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The optical and recombination losses in auxiliary and absorbing layers of solar cells based on hetero-
junctions n-ZnS / p-CdTe and n-CdS / p-CdTe with current collecting front sublayers ITO and ZnO were de-
termined. As a result, spectral dependence of light transmittance (7) of solar cells, taking into account its
reflections from the boundaries of the contacting materials and in case of absorption in the auxiliary layers
of solar cells was calculated. The influence of optical and recombination losses in the solar cell structure
ITO (ZnO) / CdS (ZnS) / CdTe on the short circuit current (Js) and efficiency () of solar cells with different
thickness of the window layer CdS (ZnS) (50-300 nm) and constant current collecting layer (200 nm) was
investigated. It has been established that the greatest efficiency values (15.9-16.1%) solar cells have the
structure of ZnO /ZnS/CdTe at a concentration of uncompensated acceptors in the absorbent layer
(No — Ng) = 1015-10'7 cm -3 and the window layer thickness of 50 nm.
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1. INTRODUCTION

The mass use of photovoltaic cells (PVC) for the con-
version of solar energy into electricity is one of the ways
out of the global energy crisis. Currently, the most com-
mon solar cells (SC), which are used, are those based on
silicon technology. Thin film SC on the basis of hetero-
junction (HJ) n-CdS / p-CdTe are an alternative to these
converters. We should note, this is the first technique
which allowed to decrease the solar energy production
cost to 0.57 $/W that is lower than the economically
justified price of the solar energy 1 $/W [1].

According to theoretical estimates, efficiency of film
SC with absorbing CdTe layer is equal to 28-30 % [2].
However, the real coefficient of performance of SC based
on n-CdS / p-CdTe HJ with “superstrate” structure is to-
day equal to 20.4 % [3], and efficiency of solar modules
with an area larger than 1 cm2— 16.5 % [4, 5]. The dif-
ference between theoretical predictions and real values
of the device efficiency is explained by optical, electrical
and recombination losses in the conversion of solar en-
ergy into electricity.

The main irreversible energy losses in PVC are con-
nected with:

— reflection of solar radiation from the surface and
heteroboundaries of the PVC;

— passage of a part of radiation through the PVC
without absorption;

— scattering by thermal lattice vibrations of the ex-
cess photon energy;

— recombination of the electron-hole pairs formed un-
der the action of light on the surfaces and in the interi-
or of the PVC;

— internal resistance of the converter;

— some other physical processes.

Further increase in the SC efficiency is possible on-
ly by minimization of these losses during the optimiza-
tion of their design and improvement of the properties
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of separate layers.

ITO ((In203)0.9-(Sn02)0.1) or FTO (SnO3: : F) is traditi-
onally used as a current collecting sublayer in the design
of n-CdS/ p-CdTe SC of the “superstrate” type [6, 7].
Moreover, aluminum-doped zinc oxide films (ZnO : Al)
are recently used as frontal current collecting layers of
PVC [8, 9]. This material is cheaper than ITO or FTO
and does not contain rare and expensive elements, to
which, for example, indium belongs.

We should note, the choice of a window layer plays
an important role in the production of thin film SC. In
this guise, CdS (Eg = 2.42 eV) is widely used currently.
Thin ZnS layers which have already found application in
SC based on CIS, CIGS, CZTSe, and CZTS compounds
[10, 11] can be an alternative to CdS films. Zinc sulfide
has a significantly larger band gap (Eg = 3.68 eV) than
cadmium sulfide that allows to extend the range of pho-
tosensitivity of the corresponding SC and increase their
short circuit currents [12]. This compound is non-toxic
due to the absence of heavy metals in the composition.
Finally, ZnS layer can act as anti-reflective coating of SC
that increases the number of photons absorbed by PVC
and, correspondingly, its coefficient of performance [13].

The authors of the works [14, 15] have considered the
light reflection losses in SC with the following design:
glass / ITO (TCO) / CdS/ CdTe / back metal contact. Re-
combination losses of photogenerated carriers in these
PVC are considered in [14, 16]. However, the influence
of the optical and recombination losses on the efficiency
of SC of the design glass / ZnO / ZnS / CdTe / back metal
contact has not been studied up to now. This has condi-
tioned the goal of the investigation.

The main aim of the present work is the determina-
tion and comparison of the optical and recombination
losses in PVC of two different designs, investigation of
their influence on the efficiency of SC on the basis of n-
ZnS / p-CdTe and n-CdS/ p-CdTe HJ with frontal cur-
rent collecting contacts ITO and ZnO.
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2. OPTICAL LIGHT REFLECTION LOSSES
IN SC

Thin film SC based on HJ of the “superstrate” type
have a multi-layer structure and contain the substrate
(glass), window (CdS, ZnS) and absorbing (CdTe) layers,
current collecting frontal (ITO, ZnO) and back metal
contacts. Schematic view of the typical PVC with the
structure  glass/ ITO (ZnO) / CdS (ZnS) / CdTe / back
contact is illustrated in Fig. 1.
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Fig. 1 — Schematic representation of the SC design based on
n-ZnS / p-CdTe and n-CdS/ p-CdTe HJ (R; are the boundary
light reflection coefficients; d is the layer thickness)

We have performed the modeling of the light reflec-
tion processes from a multilayer structure in the thick-
ness range of the CdS (ZnS) window layer d = 50-300 nm
and constant thickness of the current collecting frontal
layer ITO (ZnO) d =200 nm. These values are typical
for real SC [9].

The flow of sunlight before reaching the absorbing
CdTe material, where photogeneration of electron-hole
pairs occurs under the action of light, passes through a
number of auxiliary SC layers: glass, ITO (ZnO) and
CdS (ZnS). The optical energy losses because of light ref-
lection from the interfaces air-glass, glass-ITO (ZnO),
ITO (Zn0)-CdS (ZnS) and CdS (ZnS)-CdTe and absorp-
tion of a luminous flux in the auxiliary layers of glass,
ITO (ZnO) and CdS (ZnS) occur in this case.

We have determined the reflection coefficient from
the interfaces of contacting materials by the Fresnel

formula [14]
2
R=(”1‘”2j : )
nl + nz

where ni, n2 are the refractive indexes of the first and
the second contacting materials, respectively.
In the case of the use of current-conducting materials,

* . .
nl* , n, are the complex refractive indexes; k1, k2 are the

attenuation (extinction) indexes of the materials.
Spectral dependences of the refractive and attenua-
tion indexes for each layer entered into the SC compo-
sition, which are necessary for the calculations of the
optical light losses, are represented in Fig. 2. The value
of the attenuation index for glass was taken to be zero
(k= 0), in connection with the fact that a special glass,
which has a very small absorption coefficient, is usual-
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ly used in PVC. For the determination of the refractive
index of glass, the Zelmeer formula was applied [17]

al?  aAt gl
7 2t 2 2tz 2
A=l Ak A

where constants are equal to a1 = 0.6962, a2 =0.4079,
a3 =0.8974, 11 =68 nm, A2 = 116 nm, A3 = 9896 nm.

For the construction of the spectral dependences of
n and k we have used the reference values of the refrac-
tive and attenuation indexes for ITO, ZnO, CdS, ZnS,
CdTe [18, 19]. In the modeling, it was taken for air that
n=1,ki=0.

The calculated spectral dependences of the reflection
coefficient from SC layers at their direct contact with
air are illustrated in Fig. 3a. As seen from the figure,
the maximum reflection coefficient is observed on the
air/CdTe interface and the minimum reflection coeffi-
cient — on the air/glass interface.

In Fig. 3b we present the calculated spectral depen-
dences of the reflection coefficient from the interface of
two contacting materials. Emphasis is placed on the ob-
tained low values of these coefficients which belong to the
range 0.002-0.085. For comparison, calculation results
for the reflection at the interface of the same materials
with air give much higher values R =0.034-0.380. As
seen from Fig. 3b, ZnO / ZnS interface has the smallest
reflection values (0.002-0.036) that is explained by low
light refractive indexes in these materials.

The light transmittance through auxiliary layers of
glass, ITO (Zn0O), and CdS (ZnS) in the case of neglect of
the absorption processes is determined by the formula
T=1-R. Thus, transmittance of multilayer SC struc-
ture can be found by the formula [20]

T(i) = (1_}{12)(1_}?23)(1_R34)(1_R45) s (4)

n=1+

; 3

where Ri2, Re3, R34, Ras are the light reflection coeffici-
ents at the interfaces air-glass, glass-ITO (Zn0O), ITO-
CdS (Zn0O-ZnS), CdS-CdTe (ZnS-CdTe).

We should note that the given correlation does not
take into account multiple light reflections in layers of
glass, ITO (ZnO), CdS (ZnS) that is quite acceptable for
small reflection coefficients at the interfaces of materi-
als (Fig. 3b). Small reflection coefficients allow also to
ignore the interference effects.

Calculation results of the light transmission and re-
flection coefficients on the wavelength in SC based on
n-ZnS / p-CdTe and n-CdS / p-CdTe HJ are represented
in Fig. 4. As seen from the figure, in the short-wave
spectral region at the wavelength 1 = (300-450) nm the
light transmittance of SC with ZnO and ZnS layers is
larger (by 0.6-5.7 %) than the corresponding values for
PVC in which ITO and CdS layers are used.

3. OPTICAL LIGHT ABSORPTION LOSSES
IN SC

In a general case, except reflection it is necessary to
take into consideration light absorption losses in auxil-
iary layers of PVC. Transmittance of a multilayer stru-
cture including reflection and absorption losses in the
window and current conducting layers of SC can be cal-
culated using the expression [20]
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Fig. 2 — Spectral dependences of the refractive and attenuation indexes for glass (a), ITO (ZnO) (b), CdS (ZnS) (c), CdTe (d)
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Fig. 3 — Spectral dependences of the reflection coefficients (R) for the interfaces: air-glass (6), air-ITO (5), air-ZnO (4), air-CdS (2),

air-ZnS (3), air-CdTe (1) (a) and glass-ITO (5), glass-ZnO (2), ITO-CdS (1), ZnO-ZnS (6), CdS-CdTe (4), ZnS-CdTe (3) (b)
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Fig. 4 — Spectral dependences of the transmittance and reflection coefficient for SC with ITO/CdS/CdTe (1) and ZnO/ZnS/CdTe (2)
structures with taking into account light reflection from the interfaces
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T(2) = (1= Ry))(1 = Ryp)(1 - Ry )(1 = Ryg)(e %) (e %) ,(5)

where a1, a2 are the absorption coefficients of the of the
materials of the conducting and window layers; di, d2
are their thicknesses.

Solar radiation absorption coefficient a(1) with regard
to the attenuation index as a function of the wavelength
k(2) can be calculated by the following correlation:

_4x
a(d) = - k. 6)

Dependences of the transmittance on the radiation
wavelength for SC with ITO, CdS and ZnO, ZnS layers
taking into account absorption in auxiliary layers at
different values of their thickness are shown in Fig. 5.
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Fig. 5 — Spectral dependences of the transmittance of multila-
yer glass / ITO / CdS / CdTe (1) and glass / ZnO / ZnS / CdTe (2)
structures for CdS (ZnS) thickness: 50 nm (a), 300 nm (b) and
ITO (ZnO): 200 nm

As expected, the use of a wider gap material as win-
dow of PVC leads to the increase in the transmittance
of a multilayer structure, primarily, in the short-wave
spectral region. Analysis of the dependences illustrated
in Fig. 5 implies that at the thickness of window layers
of d = 50 nm the value of the transmittance of SC with
Zn0 / ZnS layers in the wavelength range of A= (380-
900) nm are larger by (2-42) % than the corresponding
value for the ITO / CdS structure, and at d = 300 nm —
by (1-8) % at the wavelength of A = (450-900) nm.

4. SPACE CHARGE REGION WIDTH AND
SC QUANTUM YIELD

The space charge region width (d), in other words,
the depletion region appearing at the heteropair contact
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is one of the important parameters which determines the
efficiency of photovoltaic light conversion and is used
for the analysis of the recombination losses in SC. This
width depends mainly on the concentration of uncom-
pensated acceptors Nu — Ng (i.e. the difference between
acceptor and donor concentrations) located in the mate-
rial. Because of the high doping level of window mate-
rial and correspondingly high conductivity of doped films
of cadmium sulfides (1017-1018 cm3) and zinc (1017 cm™3),
the depletion region of n-CdS (n-ZnS) / p-CdTe HJ is lo-
cated in the CdTe layer. Thus, the charge transfer pro-
cesses occurring in the depletion region of HJ from the
physical point of view are similar to those, which take
place in the Schottky diode depletion regions. In this
case, the space charge region width can be found using
the expression [2]

d= 2eg0(po—qU) , @)
V¢ (N,-N,)

where ¢is the relative permittivity of the material; & is
the permittivity of free space; @o is the HJ barrier height;
U is the applied external voltage; q is the electron charge;
(INa — Ng) is the concentration of uncompensated accep-
tors in absorbing layer.

The values presented in Table 1 we used in the work
for the calculation of d.

Calculation of the space charge region width gives
the possibility to determine the quantum yield @ of SC
n-CdS (rn-ZnS) / p-CdTe by the following formula:

-1
1+i[a+2-(¢o—qU)]
e—ad

D, d-kT B ) ®)
1S (2@-qu))"  1+ala
Dp| d-kT

where S is the recombination rate of carriers at the HdJ
boundary; D», Dy are the diffusion coefficients of holes;
a is the light absorption coefficient in CdTe layer; k is
the Boltzmann constant; 7T'is the temperature; L, is the
diffusion length of electrons (L. = (z.Dn)'2, where 7, is
the lifetime of electrons).

Table 1 — The main parameters which were used for the de-
termination of d and @

Parameter Values

£ 10.6

@o—qU (0.70 eV)cas, (0.82)zns
(No — Na) 10111017 cm-3

S 107 cm/s

Tn 10_9 S

D, 25 cm?/s

Dp 2 cm?/s

T 300 K

The values of the light absorption coefficient in CdTe
for the wavelength range of 300-850 nm were taken from
the work [18]. It was assumed that recombination rate
of carriers at the boundaries in both HJ was the same.

We should note that expression (8) does not take in-
to account recombination at the back surface of CdTe
layer which can lead to significant losses in the PVC
efficiency in the case of a small thickness of absorbing
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layer. If neglect the second term in expression (8) (due
to the strong absorption of a luminous flux at small
wavelengths) and also at the absence of charge carrier
recombination at the surface (S =0), then the value of
the quantum yield can reach 1. Thus, deviations of the
obtained values of @ from the maximum ones for the
wavelength A= (300-850) nm can be explained by the
surface recombination.

In Fig. 6 we show the dependence of the photoelec-
tric quantum yield on the concentration of uncompen-
sated acceptors (No — Nq) in absorbing CdTe layer (the
calculated values of the parameters are represented in
Table 1) for n-CdS/ p-CdTe (a) and n-ZnS/ p-CdTe (b)
HJ. We have to note that calculated values of @ for the
given HdJ are close that can be explained by a small
difference in the heights of potential barriers in these
structures (Table 1).
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Fig. 6 — Calculated quantum yield @ of SC at different values
of the concentration of uncompensated acceptors in CdTE layer
(No — Ng) for n-CdS / p-CdTe (a) and n-ZnS / p-CdTe (b) HJ

As seen from Fig. 6, if No— Ng=1011-1015 cm3 the
increase in the SC quantum yield occurs with increasing
wavelength of a luminous flux. In this case, the given
factor takes the maximum values at the photon energy
close to the CdTe band gap (1= 840 nm). The calcula-
tions show that quantum yield takes the maximum va-
lues at the concentrations of uncompensated acceptors
of 1015-1017 cm3, i.e. at the space charge region width of
d =(0.11-1.08) um. The last value is close to the region
thickness of 98 % of light absorption in CdTe. Thus, the
presence of a pulling electric field in the region of basic
radiation absorption leads to the considerable increase
in the SC quantum yield. The analysis shows that dop-
ing of the absorbing material to the values of Ny — Ng=
=1015-10'7 cm~3 are optimal for the obtaining of the ma-
ximum efficiency of PVC based on the considered HdJ.
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It also follows from the dependences shown in Fig. 6
that surface recombination has a larger influence on the
values of the quantum yield at a smaller concentration of
uncompensated acceptors (wider space charge region).

5. DETERMINATION OF THE SHORT-CIRCUIT
CURRENT DENSITY OF SC (Jsc)

The short-circuit current density of SC (Js) can be
calculated by the formula [14]

T =X 10 A QUL ©)

where ¢; is the spectral power density of solar radia-
tion; AZ; is the interval between neighboring values of
the wavelength Ai.

Calculation of the short-circuit current was carried
out during the irradiation of SC by solar radiation in
the conditions of AM 1.5 (Tables ISO 9845-1:1992). We
should note that light losses by reflection, absorption and
recombination were calculated for the barrier height of
0.7 eV in the case of n-CdS / p-CdTe HdJ [22] and 0.82 eV
—n-ZnS / p-CdTe HJ [23].

In Fig. 7 we illustrate the dependence of the short-
circuit current density of ITO (ZnO) / CdS (ZnS) / CdTe
SC on the window layer thickness in view of the light
losses by reflection and absorption in the PVC auxiliary
layers. Here, thickness of a current conducting ITO (ZnO)
layer was equal to 200 nm; this value is typical for SC.

Reflection losses at the SC interfaces were only taken
into consideration in the calculation of the first point in
Fig. 7 (dcas@ns) = 0, drro@ao) = 0). The obtained values of
Jse for SC with ITO / CdS/ CdTe and ZnO / ZnS / CdTe
structures are represented in Table 2.
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19,5
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18,5

t]sc7 mA/cm?2

18,0

175 L . L L .
0 50 100 150 200 250 300

dcas@zns), nm

Fig. 7 - Dependence of the short-circuit current density s on
the window layer thickness for SC based on ITO / CdS / CdTe
(1) and ZnO / ZnS / CdTe (2)

Table 2 — The values of the short-circuit current density cfs
(mA/ecm?) for ITO/CdS/CdTe and ZnO/ZnS/CdTe SC at
different window layer thicknesses

Window layer thickness, nm|
0 50 100 | 300

ITO/CdS/CdTepse (mA/em?2) 21.70[19.99[19.66 | 17.77

Zn0/ZnS/CdTese (mA/em2)| 21.73 | 20.40 | 20.18 | 20.02

SC structure

Thus, when taking into consideration the reflection
and absorption losses in the auxiliary layers of SC with
Zn0 / ZnS/ CdTe structure, the values of the short-ci-
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rcuit current density are higher by (0.03-0.52) mA/cm?
than the corresponding values of ITO / CdS/ CdTe SC
in the whole variation range of the window layer thick-
ness of (0-300) nm.

In Fig. 8 we present the dependences of the impact
of the optical and recombination losses on the short-
circuit current density in ITO/ CdS/CdTe and ZnO /
ZnS / CdTe SC at different values of the concentration
of uncompensated acceptors. As seen from the figure, for
Zn0O /ZnS/ CdTe SC the short-circuit current density
values slightly decrease with increasing window layer
thickness and doping level of CdTe layer (space charge
region width). At the same time, the inverse dependence
is observed for ITO / CdS / CdTe SC. The maximum dif-
ference in the values of Jsc between mentioned SC struc-
tures appears for the window layer thickness of 50 nm
and is equal to (2.1-5.7) mA/cm2.

20 T
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16 L T ‘101SCM'3
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L, 12+
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=2 10%em® __---=""
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Fig. 8 — Short-circuit current density Js for ITO /CdS / CdTe
(chain line) and ZnO / ZnS / CdTe (solid line) SC depending on
the window layer thickness and concentration of uncompen-
sated acceptors (Na — Na)

General (optical and recombination) losses at values
of dcasyzns = 50 nm and (Na— Ng) = 1017 cm=3 in differ-
ent SC designs are equal to: ITO / CdS/ CdTe — 21.3 %,
Zn0O / ZnS/ CdTe — 13.4 %. Analyzing Fig. 8, we should
note that with increasing concentration of uncompensa-
ted acceptors to 1017 cm=3 in absorbing CdTe layer and
at different values of the window layer thickness, the
short-circuit current Jsc for multilayer ITO / CdS / CdTe
and ZnO / ZnS / CdTe SC structures takes the following
values: 16.67 mA/cm?2, 18.82 mA/cm?2 (drro@ns) = 50 nm)
and 18.35 mA/cm?2, 18.44 mA/cm? (drro@as) = 300 nm),
respectively.

6. INFLUENCE OF THE RECOMBINATION AND
OPTICAL LOSSES ON THE SC EFFICIENCY

SC efficiency 1 (%) can be calculated using formula [9]

U, -, FF
g P

12

, (10

where Us is the open-circuit voltage of SC; Js is the
short-circuit current density; FF is the filling factor; Pi»
is the input power.

In Table 3 we specify the parameters of real PVC
which were used for further calculations.

We should note that from the physical point of view
the open circuit voltage (Ux) cannot exceed the value of
the potential barrier height at Hd.
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Table 3 — The values of the main parameters of the real ITO/
CdS/CdTe and ZnO/ZnS/CdTe SC for the determination of the
efficiency of photoconversion

SC structure | Uw, mV | FF, % Pin, Reference
mW/cm?2
ITO/CdS/CdTe| 0.572 63 100 [1]
Zn0/ZnS/CdTe| 0.817 80 [5]

In Fig. 9 we show the dependence of the SC efficiency
on the thickness of window layers (CdS, ZnS) and doping
level of absorbing layer.
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Fig. 9 — Influence of the optical and recombination losses on
the efficiency of SC with ITO /CdS/CdTe (chain line) and
Zn0 / ZnS / CdTe (solid line) structures depending on the win-
dow layer thickness and the concentration of uncompensated
acceptors (Na — Na)

It is seen from Fig. 9 that SC with ZnO / ZnS/ CdTe
structure have the maximum values of the efficiency
(15.9-16.1 %) at the concentration of uncompensated ac-
ceptors of (1015-1017 cm-3). For the given structure, with
decreasing concentration of uncompensated acceptors
(Na — Nag) to 1011 cm3, efficiency of energy conversion by
PVC sharply decreases to = 2.3 %. It is established that
the value of n for SC with ITO / CdS / CdTe structure is
lower by (2-10) % subject to the window layer thickness
and width d than with ZnO / ZnS / CdTe.

7. CONCLUSIONS

In the present work we have determined and com-
pared the optical and recombination losses in SC based
on n-ZnS/ p-CdTe and n-CdS/ p-CdTe HJ with frontal
current conducting contacts ITO and ZnO. It is shown
that the use of wider gap material (ZnS) as a PVC win-
dow leads to the increase in the transmittance of multi-
layer structures in the ultraviolet spectral region. For
the window layer thickness of d = 50 nm (d = 300 nm),
the value of the transmittance of SC with the structure
glass / ZnO / ZnS / CdTe is larger by (2-42) and (1-8) %
at the wavelength of A = (380-900) and A = (450-900) nm,
respectively.

It is found that the calculated value of the quantum
yield of SC takes the maximum values at the photon
energy close to Eg CdTe (1 = 840 nm) and concentration
of uncompensated acceptors of 105-1017 cm=3. Decrease
in @ connected with surface recombination of light-ge-
nerated charge carriers occurs with decreasing length of
incident radiation. Surface recombination in a greater
degree influences the value of the quantum yield at a
smaller concentration of uncompensated acceptors.
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Calculated general (optical and recombination) loss-
es in SC of different constructions are the following:
ITO/CdS/CdTe—-21.3%, ZnO/ZnS/CdTe-13.4%
at dcasyzns = 50 nm and (Nua — Ng) = 1017 cm=3. It is es-
tablished that SC with ZnO / ZnS / CdTe structure has
the maximum values of the efficiency (15.9-16.1 %) at
the concentration of uncompensated acceptors of (1015-
1017 ecm=3) and window layer thickness of 50 nm. The
values of the efficiency for SC with ITO/ CdS/ CdTe
structure are lower by (2-7) % depending on the win-
dow layer thickness d.
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