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Recombination Losses in Solar Cells Based on n-ZnS(n-CdS) / p-CdTe Heterojunctions
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The recombination losses in ancillary and absorber layers of solar cells based on n-ZnS/p-CdTe and
n-CdS / p-CdTe heterojunctions with ITO and ZnO current-collecting frontal contacts were calculated. The
effect of recombination losses in solar cells with structure ITO(ZnO) / CdS(ZnS) / CdTe on the short-circuit
current (Js) and the efficiency () of photovoltaic devices at different window layer thickness CdS (ZnS)
(50-300 nm) and at invariable of current-collecting layer thickness (200 nm) were investigated. The influ-
ence of recombination velocity (S = 107-10° cm/s) on the main features of solar cells was researched. It was
established that solar cells with structure ZnO/ZnS/CdTe at the concentration of uncompensated acceptors
in absorber layer (INo — Na) = 1015-10'7 cm -2 and at window layer thickness 50 nm at recombination velocity
S =107 cm/s have the highest efficiency values (15.9-16.1 %).
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1. INTRODUCTION

One of the ways out of the mankind from the exist-
ing global energy crisis is massive use of photovoltaic
cells to convert solar energy into electrical energy. Cur-
rently, the most common used solar cells (SC) are based
on silicon technology. The alternative to this converters
are thin film solar cells based on the n-CdS/p-CdTe
heterojunction (HJ). It should be noted that this is the
first technology that has allowed to reduce the cost of
production of solar energy to 0.57 $/Watt, which is
lower than the economically justified price of solar
energy in $1/Watt [1].

The maximum theoretical efficiency of thin film SC
with absorber layer CdTe is 28-30 % [2]. However, the
real efficiency of solar cells on the basis of n-CdS/ p-
CdTe HJs with "superstrate" structure nowadays is
20.4 % [3], and the efficiency of solar modules with an
area of more than 1 cm? — 16.5 % [4, 5]. The difference
between the theoretical predictions and the actual
values of the efficiency of the devices is explained by
optical, electrical and recombination losses in the con-
version of solar energy into electricity.

Further increasing of the efficiency of the SC is only
possible if minimizing these losses, optimizing their
design and improving properties of the individual layers.

In the "superstrate" structure of SC with n-CdS / p-
CdTe HJ ITO ((In203)0.9-(Sn0s2)0.1) or FTO (SnO2:F) [6,
7] was traditionally used as economically sublayer.
However, in recent times, zinc oxide films doped with
aluminum (ZnO:Al) began to be used as the front of
conductive layers photovoltaic devices [8, 9]. This mate-
rial is cheaper than ITO or FTO and does not contain
not common and costly elements which, for example,
include the indium.

It should be noted that in the production of thin film
solar cells play an important role in the choice of win-
dow layer. Currently, as widely used CdS
(Eg=2.42 eV). Alternative CdS films can be ZnS thin
layers that have already found application in solar cell-

* dobrozhan.a@ukr.net

2304-1862/2014/3(2)02NEA06(4)

02NEA06-1

PACS numbers: 84.60.Jt, 73.61.Ga

based compounds CIS, CIGS, CZTSe and CZTS [10,
11]. Zinc sulphide has a substantially larger width of
the band gap (Eg = 3.68 e€V) than the cadmium sulfide,
which allows to extend the range of photosensitivity of
relevant SC and to increase their short-circuit current
[12]. This compound is non-toxic due to the absence of
heavy metals. Finally, ZnS layer may be an antireflec-
tion coverage that increases the number of photons
absorbed by solar cells and therefore its efficiency [13].

The authors of papers [14, 15] considered recombina-
tion losses of photogenerated carriers in SC with the
structure of glass/ITO(TCO)/ CdS/ CdTe /back metal
contact. But the influence of the recombination losses on
the efficiency of SC with new  structure
glass / ZnO / ZnS / CdTe / back metal contact at the mo-
ment is not investigated. This caused the purpose of the
study. Note that the calculations of recombination losses
in solar cells in this work were executed with respect to
optical losses of the light we found earlier in [16].

The main aim of this work is the calculation and
comparison of recombination losses in solar cells with
two different structures, the study of their influence on
the efficiency of a solar cell on the base of n-ZnS/ p-
CdTe and n-CdS/p-CdTe HJs with front conductive
contacts: ITO and ZnO.

2. DETERMINING WIDTH OF THE SPACE
CHARGE REGION AND QUANTUM YIELD OF
SOLAR CELLS

Thin film SC-based on «superstrate» HJ type have a
multilayer structure and contain substrate (glass) win-
dow (CdS, ZnS) and absorber (CdTe) layers, conductive
front ITO, ZnO) and metal back contact. Schematic dia-
gram of a typical photovoltaic design with the structure of
glass / ITO(ZnO) / CdS(ZnS) / CdTe / back contact are
presented in [16].

One of the important parameters that determine
the efficiency of photoelectric conversion of light and is
used to analyze recombination losses in SC is the width
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of space charge region (d), in other words, the depletion
region that occurs at the contact of heteropair. This
width is mainly dependent on the concentration of
uncompensated acceptors (No-Ng) (i.e., the difference
between the concentration of acceptors and donors)
that are in the material. Because of the high doping
level of the window and high conductivity of cadmium
sulfide (1017-108cm-3) and zinc oxide (107 cm~3)
doped films the depletion region n-CdS(n-ZnS) / p-CdTe
HJ is situated in CdTe layer. Thus, the processes of-
charge transfer that take place in the depletion HJ
from a physical point of view is similar to those that
occur in areas of depletion region of Schottky diode. In
this case, the width of the space charge region can be
found by using the expression [2]:

2¢e¢, -qU
d= ZOL, 1)
q Na_Nd

where, & — relative dielectrically permittivity of the
material; & — permittivity of vacuum; @o — barrier
height on HJ; U — applied external voltage; q - electron
charge; (INa — Na) — the concentration of uncompensated
acceptors in the absorbing layer.

In this paper for the calculation values which are
presented in Table 1 were used.

Calculation of the width of the space charge region
makes it possible to determine the quantum yield (@) SC
n-CdS(n-ZnS) / p-CdTe by the following formula [17]:
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where, S — recombination velocity for heterojunction
interface; Dn, Dp — diffusion coefficients of holes; o —
coefficient of light absorption in a layer of CdTe; k& —
Boltzmann constant; T — temperature; L, — diffusion

length of electrons (L, = 7,-D "2 where 7, — the life-

n

time of electrons).

The value of the coefficient of light absorption in
CdTe for a range of wavelengths (300-850) nm was
taken by us from [18].

It should be noted that the expression (2) does not
account for recombination on the back surface of CdTe
layer, which can lead to significant losses of converter
efficiency in case of little band gap.

Table 1 — Main parameters, used for d and @ definition

Parameter Value

£ 10,6

@o—qU (0,70 eV)cas, (0,82 eV)zas
(Na— Na) 1011-1017 cm —3

S 107-10° cm/s

Tn 10- 9 S

D» 25 cm?/s

Dy 2 cm?/s

T 300 K
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If we neglect the second term of the expression (2)
(as a result of strong absorption light flux at small
wavelengths), as well as while absence of recombina-
tion of charge carriers at the surface (S = 0), the values
of the quantum yield can reach 1. That’s why, the devi-
ation of obtained values  from maximal at a 4= (300-
850) nm wavelength can be explained by surface re-
combination.

Fig. 1 shows a graph of the photoelectric quantum
yield on the concentration of uncompensated acceptors
(Na — Na) and recombination velocity (S) of carriers on
the interface of heterosystem (calculated values are
listed in Table 1) for n-CdS/ p-CdTe (a) and n-ZnS/ p-
CdTe (b) HJs. It should be noted that the calculated
values of @ for these HdJs are close, which could be
explained by a small difference in height of the poten-
tial barriers in these structures (Table 1).
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Fig. 1 — Calculated quantum yield (@) of SC at different val-
ues of uncompensated acceptors concentration in the layer of
CdTe (Na — Na) and recombination velocity (S: 1 — 107 cm/s, 2 —
108 cm/s, 3 — 10% cm/s) for n-CdS/p-CdTe (a) HJ and n-ZnS/p-
CdTe (b)

As shown in Fig. 1 if (No— Ng)=10'1-10'> cm~—3
while increasing the wavelength of the light flux an
increase of the quantum yield of SC occurs, herewith
this index takes the maximum values at the photon
energy close to the width of CdTe (1~ 840 nm) band
gap. Calculations show that quantum yield acquires
the biggest values at a concentration of uncompensated
acceptors 101%-1017 cm —3, i.e., at the width of the space
charge region at absorbing material d = (0.11-1.08) um.
The last value is close to thickness of the region of 98 %
CdTe light absorption. Thus, presence of the electric
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field in absorption area of radiation leads to a signifi-
cant increase in the quantum yield of SC. The analysis
shows that the doping of the absorbing material to the
values (Na — Ng) = 1015-1017 cm —2 is optimal to maxim-
ize the efficiency of solar cells based on considered Hd.

From the graphs presented in Fig. 1 one can see
that the surface recombination has a greater impact on
the value of the quantum yield at a lower concentration
of uncompensated acceptors (wider space charge re-
gion). It should be noted that the increase of recombi-
nation velocity at the HdJ interface (108-109% cm/s ex-
pectedly results in the reduction of the quantum yield
of solar cells. This dependence is more vivid at values
(Na— Na)=(10-10")cm -3 at a wavelength (300-
500) nm (Fig. 1).

3. DETERMINATION OF SC’S DENSITY OF
SHORT CIRCUIT CURRENT (Jsc)

Short-circuit current density of SC (Js) can also be
calculated by the formula [14]:

o A
hv;

Jo,=qxT 4 Q 4 A%, 3

where, ¢ — spectral power density of solar-radiation; A4 —
interval between successive values of wavelength A

Calculation of short-circuit current was carried by
radiation of SC by solar radiation in terms of AM 1.5
(table ISO 9845-1:1992). It should be noted that the
loss of light by recombination was calculated for the
barrier height of 0.70 eV in case of HJ n-CdS/ p-CdTe
[19] and 0.82 eV — HJ n-ZnS / p-CdTe [20].

Fig. 2 shows graphs of influence of recombination
losses on the short circuit current density in SC
ITO/CdS/CdTe and ZnO/ZnS/CdTe at different values of
concentration of uncompensated acceptors and
recombination velocity (S=107-10°cm/s). As can be seen
from the figure, for ZnO/ZnS/CdTe SC value of short
circuit current density decreases slightly while increasing
thickness of the window layer and the doping level of
CdTe layer (the width of the space charge region).
However, for ITO/CdS/CdTe SC inverse relationship is
observed. In all presented in Fig. cases, the increase of
recombination velocity leads to a decrease of Ji values,
herewith the largest effect is observed when the thickness
of the window layer is 50 nm.

The biggest difference of these values of Js between
given SC structures in these conditions appears at
50 nm window layer thickness and is equal to (2.5-
6) mA/cm?2.

Analyzing Fig. 2, it should be noted that with in-
crease of the concentration of uncompensated acceptors
to 107 ¢cm™ in the CdTe absorber layer and different
values of the thickness of the window layers short-

circuit current Jsc for multilayer structures
ITO/CdS/CdTe and ZnO/ZnS/CdTe SC takes the follow-
ing values: 16.67 mA/cm?2, 18.82 mA/cm?
(drro@ns) = 50 nm); 18.35 mA/cm?, 18.44 mA/cm?

(drro@ns) = 300 nm), accordingly.

Note that from a physical point of view open circuit
voltage (Us) cannot exceed the height of the potential
barrier of HdJ.
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Fig. 2 — Short-circuit current density (Js) for SC of ITO/CdS/
CdTe (a) and ZnO/ZnS/CdTe (b) type depending on the thick-
ness of the window layer, the concentration of uncompensated
acceptors (N« — Na) and recombination velocity (S: 1 — 107 cm/s,
2 — 108 cm/s, 3 — 109 cm/s)

4. INFLUENCE OF RECOMBINATION LOSSES
ON SC EFFICIENCY

The effectiveness of the SC n (%) can be calculated
by the formula [9]

U
n=

J,,-FF

XX K3

“)

68X

where Use — open circuit voltage of SC; Jsc — short-circuit
current density; FF — fill factor; Pin — input power

Table 2 indicates the parameters of real photovolta-
ic devices that were used for further calculations.

Table 2 — Values of the main parameters of the actual
ITO/CdS/CdTe and ZnO/ZnS/CdTe SC to determine the effi-
ciency of photoconversion

Uoc, o Pin, Refer-

SC structure mV FF, % mV/em? ence
ITO/CdS/CdTe | 0.572 63 100 [1]
Zn0/ZnS/CdTe | 0.817 80 [5]

Fig. 3 shows the dependence of the efficiency of the
SC on the thickness of the window layer (CdS, ZnS)
and doping level of the absorbing layer.

From Fig. 3 one can see that SC with the structure
of ZnO/ZnS/CdTe at a concentration of uncompensated
acceptors (1015-1017 ¢cm —3) and recombination velocity
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Fig. 3 — Effect of recombination losses on efficiency of SC with
the structure of ITO/CdS/CdTe (a) and ZnO/ZnS/CdTe (b)
depending on the thickness of the window layer, the concen-
tration of uncompensated acceptors (Na — Na) and recombina-
tion velocity (S: 1 — 107 cm/s, 2 — 108 cm/s, 3 — 109 cm/s)

(S=107cm/s) have the largest values of efficiency
(15.9-16.1 %). These values are close to the obtained
values for the actual ITO/CdS/CdTe SC, that indicates
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