characteristic of the 500 W
incandescent lamp which was used as the light source.
In the investigations of the spectral dependence of the
photoresponse, SC was located at the output slit of the
double monochromator, and measurement of the short-
circuit current with a gradual change of the incident
radiation wavelength was performed.

3. DESCRIPTION AND ANALYSIS OF THE
RESULTS

Light CVC of ITO/ SnO2/ CdS/CdTe/ Cu/Au SC
formed on the glass substrates and flexible polyimide
films have been investigated. The following output SC
parameters were calculated by the light CVC: short-cir-
cuit current density (Jsc), open-circuit voltage (Ue), fill
factor of the light CVC (FF) and efficiency (7). Then, by
the analytical processing of the light CVC we have de-
termined the light diode characteristics, namely, photo-
current density (Jpn), diode saturation current density
(Jo), diode ideality coefficient (A), series (Rs) and shunt-
ing (Rsh) resistances calculated per unit of the device
structure active area [9]. Study of the output parameters
and light diode characteristics of SC allowed to separate
the intervals of the tin oxide layer thicknesses corres-
ponding to the change of the physical mechanisms of
influence of the dielectric interlayer on the efficiency of
the device structure photoelectric processes. The typical
light CVC of ITO/SnO2/ CdS/ CdTe/ Cu/Au SC are
shown in Fig. 1a, b.

The output parameters and light diode characteris-
tics of ITO/SnO2/ CdS/ CdTe/ Cu/ Au SC formed on
the glass substrates and polyimide films are represent-
ed in Table 1.

As the analysis of Table 1 shows, for cadmium sul-
fide layer thickness of 0.2 um, growth of the tin oxide lay-
er thickness (dsnoz2) to 80 nm leads to the increase in the
efficiency coefficient of ITO / SnOz2/ CdS/ CdTe/ Cu/ Au
SC formed on the glass substrates to 7= 11.4 %. Here,
open-circuit voltage increases to Uy, = 765 mV, fill fac-
tor of the light CVC increases to FF=0.71 and short-
circuit current density decreases to Jsc = 20.9 mA/cm?2.
According to the results of the mathematical modeling of
the quantitative impact of the light diode characteris-
tics on the SC efficiency, whose procedure is described
in the work [10], growth of 7 is conditioned by the in-
crease in the shunting resistance to Rsh = 800 Ohm c¢m?
and decrease in the diode saturation current density to
Jo =2.5-10-8 A/ecm2. Further increase in the layer thick-
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ness leads to the decrease in the SC efficiency. The re-
sults of the modeling show that this is conditioned by
the growth of the series resistance and decrease in the
photocurrent density.

to
J, mA/cm?2
n
1

= =

Fig 1 — Light CVC of the ITO/SnO2/ CdS/CdTe/ Cu/Au SC.
a — glass substrates: 1 — dsnoz2 =50 nm, 2 — dsnoz = 80 nm and
3 — dsno2 = 120 nm and b — flexible substrates: 1 — dsnoz = 0 nm,
2 — dsnoz2 = 50 nm and 3 — dsno2 = 80 nm

It was established that in ITO / SnO2/ CdS/ CdTe /
Cu/ A SC formed on the polyimide films growth of the
tin oxide layer thickness to dsnoz = 50 nm leads to the
increase in the efficiency coefficient to = 10.8 %. Here,
open-circuit voltage increases to Uy, =792 mV, fill fac-
tor of the light CVC increases to FF =0.70 and short-
circuit current density decreases to Jsc = 19.5 mA/cm?2.
According to the results of the mathematical modeling
of the quantitative impact of the light diode character-
istics on the SC efficiency, growth of 7 is conditioned by
the increase in the shunting resistance to the value of
Rsh = 1100 Ohm cm? and decrease in the diode satura-
tion current density to JJo=1.5-10-8 A/cm2. Further in-
crease 1n the layer thickness leads to the decrease in the
SC efficiency. The results of the modeling show that
positive influence on the SC efficiency on account of the
continuing increase in the shunting resistance and de-
crease in the diode saturation current density ceases to
compensate the negative influence on the SC efficiency
due to the increase in the series resistance and decrease
in the photocurrent density.
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Table 1 — Output parameters and light diode characteristics of ITO / SnO2/ CdS/ CdTe / Cu/ Au SC formed on the glass (1) and
polyimide (2) substrates

and light diode
characteristics

Output parameters

dcas = 0.2 um (1)

dcas = 0.2 um (2)

dsnoz = 50 nm

dsnoz = 80 nm

dsno2 = 120 nm

dsnoz = 0 nm

dsnoz = 50 nm

dsnoz = 80 nm

:]sc7 mA/cm?

21.4

20.9

20.5

19.8

19.5

19.0

Uoc, mV

649

765

760

735

792

802

FF, rel. units

0.52

0.71

0.63

0.52

0.70

0.60

%

7.2

114

9.9

7.4

10.8

9.2

Jph, mA/cm?

21.6

21.3

20.7

20.2

19.6

19.2

Rs, Ohm cm?

1.8

2.8

4.2

1.5

2.1

2.3

Rsh, Ohm ¢cm?

450

800

700

600

1100

1300

A, rel. units

2.7

2.1

2.2

2.5

1.9

1.8

Jo, Alem?2

4.3-107

2.5-10-8

2.8-10-8

6.7-10-8

1.5-108

9.3-10°

The performed investigations of the output parame-
ters and light diode characteristics were supplemented
by the study of the spectral dependences of the quantum
efficiency coefficients of the typical SC (Fig. 2, 3). It was
experimentally established that photosensitivity range
of ITO/SnOz2/ CdS/ CdTe/ Cu/Au SC formed on the
glass substrates is equal to 300-900 nm (Fig. 2a). Photo-
sensitivity growth in the spectral range of 300-500 nm
and photosensitivity decrease in the spectral range of
500-900 nm is observed with increasing tin dioxide lay-
er thickness to 80 nm (Fig. 2b). Since light absorption
depth decreases with decreasing wavelength, then inc-
rease in the photoresponse contribution in the spectral
range of 300-400 nm implies the decrease in the surface
recombination with increasing tin oxide layer thickness
to 80 nm. This is also confirmed by the observed growth
of the shunting resistance and decrease in the diode
saturation current density. Further increase in the tin
oxide layer thickness leads to the decrease in the pho-
tosensitivity in the whole spectral range of 300-800 nm
(see Fig. 2c¢).

In contrast to the device structures on the glass sub-
strates, photosensitivity spectral interval of ITO / SnO2/
CdS/ CdTe/ Cu/ Au SC formed on the polyimide films
is equal to 400-900 nm (Fig. 3). Here, reduction in the
photosensitivity in the whole spectral range is observed
with increasing tin oxide layer thickness. Optical study
of the transmission spectra of the glass substrate, poly-
imide film and cadmium sulfide (Fig. 4) indicates that
shift of the photosensitivity short-wavelength limit of
flexible SC towards the long-wave region is conditioned
by the absence of transmission of polyimide film in the
spectral range of 300-400 nm in spite of the fact that at
the cadmium sulfide layer thickness of 0.2 pym a consi-
derable part of photons with the energy larger than the
CdS band gap comes to the cadmium telluride base lay-
er. Lower transmission coefficient of polyimide film in the
spectral range of 400-900 nm leads to the experimentally
observed decrease in the short-circuit current density of
flexible SC. At the same time, flexible SC have larger
values of the shunting resistance and smaller diode sa-
turation current densities that, from our point of view, is
connected with the transition from the glass substrate
to the polyimide film. Application of sodium-containing
glasses as the substrates induces diffusion of sodium to
the device structure [10]. According to the literature [11],
in the base CdTe layers a sodium atom, which occupies
a position of cadmium (Naca), represents an acceptor,
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Fig. 2 — Spectral dependences of the quantum efficiency coef-
ficient: a) Q(A) of ITO/SnOz/CdS/CdTe/ Cu/Au SC formed
on the glass substrates: ¢ — dsnoz =50 nm, m — dsnoz = 80 nm,
V —dsnoz =120 nm; b) Q(A)dsnoz = 80 nm, Q(1)dsnoz =50 nm
and ¢) @(L)dsnoz = 80 nm, Q(A)dsnoz = 120 nm
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and Naca-Clre donor-acceptor pair is a deep recombination
center. Appearance of these structural defects is predic-
ted by the diffusion of Na from the glass sodium-contai-
ning substrates to the base layer.

Presence of Naca and Naca-Clre on the grain-boundary
surface in the region of the heterojunction shunts the
separating barrier that decreases Rsh. Formation in the
volume of grains of the base layer of defect complexes
Naca-Clre decreases the lifetime of the non-equilibrium
charge carriers that leads to the Jo increase. Layer-by-
layer elemental analysis of ITO/CdS/CdTe/ Cu/Au
heterosystems (see Fig. 5a) formed on the glass subst-
rates implies a considerable concentration of Na in the
base CdTe layers. Layer-by-layer elemental analysis of
ITO / SnO2 / CdS / CdTe / Cu/ Au heterosystems (Fig. 5b)
shows that use in the SC design of the tin oxide inter-
layer leads to the substantial decrease in the sodium
concentration in the cadmium telluride layer.
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Fig. 3 — Spectral dependences of the quantum efficiency coef-
ficient: a) Q(A) of ITO /SnOz/ CdS/ CdTe / Cu/Au SC formed
on the flexible substrates: ¢ — dsnoz = 0 nm, m — dsnoz = 50 nm,
V —dsnoz = 80 nm; b) @(L)dsnoz = 50 nm; Q(A)dsno2 = 0 nm and
¢) @(A)dsnoz2 = 50 nm; Q(A)dsno2 = 80 nm

JJ. NANO- ELECTRON. PHYS. 7, 01016 (2015)

£

400 600 A, nm 800

Fig. 4 — Spectral dependences of the transmission coefficient:
1 — glass substrate, 2 — polyimide film, 3 — CdS film
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Fig. 5 — Distribution of sodium in SC formed on the glass sub-
strates: a) ITO/CdS/CdTe/Cu/Au, b) ITO/SnO2/CdS/
CdTe / Cu/ Au at dsnoz = 50 nm

4. CONCLUSIONS

It was established that the substrate type defines the
optimal thickness of the tin oxide dielectric interlayer at
which the maximum efficiency coefficient is observed in
ITO /SnO2/ CdS/CdTe/ Cu/ Au SC. For the device
structures formed on the glass substrates the maximum
efficiency of 11.4 % is achieved for the tin oxide layer
thickness of 80 nm. For flexible SC formed on the poly-
imide films the maximum efficiency of 10.8 % is observed
for the tin oxide layer thickness of 50 nm.
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It is experimentally shown that in the device struc-
tures formed on the glass substrates one observes the
diffusion of Na to the base CdTe layer that leads to the
experimentally fixed increase in the diode saturation
current density and decrease in the quantum efficiency
coefficient in the short-wave spectral region of photo-
sensitivity. Therefore, large optimal values of the dielec-
tric interlayer for SC on the glass substrates are condi-
tioned by the fact that in such device structures nano-
sized tin dioxide layers not only prevent shunting of the
heterojunction due to the contact of cadmium telluride
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