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A comparative study of the influence of the solar radiation intensity level on the output parameters
and light diode characteristics of solar cells (SCs) based on the CdS/CdTe heterosystem with different
types of back contact has been carried out. It is shown that the studied SCs obtained by vacuum thermal
evaporation method have the maximum efficiency under illumination conditions of 60 % AM1.5. The pres-
ence of a maximum is caused by a decrease in the fill factor of the light I-V characteristic due to a decrease
in the shunt resistance, while the short-circuit current and open-circuit voltage increase with increasing il-
lumination. In the case of solving the problem with a decrease in the shunt resistance, it can be expected
that the tendency to an increase in the efficiency with increasing illumination level can be continued in the
region of concentrated radiation. It is shown that not only the back contact material, but also the nature of
the interphase interaction of the back contact with the base CdTe layer has a determinative influence on
the illumination dependence of the series resistance of these SCs obtained by vacuum thermal evaporation
method. The observed nonmonotonic dependence of the diode saturation current density on the illumina-
tion level is associated with two competing physical mechanisms. One mechanism assumes the traditional
increase in the diode saturation current due to an increase in the concentration of nonequilibrium charge
carriers generated by light, and the other one determines a decrease in the diode saturation current due to
the filling of traps, which leads to an increase in the charge carrier lifetime.
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1. INTRODUCTION

Currently, due to the low material and energy con-
sumption, thin film device structures compete silicon
crystalline solar cells (SCs) [1-3]. The most promising
among thin film device structures are SCs based on
CdS/CdTe heterosystems [4-6]. The output parameters
of SCs are short-circuit current density (Jsc), open-
circuit voltage (Uo), fill factor (FF) of the load light
current-voltage (I-V) characteristic and, ultimately, the
efficiency (7). All output parameters are determined by
the light I-V characteristic under standard test condi-
tions (STC): the luminous flux power is 1000 W/m2, the
spectral composition of the radiation corresponds to the
AM1.5 solar spectrum in terrestrial conditions, the
temperature of the SC is 25 °C. Exactly the output pa-
rameters measured under STC, as well as the price of
an SC, are analyzed by the customer when choosing an
SC. However, STC are practically not found in real-life
conditions since the luminous flux power of 1000 W/m?2
can be achieved only in southern latitudes. In mid-
latitudes in summer, the luminous flux is usually
800 W/m? and in winter it decreases to 450 W/cm?2.
Therefore, the output parameters must also be as-
sessed under real operating conditions, i.e., at different
illumination levels.

When SCs are illuminated, the conversion of solar
energy into electrical energy is carried out as a result of
a number of physical processes: generation, diffusion,
drift, separation and collection of nonequilibrium
charge carriers. According to the SC equivalent circuit
[7], the quantitative characteristics of photovoltaic pro-
cesses are the light diode characteristics of a SC: pho-
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tocurrent density (Jphn), diode saturation current densi-
ty (Jo), diode ideality factor (A), series resistance (Rs),
shunt resistance (Rsh) calculated per unit area of SC.

Based on the above, the study of the illumination ef-
fect on the output parameters and light diode charac-
teristics of thin film SCs based on the CdS/CdTe heter-
ostructure is relevant not only for large-scale terrestri-
al applications of such SCs, but also for understanding
the physical laws that determine the efficiency of the
photovoltaic processes occurring in them.

2. EXPERIMENTAL

In this study, SCs based on the CdS/CdTe hetero-
structure were obtained by the method of vacuum
thermal evaporation in a vacuum installation, which is
a prototype of industrial installations. Evaporation of
CdS and CdTe films was carried out in a single techno-
logical cycle from graphite evaporators. The fabrication
of a superstrate configuration of the SC based on the
CdS/CdTe heterostructure was carried out according to
the technical procedures described in detail in [8].

The I-V characteristics were measured at a lumi-
nous flux power from 10 to 100 mW/cm? using a labora-
tory stand based on a 4145A semiconductor analyzer
(manufactured by Hewlett Packard). The measure-
ments were controlled by a computer. A 50 W halogen
lamp connected to a stabilized power supply was used
as a solar radiation source. Two probe systems were
used as contacts to the current-collecting electrodes of
the SC, each consists of two electrically isolated probes,
rigidly fixed at a distance of 0.5 mm from each other.
To control the quality of the probe connection, three
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voltage levels were sequentially applied to two adjacent
probes of each contact system: 0.1, 0.2 and 0.3 V before
the start of measurements, and the flowing currents
were recorded. Based on the results of these measure-
ments, the electrical resistance of that part of the SC
current-collecting electrode, which was located between
the probes, was calculated. So that the contact re-
sistance does not affect the measurement results of the
light I-V characteristics when pressing the probes, the
measured electrical resistance should not exceed 1-
2 Ohm. In this case, the value of the measured re-
sistance is determined by the resistance of that part of
the SC current-collecting electrode, which is located
between the probes.

The relationship between the SC efficiency and the
light diode characteristics is implicitly described by the
theoretical light I-V characteristic of the SC [7]:

J(U) = — Jpn + Jofexp[e(U — J(U)Rs)/(AksT)] — 1} +
+ (U - J(U)Rs)/Rsn, (@))

where J is the density of the current flowing through
the load, e is the electron charge, kB is the Boltzmann
constant, T is the temperature of the SC, U is the load-
ing voltage.

To calculate the diode parameters in this work, we
did not use an approximate method for finding these
parameters only from the sections of the I-V character-
istic near the points of short circuit and open circuit, as
is often done, for example in [9, 10]. This method gives
rather differential resistance values near these points.
Therefore, the use of these values as series and shunt
resistances, and then the found saturation current and
the diode ideality factor, can differ greatly from the val-
ues that provide the best approximation of the experi-
mental I-V characteristic by expression (1). In addition,
measurements of the experimental light I-V character-
istics near these points have the greatest error. There-
fore, the calculation of the diode parameters was carried
out by solving the following system of equations:

J(O) = Jsc; J(Uoc) = 0; J(Um) = Jm;
dPldJ | (Um, gm) = 0, (2)

where Um and Jm are the voltage and current at the
point of maximum power, P=JU is the SC generated
power. This system is solved by the developed computer
program. Since there are four equations and five un-
known parameters, one of the diode parameters remains
free. This parameter is varied until the minimum value
of the root-mean-square error of approximating the ex-
perimental curve by expression (1) is reached. The val-
ues of Un, Jm, Jse, Uoc also vary, they are never known
exactly due to the presence of an error and discreteness
of the process of measuring the I-V characteristic points.
This variation method turns out to be more effective
than direct variation of the diode parameters, because
when five diode parameters are unknown, an adequate
variation range can be predicted in advance only for the
photocurrent and ideality factor.

Ultimately, the average value of the absolute devia-
tion of the theoretical expression (1) from the experi-
mental points of the I-V characteristic is usually 0.5-
1 %. When using this equipment, which provides a suf-
ficiently smooth experimental curve for measuring the
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1-V characteristic, the deviation value is probably re-
lated to how expression (1) is applicable to the descrip-
tion of a SC. Note that the diode characteristics found
in this way are "integral" (i.e., they are parameters for
the entire I-V characteristic curve (1)). These charac-
teristics more closely correspond to the equivalent cir-
cuit in comparison with the characteristics obtained
using the method of evaluating these parameters from
separate parts of the I-V characteristic. The error in
determining the output parameters and light diode
characteristics is determined not only by the quality of
the approximation, but also by the error in measuring
the light I-V characteristic. The total error in measur-
ing operating voltages (Up) and currents (Up/R)-&(Uy) is
determined by the step of changing the voltage sup-
plied to the SC (AUp): &Up) = (AUW/Up)2. Calculations
show that this source of error is significant when
measuring the I-V characteristics for SCs with low effi-
ciency. When measuring highly efficient instrument
structures, this error is about 1 %.

3. RESULTS AND DISCUSSION

The I-V characteristics depending on the illumina-
tion level in the range from 10 to 100 % AM1.5 were
studied for serial samples of the following designs: 1)
with nanoscale Cu layer in glass/FTO/CdS/CdTe/Cu/Au
back contact and 2) without nanoscale Cu layer in
glass/FTO/CdS/CdTe/Au back contact. The typical I-V
characteristics of these samples are shown in Fig. 1.

When analyzing the change in the shape of the I-V
characteristic depending on the illumination, it can be
noted that with an increase in the illumination, not only
the I-V characteristic is shifted down the current axis, as
is commonly believed, but the I-V characteristic is also
stretched along this axis. This is especially clearly seen
for a sample with a low efficiency and a pronounced ef-
fect of the back contact on the I-V characteristic. For a
sample with an efficiency of 10 %, it can also be seen
that by simply shifting the I-V characteristic downward,
it is impossible to come from points of the I-V character-
istic at an illumination of 10 % to points of the I-V char-
acteristic at an illumination of 100 % AM1.5.

The dependences on the illumination of the output
characteristics and the light diode parameters of SCs
are shown in Fig. 2 and Fig. 3, respectively.

The efficiency, measured at STC, of the SC
glass/FTO/CdS/CdTe/Cu/Au is 10.0%. The efficiency of
the SC glass/FTO/CdS/CdTe/Au, in the design of which
there is no nanoscale copper interlayer, reaches only
3.14 % (Fig. 2d). From the graph of the efficiency ver-
sus illumination for glass/FTO/CdS/CdTe/Cu/Au and
glass/FTO/CdS/CdTe/Au SCs (Fig. 2d), it can be seen
that, in accordance with the formula 7= UslscFF/Ps,
the efficiency grows rapidly in the illumination range
from 10 to 60 % AM1.5, and then slowly decreases.

Let us consider the dependences of the output
characteristics of glass/FTO/CdS/CdTe/Cu/Au and
glass/FTO/CdS/CdTe/Au SCs on different illumination
levels. The short-circuit current dependence shown
in Fig. 2a has a linear nature, increasing in the same
way as for crystalline SCs with an increase in the
illumination level [11]. The open-circuit voltage of
glass/FTO/CdS/CdTe/Cu/Au and glass/FTO/CdS/CdTe/Au
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Fig. 1 — Dependences of the light I-V characteristics on different illumination levels of SCs for: a) glass/FTO/CdS/CdTe/Au and

b) glass/FTO/CdS/CdTe/Cu/Au
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Fig. 2 — Dependences of the output characteristics on different illumination levels of the investigated samples for: 1 — SC with
nanoscale Cu layer in glass/FTO/CdS/CdTe/Cu/Au back contact; 2 — SC without nanoscale Cu layer in glass/FTO/CdS/CdTe/Au

back contact

SCs (Fig. 2b) also obeys the logarithmic dependence [11],
which follows from formula (1) for large values of Rsh:

Uoc(x) = (AksT/e)In(1 + Jph(x)/Jo), 3

where Jpn(x) = bx, x = I/Iam15 is the illumination level in
relation to AM1.5; I is the absolute value of illumina-
tion; b is the coefficient in a linear dependence, approx-
imating the experimental data of the dependence of the

photocurrent on the illumination level. By adding a
zero point to the graph, the best approximation of the
experimental dependence Ux(x) could be obtained, if
we take its average value for the diode saturation cur-
rent in (3), while the ideality factor in (3) will also be
close to the average. This suggests that the observed
dependence of Jo and A on illumination (Fig. 3) has no
significant effect on the Usc(x) dependence.
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The fill factor of the light I-V characteristic decreas-
es linearly with increasing intensity for glass/FTO/
CdS/CdTe/Cu/Au  and glass/FTO/CdS/CdTe/Au SCs
(Fig. 2¢). Thus, the presence of an extremum in the
graph of efficiency versus illumination level for both
types of SC is due to the fact that with an increase in
illumination from 10 to 60 %, an increase in the short-
circuit current density and open-circuit voltage out-
strips the decrease in the fill factor of the light I-V
characteristic. With a further increase in intensity, a
decrease in the fill factor becomes a determining factor
for the decrease in efficiency.

An analysis of the light diode parameters shows
that at STC, the shunt resistance of glass/FTO/CdS/
CdTe/Au SC is approximately two times greater than
for glass/FTO/CdS/CdTe/Cu/Au SC. Nevertheless, the
experimental dependences of the shunt resistances on
illumination level of both types of SCs (Fig. 3a) can be
represented as Rsh ~ 14, where ¢ = — 1.1 for a SC with a
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nanoscale copper interlayer in the back contact
(Rsh = 455.91x~1075) and without a nanoscale copper
interlayer in the back contact (Rsh = 998.62x~1129), The
observed dependence of the shunt resistance on illumi-
nation level for a SC with a nanoscale copper interlayer
in the back contact can be explained by assuming the
semiconductor nature of the shunt area, in which the
concentration of generated nonequilibrium charge car-
riers by the action of light increases due to increasing
illumination:

Rsh=al(ov + Ao) = al(ov + e(un + up)An), 4)

where a is the thickness of the base layer, oo is the
electrical dark conductivity, e is the electron charge, un
and yp are the electron and hole mobility, respectively,
An = BI exp(— ya) is the concentration of charge carriers
generated by illumination (8 is the quantum yield, yis
the absorption coefficient).
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Fig. 3 — Dependences of the diode parameters on the illumination level of the studied samples: 1 — SC with a nanoscale Cu layer
in glass/FTO/CdS/CdTe/Cu/Au back contact, 2 — SC without a nanoscale Cu layer in glass/FTO/CdS/CdTe/Au back contact

It is the rapid decrease in the shunt resistance with
increasing illumination level that leads to the observed
decrease in the fill factor of the light I-V characteristic
with an increase in illumination above 60 %.

It was experimentally established that the value of
the series resistance of glass/FTO/CdS/CdTe/Au SC is
higher than for glass/FTO/CdS/CdTe/Cu/Au SC. But
the difference between the series resistance of these
SCs decreases with increasing illumination level. This
is due to the different nature of the dependence of the
series resistance for the investigated SCs. For glass/
FTO/CdS/CdTe/Cu/Au SC, with an increase in illumi-

nation, the series resistance first increases slightly and
then decreases very slowly, in general, very weakly
responding to the illumination level. For glass/FTO/
CdS/CdTe/Au SC, a monotonic decrease in the series
resistance is observed in accordance with the expres-
sion Rs = 4.5255x 0704,

The series resistance of the SC consists of the re-
sistance of FTO, CdS and CdTe layers and the space
charge region of the back contact. The last two compo-
nents listed above are the main ones. The observed
difference in the behavior of the series resistance sug-
gests that in this case for both SCs, the resistance of
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the back contact area is the main one among all the
components of this resistance. However, the properties
of this contact are significantly different. According to
existing concepts, the use of a nanoscale copper inter-
layer is necessary to create a tunnel contact up to the
formation of an interlayer of a degenerate conductor p*-
Cuz-sTe during the interaction of a nanoscale copper
interlayer and a nanoscale tellurium interlayer, which
is formed on the surface of CdTe layer after its etching
[12]. If there is no nanoscale copper interlayer at the
CdTe/Au contact, a sufficiently high-quality metal-
semiconductor transition with a sufficiently high barri-
er and an extended space charge region is formed, as
evidenced by the shape of the light I-V characteristic
(Fig. 1a). In the absence of a nanoscale copper interlay-
er, the following reaction of the space charge region of
the back contact to illumination level can be expected.
As the illumination grows due to the generation of an
increasing number of nonequilibrium charge carriers,
the resistance should decrease according to the law
determined by expression (4). However, the correspond-
ing dependence turns out to be weaker. This is due to
the fact that the barrier at the back contact during the
operation mode of the SC is under the reverse bias
voltage of the front barrier. As the voltage generated by
the front barrier increases with increasing illumina-
tion, this should lead to an increase in its space charge
region width, and, therefore, to an increase in its re-
sistance. An increase in the concentration of nonequi-
librium carriers generated by light with an increase in
the illumination level turns out to be stronger than a
slow increase in the voltage generated by the front bar-
rier. Therefore, the dependence Rs ~ 1/I is replaced by a
weaker dependence Rs ~ 1/I°7 as a result of the compe-
tition between these two factors.

As it can be seen from the graphs in Fig. 3b, for a
SC with a nanoscale copper interlayer in the back con-
tact, the series resistance first increases and then de-
creases very slowly and, generaly speaking, responds
very weakly to the illumination intensity. This result
can be explained if we assume that the formed inter-
layer of the Cuz-.Te compound did not lead to the
complete disappearance of the barrier at the back con-
tact but led to its partial shunting. As a result, the se-
ries resistance is determined by the resistance of the
Cuz-.Te/Au transition region, which is independent of
the illumination level.

Studies have shown that at STC, the diode satura-
tion current for glass/FTO/CdS/CdTe/Cu/Au SC is ap-
proximately four orders of magnitude lower than for
glass/FTO/CdS/CdTe/Au SC. The analysis of the de-
pendence of the light diode saturation current for the
investigated SC also differs significantly. For
glass/FTO/CdS/CdTe/Cu/Au SC, the diode current has
a nonmonotonic character of the dependence in the
considered range of illumination values. For
glass/FTO/CdS/CdTe/Au SC, with increasing illumina-
tion level, a monotonic increase in the diode saturation
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current is observed. We consider that the observed non-
monotonic dependence is associated with two compet-
ing physical mechanisms. One mechanism assumes the
traditional increase in the diode saturation current due
to an increase in the concentration of nonequilibrium
charge carriers in accordance with the dependence
Jo ~ @Dnpyn(p)/ tp). The other one determines a de-
crease in the diode saturation current due to the filling
of traps in the space charge region and, in accordance
with the formula, an increase in the charge carrier life-
time. Since the diode saturation value for glass/FTO/
CdS/CdTe/Au SC is four orders of magnitude higher
than for glass/FTO/CdS/CdTe/Cu/Au SC, the second
physical mechanism does not significantly affect the
dependence of the diode saturation current on the illu-
mination level.

4. CONCLUSIONS

The presence of a maximum in the dependence of
the efficiency on the illumination level was experimen-
tally established for both glass/FTO/CdS/CdTe/Cu/Au
and glass/FTO/CdS/CdTe/Au SCs at illumination of
60 % AM1.5. The presence of this maximum is due to
the fact that with an increase in illumination, the fill
factor of the light I-V characteristic decreases, which
compensates for an increase in the short-circuit current
density and open-circuit voltage values at illumination
above 60 %. It was found that the main factor that
leads to a decrease in the fill factor of the light I-V
characteristic is a decrease in the shunt resistance. At
the same time, with an increase in the illumination
level, all other diode parameters either practically do
not change, or show a tendency to improve. This allows
us to assume that in the case of solving the problem
with a decrease in the shunt resistance, it can be ex-
pected that the tendency to an increase in the efficiency
with increasing illumination level can be continued in
the region of concentrated radiation.

The revealed differences in the character of the de-
pendence on the illumination level of the series electri-
cal resistance of glass/FTO/CdS/CdTe/Cu/Au and
glass/FTO/CdS/CdTe/Au SCs prove that the resistance
of the transition region of the back contact has a deci-
sive influence on the value of this resistance. The prop-
erties of this transition region are determined by the
nature of the interphase interaction of the back contact
with the base layer and the accuracy of technological
operations when creating the back contact.

The observed nonmonotonic dependence of the diode
saturation current density on the illumination level is
associated with two competing physical mechanisms.
One mechanism assumes the traditional increase in the
diode saturation current due to an increase in the con-
centration of nonequilibrium charge carriers generated
by light, and the other one determines a decrease in the
diode saturation current due to the filling of traps,
which leads to an increase in the charge carrier lifetime.
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IIpoBemeHo MOpIBHANBHE TOCTIIKEHHS BIINBY PIBHS 1HTEHCHBHOCTI COHAYHOIO BHUIIPOMIHIOBAHHS HA
BUXITHI ITapaMeTpu Ta CBITJIOBI JIOJHI XapaKTePUCTHKHU COHSYHHX €JIEMEHTIB Ha OCHOBL I'eTepOCHCTEMK
CdS/CdTe 3 pisHuMu THOAMEU THJIBHOTO KOHTAKTy. [loKasamHo, 110 JOCITiIKYBaHI COHSIYHI €JIEMEHTH, OTPH-
MaHl MeTOJO0M BaKyyMHOIO TEPMIYHOIO BHIIAPOBYBAaHHs, MaTh MakcuMasbHe 3HaueHHs KKJ[ B ymoBax
ocsitserocti 60 % AM1,5. HasBHicTs MakcuMyMy 00yMOBJIEHA 3MEHIIEHHAM 3HAYEHHS KoedillieHTa 3aI0B-
HEeHHSI CBITJIOBOI BOJIBT-aMIIEPHOI XaPaKTEPUCTUKH 32 PAXYHOK 3MEHIIEHHs 3HAYEHHS IIYyHTYIOUOro OIOpY,
Ha (POHI 3POCTAHHS CTPYMY KOPOTKOI0 3aMUKAHHS 1 HAIIPYTH XOJIOCTOTO X0y P 301JIbITeHH] OCBITJIEHOCTI.
¥ pasi poss'sizamHs 3a7adl 31 3MEHIIIEHHSIM OIIOpY LIYHTa MOMKHA OYIKyBaTH, IO TEHIEHINS 0 3POCTAHHS
KK/I i3 36iblIeHHAM piBHA OCBITJIEHOCTI MOsKe OyTH IIPOJIOBMKEHA B 00JIACTI KOHIIEHTPOBAHOIO BUIIPOMIHIO-
BanHs. [lokasamo, 10 He TIJIBKM MaTepias 3BOPOTHOTO KOHTAKTY, a U xapakrep Mi:xdas3oBoi B3aemosil
THJIBHOTO KOHTAKTy 3 6azoBuM mapom CdTe mae BusHauyaibHUM BIUIUB HA 3aJI€MKHICTH 3HAUEHHS IIOCJII/I0B-
HOTO OIIOPY IIUX COHSYHUX €JIEMEHTIB, OTPUMAHUX METOJIOM BAKyYMHOIO TEPMIYHOIO BHIIAPOBYBAHHS, BiI
piBHsa ocBiTsieHocTi. CriocTepeskyBaHa HEMOHOTOHHA 3AJIEYKHICTh T'YCTHHH JIOJHOTO CTPYMY HACHYEHHS Bif
PIBHS OCBITJIEHOCTI IIOB'A3aHa 3 ABOMA KOHKYpyoUnMH (ismuyHnMu MexaHismMamu. OQuH MexaHI3M Iepen-
Oauae TpadulliiHe 30LJIBIIEHHA 3HAYEHHS TIOJHOIO CTPYMY HACHYEHHS 34 PAXYHOK 30LIBIIEHHS KOHIIEHT-
parrii HepiBHOBAKHUX HOCITB 3apsly, 10 TeHePYIOThCS M €0 COHIYHOr0 BUMPOMIHIOBAHHS, a IPYTUH BU-
3HAYAE 3MEHIIeHHS IOJHOr0 CTPYMYy HACHYEHHs 32 PAXYHOK 3AlOBHEHHS IACTOK, IO IIPHU3BOIUTH JI0 30i-
JIBIIEHHS Yacy *KUTTS HOCIIB 3apsiyy.

Kmouori cnosa: Cymnbdin kamvito, Temypun kagmio, Buxinai napamerpu, Constunuii enemenT, CBITIIOBI
JTIOTHI XapaKTePUCTUKH.
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