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The effect of CdS thickness and CdTe resistivity on short-circuit current, open-circuit voltage, fill factor and cell efficiency is
studied in this work. The results have been carried out based on the optical losses (reflection and absorption) and
recombination losses (front and back) under certain parameters of the absorber layer. It has been found that the optical
losses decrease with reducing the thickness of CdS layer. At CdS thickness of 100 nm, the contribution of optical and
recombination losses is about 35% where the recorded current density is 20.1 mA/cm™. With further decrease in CdS
thickness up to 70 nm, the short-circuit current density increases up to 21.1 mA/cm where the contribution of these losses
is about 32%. The output power, open-circuit voltage and fill factor of CdS/CdTe solar cell are determined from the J-V
characteristic. It has been found that these parameters increase with decreasing the resistivity of CdTe absorber layer and
thinning the CdS window layer. The maximum cell efficiency of 16.5 % is obtained at CdTe resistivity=0.1 Q cm and CdS

thickness=70 nm.
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1. Introduction

Thin film photovoltaic solar cells, in particular
CdS/CdTe, are extremely prospective for the large-scale
production of solar modules for space and terrestrial
applications. For the past two decades, intensive research
aimed toward increasing the efficiency of CdS/CdTe
devices have been carried out by scientists and engineers
worldwide. These efforts are aimed toward improving the
quality of the CdTe and CdS layers [1-4], reducing the
optical losses [5], perfecting the rear contact [6, 7],
variation of the doping concentration in the materials [8,
9], and many other problems.

Today the challenge facing the researchers and
technologists is how to increase the efficiency of
CdS/CdTe cells from the current efficiency of 16-17%
[10, 11] and to decrease the gap between actual efficiency
and the theoretical limit of 28-30% [12, 13]. It is known
that the efficiency of CdS/CdTe solar cells depends on
short-circuit current (Jsc), open-circuit voltage (Vo), and
fill factor (FF). After considering the recombination losses
(front and pack) and optical losses in the CdTe cell
(reflection of the interfaces air-glass, glass-ITO, ITO-CdS
and CdS-CdTe and absorption in CdS and CdTe layers.),
all components of Jsc appear to be accounted for, and this
quantity is close to its practical limit [5, 14-16]. To
increase the efficiency of thin film CdS/CdTe solar cells
both the fill factor (FF) and open-circuit voltage (Vo) must
be improved.

This work studies the effect of CdS thickness and
CdTe resistivity on short-circuit current, open-circuit
voltage, fill factor and cell efficiency of CdS/CdTe solar
cells. The results have been carried out based on the
optical losses  (reflection and absorption) and
recombination losses (front and back) under certain

parameters such as: CdS thickness; electron and hole
lifetime; recombination velocity; concentration of
uncompensated acceptors and diffusion coefficient.

2. Transmission spectrum

Before reaching the photoelectrically active CdTe
absorber layer, solar radiation penetrates the glass plate, a
layer of transparent conducting oxide (TCO) and CdS
window layer. Obviously, this is accompanied by optical
losses upon reflection from the following interfaces: air—
glass, glass-TCO, TCO-CdS, and CdS-CdTe, and
absorption in TCO and CdS. Therefore, the transmission
coefficient T(1) due to optical losses is given by [17].
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where Ri,, Ras, Ras, Rys is the reflectivity of the interfaces
air-glass, glass-ITO, ITO-CdS and CdS-CdTe,

respectively. oy, ap, di, d, is the absorption coefficient and
thickness of ITO and CdS layers, respectively. The effect
of multiple reflections and related interference are not
taken into calculations owing to a minor error
contributions in the calculation of short-circuit current [5,
16].

Fig.l shows the calculated transmission of
glass/ITO/CdS at various values of CdS thickness (70, 80,
90 and 100 nm). These results are carried out at 100 nm
thickness of ITO layer. It is known, however, that it is
difficult to obtain uniform and pin-hole free CdS layers
thinner than 50 nm [5], therefore the CdS thickness is
assumed in the range 70-100 nm. Besides, Korevaar et
al[18] reported that CdS with a thickness of 80 nm is
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considered a better choice to increase the CdS/CdTe
efficiency up to 16% due to increasing the open-circuit
voltage and fill factor.
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Fig.1. Calculated transmission (T) as a function of
wavelength (7) due to reflection and absorption losses at
different values of CdS thickness.

The calculation of reflection and absorption
coefficient was studied in details in refs. [15, 16]. As can
be seen from this figure the transmission increases with

decreasing the thickness of CdS. The optical losses are
about 14 % in the wavelength range 550-850 nm. Much
more losses are observed in the wavelength region < 500
nm which mainly caused by absorption losses in ITO and
CdS layers [15]. By thinning the CdS layer from 100 to 70
nm, it is possible to reduce the optical losses by 5% in the
wavelength range 500-600 nm.

3. Short-circuit current

One of the essential factors which is used in
calculating the current density is the quantum efficiency
nint- 1t is reported [13, 16] that the quantum efficiency is
consisted of two components, the first is called drift
photoelectric quantum yield (54ir) and the second one is
called diffusion (#4i). Those two components are given by
[19]:

—qv

j —exp(—aW) 2

Dp W kT
Tarift = S = |
1+ (g [%e) _qvj
Dp (W kT

aLn
74if = z—exp(—aW)x
a L -1
n
SbLn d_W _
cos —exp(—a(d —W)) |+ sinh +al exp(—a(d —W))
D L L n ?3)
n n n
aLn —
S L
d— d-wW
b n sinh +cosh[ j
D L Ln
n n
where S is the velocity of recombination at the front _
Y 2864 (pn—av) (4)

surface, S, is the recombination velocity at the back
surface of CdTe layer, Dy is the diffusion coefficient of
holes, W is the width of the space-charge region in the
CdS/CdTe, « is the absorption coefficient of CdTe at a
given wavelength, ¢, is the barrier height at the
semiconductor side, v is the applied voltage, q is the
electron charge, k is the Boltzmann constant, d is the
thickness of CdTe, L,=(t,D,)"? is the electron diffusion
length, t, and D, are the electron lifetime and diffusion
coefficient, respectively.

Equation (2) takes into account the surface
recombination at the CdS-CdTe interface (front
recombination), while equation (3) takes into account the
recombination at the back surface of the CdTe layer (back
recombination).

The width W of space-charge region (depletion layer)
which is mainly depending on the concentration of
uncompensated acceptors (N, - Ng) (the total concentration
of acceptors minus the total concentration of donors) is
given by [19]:

2
q (Na_Nd)

where ¢ is the relative permittivity of the semiconductor, &,
is the permittivity of free space and (N,-Ng) is the
concentration of uncompensated acceptors in the CdTe
layer.

In the present calculations, No-Ng= 10 cm™, £=10.6,
$=10" em/s, 1,=107 s, D,=25 cm%s, D,=2 cm?/s, and d=5
pm.

Fig.2 represents the quantum efficiency spectra
calculated using equations (2), (3) and (4) at different
values of applied voltage. It is clear that the drift
component of quantum efficiency decreases with
increasing the applied voltage and an opposite manner can
be observed in the cause of diffusion component.

The obtained expressions for quantum efficiency
spectra can be used to calculate the short-circuit current
density Jsc using the following equation. The calculations
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will be done for AM1.5 solar radiation using Tables 1SO
9845-1:1992 (Standard 1SO, 1992) [20].

@ ()
Isc ~AZT (- T GAs ©)
i

where T(4) is the optical transmission, @&; is the spectral
power density (mWem?um™), Ak is the interval between
the two neighboring values 4;, and # (7 = ngsire + 74it ) IS the
total quantum vyield of photoelectronic conversion in the
CdTe absorber. Let us first consider the drift component of
the short-circuit current density (Jgrir) Which is calculated
by Egs. (2) and (5). Fig. (3-a) shows the calculation results
for Juire depending on the applied voltage. This figure
represents that the drift component of short-circuit current
gradually decreases with increasing V and approaches a
minimum value of Jgir= 12 mA/cm® at V=0.9 volt.
Besides, using Egs. (3) and (5), the diffusion component of
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the short-circuit current density (Jgif) is estimated and its
values are plotted in figure (3-a) as a function of applied
voltage. It is obvious that Jgs increases with V and
approaches a maximum value of 7.9 mA/cm? at V=0.9
volt. Decreasing the drift component of the short-circuit
current density with increasing the applied voltage can be
attributed to the decreasing of drift component of spectral
guantum efficiency with applied voltage as shown in Fig.
(2-a). This behavior indicates that the surface
recombination increases with increasing the applied
voltage and this maybe due to a significant portion of
radiation is absorbed outside the space charge region.
While the increasing of the diffusion component of the
short-circuit current density with increasing the applied
voltage is due to increasing the diffusion component of
spectral quantum efficiency as shown in Fig. (2-b) and
hence decreasing the back recombination effect.
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Fig. 2. Drift 54 (a) and diffusion ngi (b) photoelectric quantum yield spectra at different values of applied voltage.

Fig. (3-b) shows the total calculated short-circuit
current Ji. (the sum of the drift and diffusion components)
as a function of space-charge width (W) at different
thicknesses of CdS layer. One can see that when the CdS
thickness decreases from 100 nm to 70 nm, the short-
circuit current density increases from 19.93 to 20.1 at
W=0.2 um and slight increase in the current density can be
observed with further increase in W. On the other hand,
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this figure indicated that the optical (reflection and
absorption) and recombination (front and back) losses are
about 35 % at dcgs= 100 nm. Where, the maximum value
of current density ( ch = 31.12 mA/cm?) decreases to

20.1 mA/cm? and these losses become 32 % at degs= 70
nm.
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Fig. 3. Drift (Jgrir) and diffusion (J4ir) components of the short-circuit current density as a function of applied voltage (V) (a) and
the total short-circuit current density (Jsc) as a function of space charge width (W) at different values of CdS thickness (b).
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4. J-V characteristic

In this section, the dependences of the open-circuit
voltage(V,), fill factor(FF), output power (P) and
efficiency (y %) of a CdS/CdTe solar cell on the resistivity
of the CdTe absorber layer and CdS thickness will be
investigated with the aim to optimize these parameters and
hence to improve the solar cell efficiency. The above
parameters can be determined from the J-V characteristic
under illumination which can be presented as:

- 6
IV)=34 -1 (6)
where Jg(V) is the dark current density and Jy, is the
photocurrent density. In most papers, the analytical
description of J-V characteristics have been done using a
semi-empirical formula for the dark current density in the
so-called “ideal” solar cell which is described by the
Shockley equation:

JgV) =g {exp(?_{_]—l} ()

where J; is the saturation current density equals the reverse
current independent on the voltage V as gV is higher than a
few KT. In this work, the measured J-V characteristics of
CdS/CdTe heterostructure are governed by the generation-
recombination Sah—-Noyce—Shockley theory [21-23]. The
Sah-Noyce-Shockley theory supposes that the generation-
recombination rate in the section x of the space-charge
region is determined by expression [21]:

n(xV)P(xV)-n? @®)
Tpon(V) +m 147 ([P(XV) + R ]

UxV)=

where z,, and z,, is the effective lifetime of electrons and
holes in the depletion region, respectively, n; is the
intrinsic carrier concentration and the values n; and P, are
determined by the energy spacing between the top of the
valence band and the generation-recombination level E,,
i.e.

P, =Ny exp(- (E; /KT) 9)

n =N¢ exp(—(Eg —E)/KT) (10)

where N. and N, is the effective state densities in the
conduction and valence bands, respectively and given by:

3/2
(my kT2 m kT2 1)
Neg =2 N, =2+
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In this equation, m, and m, are the effective masses of
electrons and holes.

The values n(x, V) and P(x, V) in Eq. (8) are the
carrier concentration in the conduction and valence bands
and given by [22].

P(x,V)=Ng exp{— A”Jrk(’fl_(xv)} (12)

E. —Au—p(xV)-qV
n(x,V)=N, exp[— g 7 KT ] (13)

where Au is the energy spacing between the Fermi level
and the top of the valence band of CdTe and ¢(x, V) is the
electron energy in the space charge region is given by:

V)=l -ai-gy] 69

According to the EQgs.(8-14), the recombination-
generation current are found by integration of U(x, V)
throughout the entire depletion layer [13]:

w
Jgr =0 [U(xV)dx (15)
0

On the other hand, since in CdS/CdTe junction the
barrier for holes is higher than that for electrons, the
electron component dominates the over-barrier current.
Obviously, the electron flow current in analogous to that
occurring in the p-n junction and one can write for the
over-barrier current density [12]:

Np L
__g P qv ) _ (16)
Jn q o {exp ( KT j 1}

where nj is the concentration of electrons in the bulk part
of the p-CdTe layer, given by:

Eq —Au
Np =Ng exp (— ngJ (17)

Thus, according to the above-presented, the dark
current density in CdS/CdTe heterostructure Jq(V) is the
sum of the generation-recombination and over-barrier
components:

JgM)=JgrV)+In(v) (18)

The relation between Au and the resistivity of CdTe
(p) can be written in the form [24]:

1-\1-402uupn2p? | 19)

2qunﬂi2p
NV
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where 1,=1000 cm/V.s, 1,=80 cm?/V/s is the electron and
hole mobility in CdTe layer, respectively.

In Fig. 4 the calculated J-V characteristics of the
CdS/CdTe heterojunction are shown. The curves have
been calculated by Eq. (6) using Egs. (7)-(19), for various
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resistivities of the p-CdTe layer at dcgs= 100 and 70 nm. In
these calculations, the short-circuit current density was
assumed by 20.1 and 21.1 mA/cm? for 100 and 70 nm of
CdS thickness. As it is seen, an increase in the resistivity p
of the CdTe layer from 10" to 10 Q cm leads to
decreasing the open-circuit voltage V, from 0.863 to 0.745
V at dcgs= 100. The sharp increase in Voatp =0.1 Q cmiin
comparison with large p is explained by the fact Au
increasing with p, while the barrier for electrons lowers
during their drift from CdS to CdTe. Besides, with
decreasing the CdS thickness to 70 nm the same shape of
the above curves can be observed.
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The operating regime of the solar cell is the range of
bias, from 0 to V,, in which the cell delivers power. The
cell power density is given by:

P=V J (20)

P reaches a maximum at the cell's operating point or
maximum power point. This occurs at some voltage Vp,
with a corresponding current density J,, and can be given
by the maximum area that can be fitted between the x and
y-axis of the illuminated J-V curve.

Pmax =Vm Jm (21)

0.000
(b)
d“h=70 nm
-0.005
—p= 10" (Q2 em)
— === =10(Qcm)
E -0.010} =10 (Q cm)
2 b= =10" (2 em)
=.0.015f
/
;
;
-0.020 | e

02 04 06 08 1.0
V (V)

Fig. 4. J-V characteristics of CdS/CdTe heterojunction at different resistivities of the CdTe absorber layer at CdS
thickness of 100 nm (a) and 70 nm (b).

Fig. (5) shows the dependence of the output power on
the applied voltage of CdS/CdTe heterojunction at
different resistivities of the CdTe absorber layer and
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thicknesses of CdS. It is clear that the output power
increases with decreasing both the CdTe resistivity and at
CdS thickness.
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Fig. 5. Voltage dependence of the output power (P) of CdS/CdTe heterojunction as a function of different resistivities of the
CdTe absorber layer at CdS thickness of 100 nm (a) and 70 nm (b).

The fill factor is defined as the ratio

FF:Vm Jm (22)

Fig. 6 shows the dependence of fill factor on CdTe
resistivity at thickness 70 and 100 nm of CdS layer. As it
is seen, the fill factor decreases from 0.864 to 0.687 with
increasing the p from 0.1 to 10* Q. On the other hand, the
fill factor is weakly depending on the CdS thickness.
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Fig. 6. Dependence of fill factor (FF) of CdS/CdTe
heterojunction on CdTe resistivity at different thicknesses
of CdS window layer.

Finally, the dependences of the efficiency #=P ax/Pinc
on the CdTe resistivity for various thicknesses of CdS
layer is shown in Fig. 7, where P;. is the density of the
total AM 1.5 solar radiation power over the spectral range
hv>Eycqre=1.46 €V equals 96.3 mW/cm?® [25]. As it is
seen, the value of # remarkably decreases from 15.48% to
10.6 % with increasing p from 0.1 to 10* Q cm. With
lowering the CdS thickness to 70 nm, a maximum
efficiency of 16.5% is obtained at p=0.1 Q cm. The
calculated results turn out to be quite close to the
efficiencies of the best samples of thin-film CdS/CdTe
solar cells (16-17%) [10, 26-28].
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Fig. 7. Efficiency of CdS/CdTe cell versus CdTe
resistivity at different thicknesses of CdS window layer.

5. Conclusions

The dependence of the short-circuit current, output
power, open-circuit voltage and fill factor of a CdS/CdTe
solar cell on the resistivity of the CdTe absorber layer and
thickness of CdS window layer is studied theoretically in
this work in order to enhance the cell efficiency. The

calculations are carried out based on the optical (reflection
and absorption) and recombination (front and back) losses
under cretin parameters of the absorber layer. Reducing
the CdS thickness from 100 to 70 nm leads to decrease the
optical and recombination losses from 35% to 32% where
the recorded maximum current density is 20.1 mA/cm?
and 21.1 mA/cm?, respectively. Both the CdTe resistivity
and CdS thickness have remarkable effect on output
power; fill factor and open-circuit voltage. These
guantities increase with decreasing the resistivity of CdTe
absorber layer and thinning the CdS layer. High efficiency
of 16.5% is yielded at optimum conditions such as: CdTe
thickness=5 um; carrier lifetime (t)=10"° s; concentration
of uncompensated acceptors (N,-Ng)=10" cm™; velocity of
recombination at the front surface (S) and at back surface
(Sy) of CdTe layer=10" cm/s; CdS thickness=70 nm and
CdTe resistivity=0.1 Q cm.
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