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Abstract

This work represents a theoretical analysis of a new type of thin film solar cells with structure glass/ITO/CdS/PbS/AL. The transmis-
sion spectrum was calculated based on the multi-reflections effect from all cell layers as well as absorption effect in both ITO and CdS
layers. The calculations of spectral internal quantum efficiency were carried out based on the front and back surface recombination of
PbS layer. The recombination losses in space-charge region were studied. The effect of thickness of the absorber layer on the calculations
of short-circuit current density was studied under illumination condition of AM1.5 solar irradiation. The data of open circuit voltage,
maximum voltage, maximum current density, fill factor, output power density and efficiency of CdS/PbS solar cell were estimated from
the J–V characteristics curve under illumination effect. This study ignored the effect of metallic back contact and thus the incomplete
absorption losses (transmission losses) take place at thin absorber layer. The obtained results showed that the 2 lm thickness of the
absorber layer is not sufficient to absorb all the transmitted photons from the window layer (CdS) and the selection of theses thin
thicknesses of PbS in order to correspond with experimental implementations of these devices. Both the optical and recombination losses
lead to decrease the current density by 82% (JSC = 7.28 mA/cm2) at thickness 0.5 lm of PbS and these losses decreased to 67%
(JSC = 16 mA/cm2) at thickness 2 lm. The output power density and the cell efficiency increased with increasing the thickness of effective
layer. The maximum cell efficiency of 4.13% was obtained at thickness of 2 lm which is considered greater than those obtained
experimentally.
� 2014 Elsevier Ltd. All rights reserved.

Keywords: CdS/PbS thin film solar cell; Transmission spectrum; Internal quantum efficiency; J–V curve; Cell efficiency
1. Introduction

Photovoltaic devices usually exploit mid-range band-
gap semiconductors which absorb in the visible range of
the solar spectrum. CdTe/CdS and CIGS/CdS solar cells
are considered the ideal cell of these devices and recently
recorded high efficiency of 18.3% and 20% (Mohamed
and Hadia, 2013; Green et al., 2013) respectively. However,
http://dx.doi.org/10.1016/j.solener.2014.07.017
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narrow band-gap semiconductors are of interest for photo-
voltaic (PV) solar energy conversion as they can absorb the
“IR tail” of the solar spectrum, which is not absorbed by
commonly used PV materials. The use of such absorbers
in semiconductor sensitized solar cells allows the integra-
tion of low cost device configurations and broad spectral
response, which may also be utilized in IR and near-IR
(NIR) photodetectors (Gertman et al., 2014).

Quantum dot-sensitized solar cells (QDSCs) are interest-
ing energy devices because quantum dots (QDs) exhibit
some attractive advantages, such as high extinction coeffi-
cients, tunable bandgaps simply by controlling the QDs
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Fig. 1. Schematics of a typical CdS/PbS solar cell structure (a) and
schematic of the energy band diagram of CdS/PbS solar cell under
forward bias (b).

H.A. Mohamed / Solar Energy 108 (2014) 360–369 361
sizes, low cost and so on (Nozik, 2002; Kramer and
Sargent, 2011). The maximum obtained efficiency is in
the range 4–7% when ZnO and TiO2 in their various forms
(nanoparticles, nanowires, and bulk thin film) were used as
n-type for PbS QDs (Gao et al., 2011; Ip et al., 2012).
Bhandari et al., 2013 reported on heterojunction PbS quan-
tum dot (QD) thin film solar cells using RF magnetron
sputtered CdS as the n-type window layer. They obtained
cell efficiency of 3.3%. The chemical bath deposition
method was used to prepare thin film solar cell CdS/PbS
with efficiency 1.37 (Obaid et al., 2013b). Moreover,
Hernandez-Borja et al., 2011 has reported prototype thin
film PbS/CdS solar cells (not QDs) with 1.6% efficiency
where both CdS and PbS are deposited by chemical bath
method. Lead sulfide (PbS) is an attractive material in that
sense (Hernandez-Borja et al., 2011), as it has a high extinc-
tion coefficient, band-gap tunability via quantum size
effects, and multiple exciton generation which has been
demonstrated both for quantum dots and bulk-like PbS
thin films (Nair et al., 2011; Velizhanin and Piryatinski,
2011; Sambur et al., 2010; Semonin et al., 2011). Bulk
PbS has a narrow band-gap of 0.37–0.41 eV (300 �K)
(Smith et al., 2011) and an exciton Bohr radius of
18–20 nm (Wise, 2000).

To our knowledge, the theoretical studies in this type of
solar cell are absent in the literatures. This work aims to
study the shape and behavior of some quantities such as
the internal quantum efficiency, the short-circuit current
density and the J–V characteristic curve of thin film photo-
voltaic solar cell with structure CdS/PbS. Besides, study the
dependence of cell parameters such as the efficiency, fill fac-
tor, open-circuit voltage and the output power density on
the thickness of absorber layer (PbS). The calculations
are carried out under at certain parameters such as the elec-
tron lifetime, the recombination velocity and the width of
space charge region. The optical losses (due to absorption
in ITO and CdS and multi-reflections from different lay-
ers), the recombination losses at front and back surface
of PbS layer and the recombination losses in space-charge
region will be taken into consideration. In order to com-
pare the previous experimental results of these devices with
the current results, a thin thickness of 0.5–2 lm of the
absorber layer will be considered. One should keep in mind
that the transmission losses (incomplete absorption) are
caused by a thin thickness of the absorber layer and the
effect of the metallic back contact will not be taken into
consideration. Here, the optical losses simply refer to the
absorption losses in ITO and CdS as well as the reflection
from all interfaces.

2. Theoretical aspects

2.1. Calculations of transmission spectrum

The schematics structure and band diagram under for-
ward bias of thin film CdS/PbS solar cells is shown in
Fig. 1. This cell consists of four layers. The first layer is
called front contact which is made from transparent con-
ducting oxide such as indium tin oxide (ITO). The second
layer from CdS which is used as n-type semiconductor, this
layer is called window layer. The third layer which is called
the effective layer is formed from PbS, this layer is used as
p-type semiconductor. The last layer is called back contact
which is formed from metal that must have high workfunc-
tion to make ohmic contact with PbS.

When the incident light path through CdS/PbS cell, cer-
tain part of this radiation is lost due to reflection and
absorption effects. The reflection losses is due to reflectivity
from different layers of the cell (glass, ITO, CdS and PbS).
In addition to reflection losses, absorption losses takes
place in ITO and CdS layers. Therefore, these losses will
be taken into calculations of the transmitted light that
reaches the effective layer (PbS) of the solar cell. To be
more accurate, the multi-reflections effect inside CdS/PbS
cell will be taken into calculations.

The Fresnel reflection of the normal incident light upon
a boundary between two materials of different refractive
indices is given by:

Rf ¼
ðn1 � n2Þ2

ðn1 þ n2Þ2
ð1Þ

In addition, the Fresnel Power Transmission coefficient
is given by:

T f ¼ 1� Rf ¼
4n1n2

ðn1 þ n2Þ2
ð2Þ

where n1 and n2 are the refractive indices of the two media.
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The total transmittance for L number of layers can be
calculated from:

T R ¼ T f

YL�1

j¼2

T j;jþ1

ð1� Rj;j�1Rj;jþ1Þ
ð3Þ

which expands to

T R ¼ 4
n1n2

ðn1 þ n2Þ2
YL�1

j¼2

4
njnjþ1

ðnjþnjþ1Þ2

1� ðnj�nj�1Þ2ðnj�njþ1Þ2

ðnjþnj�1Þ2ðnjþnjþ1Þ2

� � ð4Þ

The transmission coefficient T(k) due to multi-reflections
as well as absorption can be written in the form
(Mohamed, 2013):

T ðkÞ ¼ T Rðe�a1d1Þðe�a2d2Þ ð5Þ

where a1, a2, d1, d2 is the absorption coefficient and thick-
ness of ITO and CdS layers, respectively.

The absorption coefficient is calculated from:
gdif ¼
aLn

a2L2
n � 1

expð�aW Þ � aLn �
SbLn
Dn

cosh d�W
Ln

� �
� expð�aðd � W ÞÞ

h i
þ sinh d�W

Ln

� �
þ aLn expð�aðd � W ÞÞ

SbLn
Dn

sinh d�W
Ln

� �
þ cosh d�W

Ln

� �
8<
:

9=
; ð9Þ
aðkÞ ¼ 4p
k

kðkÞ ð6Þ

where k is the extinction coefficient of the used material.

2.2. Calculations of absorptive capacity of PbS

The thickness of absorber layer has a significant effect of
the capacity of it to absorb the incident solar radiation.
Recently, Kosyachenko et al. (2013) studied the depen-
dence of the absorptivity of solar radiation power on the
thickness of absorber layer of CdS/CdTe solar cell. The
expression for the integrated (rather than at a certain wave-
length) absorptivity of solar radiation in the absorber layer
with a thickness d can be represented as:

AUðdÞ ¼
P

iT ðkÞUi½1� expð�adÞDkiP
iT ðkÞUiDki

ð7Þ

where Ui is the spectral power density (mW cm�2 lm�1) at
wavelength ki and Dki is the interval between the two neigh-
boring values of wavelength. The current calculations of
absorptivity ignore the effect of the metallic back contact.

2.3. Calculations of internal quantum efficiency

The internal quantum efficiency (gint) of a solar cell
includes the drift (gdrift) and diffusion components (gdif)
of quantum efficiency.
The drift component, which takes into account the front
surface recombination losses due to recombination at the
interface of CdS with PbS, is governed by the following
expression (Kosyachenko et al., 2009):

gdrift ¼
1þ S

Dn
aþ 2

W
u0�qv

kT

� ��1

1þ S
Dn

2
W

uo�qv
kT

� ��1
� expð�aW Þ ð8Þ

where S is the front surface recombination velocity; v is the
applied voltage; uo is the barrier height; Dn is the diffusion
coefficient of electrons related to their mobility ln by the
Einstein relation qDn/kT = ln; W is the width of the space
charge region; a is the absorption coefficient of PbS at a
given wavelength, q is the electron charge, k is the Boltz-
mann constant and T is room temperate.

The diffusion component of the internal quantum effi-
ciency, which takes into account recombination at the back
surface of the solar cell, is given by the following expression
(Sze and Kwok, 2007; Yang et al., 2008):
where Ln = (snDn)1/2 is the electron diffusion length; sn is
electron lifetime; Sb is the velocity of recombination at
the rear surface of the PbS layer and d is the thickness of
the PbS layer.

The dependence of width W of space-charge region
(depletion layer) on the concentration of uncompensated
acceptors (Na � Nd) is given by:

W ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ee0ðu0 � qvÞ
q2ðN a � N dÞ

s
ð10Þ

where e is the relative permittivity of the semiconductor
and e0 is the permittivity of free space.

The internal quantum efficiency gint is the sum of drift
and diffusion components:

gint ¼ gdrift þ gdif ð11Þ

The values of the above parameters (d1, d2, uo � qv, Dn,
ln, sn and e) are listed in Table1.

2.4. Recombination losses in the space-charge region

In addition to front surface recombination losses and
recombination at the back surface of the solar cell, there
is a probability that the generated electron–hole pairs
recombine within the space-charge region (SCR) and cause
losses of the photocurrent in the circuit of photovoltaic
device. These losses are depending on some parameters



Table 1
The values of the parameters used in this study.

Symbol Value Reference

d1 100 nm Current work
d2 100 nm Current work
U0 � qv 0.7 eV Current work
Dn 25.8 Current work
ln 1000 cm2/(V S) Current work
lP 80 cm2/(V S) Current work
sn 10�9 s Current work
sP 10�9 s Current work
e 18 Akhtar et al. (2010)
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such as: carrier lifetime (sn, sp), carrier mobility (ln, lp), the
width of SCR (W) and the strength of the electric-field (F).

The mean distance (the electron drift length) that the
electron travels during the mean lifetime sn along the elec-
tric field is determined by the electron mobility ln and the
electric field strength F:

kn ¼ lnF sn ð12Þ
Then, the hole drift length is given by:

kp ¼ lpF sp ð13Þ

In the Schottky diode, an electric field is not uniform in
the space-charge region, but consideration of the nonuni-
formity is simplified, since the field strength decreases line-
arly with the x coordinate. In this case, the field strength F

in the expressions (12) and (13) for kn and kp can be
replaced by the average values of F in the sections (0, x)
and (x, W) for electrons and holes, respectively
(Kosyachenko et al., 2006):

F ð0; xÞ ¼ U0 � eV
eW

2� x
W

� �
ð14Þ

F ðx;W Þ ¼ U0 � eV
eW

1� x
W

� �
ð15Þ

The charge collection efficiency is expressed by the
known Hecht equation (Hecht, 1932):

gc ¼
lpF ðx;W Þsp

W
1� exp � W � x

lpF ðx;W Þsp

 !" #

þ lnF ð0; xÞsn

W
1� exp � x

lnF ð0; xÞsn

� �	 

ð16Þ
2.5. Calculations of short-circuit current density

The spectral distribution of the photons can be found as
Ui/hv, where Ui is the spectral power density (mW cm�2

lm�1), and hv is the photon energy. By using Eqs. (5)
and (8)–(11), the short-circuit current density (JSC) can be
calculated according to this formula:

J SC ¼ q
X

i

T ðkÞuiðkiÞ
hmi

gintðkiÞDki ð17Þ

where Dki is the interval between the two neighboring
values ki.
2.6. Calculations of cell parameters

To calculate the solar cell efficiency and output power
density, many parameters such as; open-circuit voltage;
maximum current density and maximum voltage must be
firstly known. These parameters can be estimated from
an illuminated J–V characteristic curve which can be pre-
sented in the form:

JðV Þ ¼ J d � J ph ð18Þ

where Jd is the dark current density and Jph is the photocur-
rent density.

In most papers, the analytical description of J–V charac-
teristics 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:

J dðV Þ ¼ J S exp
qV
kT

� �
� 1

	 

ð19Þ

where Js is the saturation current density equals the reverse
current independent on the voltage V as qV is higher than a
few kT. In this work, the measured J–V characteristics of
CdS/PbS heterostructure are governed by the generation–
recombination Sah–Noyce–Shockley theory. The Sah–
Noyce–Shockley theory supposes that the generation–
recombination rate in the section x of the space-charge
region is determined by expression (Sah et al., 1957):

Uðx; V Þ ¼ nðx; V ÞP ðx; V Þ � n2
i

sPo½nðx; V Þ þ n1� þ sno½P ðx; V Þ þ P 1�
ð20Þ

where sno and spo is the effective lifetime of electrons and
holes in the depletion region, respectively, ni is the intrinsic
carrier concentration and the values n1 and P1 are deter-
mined by the energy spacing between the top of the valence
band and the generation–recombination level Et, i.e.

P 1 ¼ Nv expð�ðEt=kT Þ ð21Þ
n1 ¼ N c expð�ðEg � EtÞ=kT Þ ð22Þ

where Nc and Nv is the effective state densities in the con-
duction and valence bands, respectively and given by:

Nc ¼ 2
mnKT

h2

� �3=2

; Nv ¼ 2
mpKT

h2

� �3=2

ð23Þ

In this equation, mn and mp are the effective masses of elec-
trons and holes.

The values n(x, V) and P(x, V) in Eq. (20) are the carrier
concentration in the conduction and valence bands and
given by Kosyachenko et al. (2007).

P ðx; V Þ ¼ Nc exp �Dlþ uðx; V Þ
kT

	 

ð24Þ

nðx; V Þ ¼ Nv exp �Eg � Dl� uðx; V Þ � qV
kT

	 

ð25Þ

where Dl is the energy spacing between the Fermi level and
the top of the valence band of CdTe and u(x, V) is the elec-
tron energy in the space charge region is given by:



Fig. 2. Calculated transmission spectrum T(k) due to reflection from all
layers and absorption in ITO and CdS layer.
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uðx; V Þ ¼ ðu0 � qV Þ 1� x
W

� �
ð26Þ

According to the Eqs. (20)–(26), the recombination-
generation current are found by integration of U(x, V)
throughout the entire depletion layer (Kosyachenko et al.,
2009):

J gr ¼ q
Z W

0

Uðx; V Þdx ð27Þ

On the other hand, since in CdS/CdTe junction the bar-
rier 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 (Sze, 1981):

J n ¼¼ q
npLn

sn
exp

qV
kT

� �
� 1

	 

ð28Þ

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

nP ¼ N c exp �Eg � Dl
kT

� �
ð29Þ

Thus, according to the above-presented, the dark cur-
rent density Jd(V) is the sum of the generation–recombina-
tion and over-barrier components:

J dðV Þ ¼ J grðV Þ þ J nðV Þ ð30Þ

The CdS/PbS solar cell efficiency can be expressed by:

g ¼ FF � J SC � V 0

P in
ð31Þ

where FF is the fill factor, V0 is the open circuit voltage, Pin

is the density of the total AM 1.5 solar radiation power
(equals 96.3 mW/cm2) (Toshifumi et al., 1993).

In this work, the efficiency of thin film solar cell based
on PbS is compared with the Shockley–Queisser limit that
refers to the calculation of the maximum theoretical effi-
ciency of a solar cell made from a single pn junction. The
dependence of this efficiency on the band gap energy (Eg)
of the used absorber layer is given by the following expres-
sion (Shockley and Queisser, 1961):

UðEgÞ ¼
EgQS

P S
ð32Þ

where QS is the number of absorbed photons (E < Eg) per
unit area, per unit time and PS is the solar power per unit
area. This calculation assumed an idealized device so the
practical limits are even smaller. The main assumptions
are that all incident photons are captured, all above-
band-gap photons are absorbed, complete thermalization
occurs, the transport and collection of charges are lossless,
and that only radiative or Auger recombination occurs.

The fill factor can be written as:

FF ¼ P m ¼ J m � V m

J SC � V 0

ð33Þ
where Jm and Vm are the maximum current density and
voltage, respectively.
3. Results and discussion

Using Eqs. (4) and (5), the transmission spectrum T(k)
that reaches the effective layer is calculated and plotted in
Fig. 2. The data of refractive index and extinction
coefficient of ITO, CdS and PbS are taken from (http://
homepages.rpi.edu/schubert/Educational-resources/Mate-
rials-Refractive-index-and-extinction-coefficient.pdfS). The
extinction coefficient of glass substrate is assumed to be
equal zero, while its refractive index is calculated using
Sellmeier dispersion equation (Kasap, 2000). It is clear
that, the transmission spectrum due to multi reflections
effect records value of 0.92–0.77 in the wavelength range
of 600–1300 nm. When the absorption effect is taken into
calculations, the transmission spectrum decreases compar-
ing with the above case and records value of 0.8–0.67 in
the wavelength range 550–1300 nm. At low wavelength,
the optical losses record high value of about 88% at
k = 300 nm and about 50% at k = 500 indicating that
the big part of optical losses in the wavelength range
300–550 nm is due to the absorption. This result shows
that T(k) is less than unity due to reflection and absorp-
tion losses. These losses are ranged from 20% to 33% in
the wavelength range of 550–1300 nm. This optical losses
will affect in the calculation of short-circuit current den-
sity and in the efficiency of CdS/PbS solar cell.

In above results, the thickness of both ITO layer and
CdS layer are 100 nm. It is expected that by thinning the
thickness of ITO layer and/or CdS layer it is possible to
reduce the optical losses due to decreasing the absorption
losses. It is known, however, that it is difficult to obtain
uniform and pin-hole free CdS layers thinner than �50 nm.

Dependence of absorptivity of solar radiation power on
the thickness of PbS layer (dPbS) under condition of AM1.5
solar irradiation (ISO 9845-1:1992) is shown in Fig. 3. It is
clear that the PbS thickness of 20–30 lm is sufficient to
absorb more than 99% from the incident solar radiation.

http://homepages.rpi.edu/schubert/Educational-resources/Materials-Refractive-index-and-extinction-coefficient.pdfS
http://homepages.rpi.edu/schubert/Educational-resources/Materials-Refractive-index-and-extinction-coefficient.pdfS
http://homepages.rpi.edu/schubert/Educational-resources/Materials-Refractive-index-and-extinction-coefficient.pdfS


Fig. 3. Dependence of absorptivity of solar radiation power on thickness
of the PbS layer (dPbS) under condition of AM1.5 solar radiation.
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At thickness 2 lm, the capacity of absorptivity is about
60%. The current calculations ignore the effect of the metal-
lic back contact. Using the effect of metallic back contact
will increase the absorptivity in the absorber layer and
hence its thickness can be reduced without decreasing the
amount of absorptivity. It is reported (Kosyachenko
et al., 2013) if the reflectance from the back contact is
100% the absorptivity will be as same as the case of using
a double thickness of the absorber layer. As concluded
Fig. 4. Drift component of internal quantum efficiency (gdrift) as a
function of wavelength at different values of space charge region width
(W) at front surface recombination velocity S = 107 cm/s (a) and S = 0
(b).
from Fig. 3, a thickness of about 15 lm will absorb more
than 95% of photons without taking into account the effect
of back contact.

In the calculations of internal quantum efficiency, we
assumed that the absorption coefficient of the effective
layer (PbS) is independent on its thickness. Thus according
to Eqs. (8) and (9), the drift component of internal quan-
tum efficiency is dependent on the width of the ablation
layer and the diffusion component is dependent on the
width of space charge region as well as on the thickness
of PbS layer. Fig. 4 represents the dependence of gdrift on
the width of space charge region (W). The calculations
are carried out at S = 107 cm/s (Fig. 4a) and at S = 0
(Fig. 4b). The present width of space charge region 0.13–
12 lm corresponds to the concentration of Na � Nd in
the range of 1017–1013 cm�3. Fig. 4a shows that gdrift

decreases with increasing wavelength and decreasing the
width of space charge region. The decreasing of gdrift with
wavelength is due to decreasing of a with wavelength. With
narrowing the barrier region from 12 lm to 0.13 lm
(increasing Na � Nd from 1013 cm�3 to 1017 cm�3), the
value of gdrift decreases due to a large portion of photons
is absorbed outside the space-charge region. When S = 0
as shown in Fig. 4b, gdrift is close to 1 at lower wavelength
and wide width of space charge region.
Fig. 5. Diffusion component of internal quantum efficiency (gdif) as a
function of wavelength at different values of PbS thickness (dPbS) at front
surface recombination velocity S = 107 cm/s (a) and S = 0 (b).



Fig. 6. Internal spectral quantum efficiency (gint) at different values of PbS
thickness (dPbS) at front surface recombination velocity S = 107 cm/s (a)
and S = 0 (b).
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The second component (gdif) of internal quantum effi-
ciency as a function of wavelength at different values of
PbS thickness and at W = 0.39 lm is plotted in Fig. 5. It
is clear that the maximum gdif is observed at thicker PbS
and at S = 0. Besides, the values of gdif < gdrift which means
that the contribution of diffusion component of quantum
efficiency is small comparing with the contribution of drift
component.

The total internal quantum efficiency (gint) as a function
of wavelength at different values of PbS thickness and at
W = 0.39 lm is shown in Fig. 6. From this figure we can
Fig. 7. The coordinate dependences of the charge-collection efficiency gc

calculated for electron lifetimes sn of 10�9 s.
see that the recombination losses (front + back) take place
in all values of wavelength and thickness of PbS layer, since
gint < 1 in all cases. The average of gint in all wavelength
range (k = 300–1300 nm) for dPbS = 0.5 lm and 2 lm is
about 0.5 and 0.65, respectively.

Fig. 7 shows the charge collection efficiency (gc) com-
puted by Eq. (16) for electron lifetimes of 10�9 s. It is clear
that gc increases with increase the value of x (which is mea-
sured from PbS side) and attains to saturation case when x

is close to the width of space-charge region (W). The
recombination losses in space-charge region are about
82% at x = 0 and it decrease strongly with increase x reach-
ing to about 1.5% at x = W. That indicates, the recombina-
tion losses in space-charge region can be ignored at
narrowing width of space-charge region.

Calculating the short-circuit current density gives a
quantitative description of losses caused by reflection from
different layers in CdS/PbS cell, absorption in ITO and
CdS layers and recombination losses at the front and back
surfaces of PbS layer. Using Eq. (17), the dependence of
short-circuit current density of CdS/PbS heterostructure
on the thickness of the effective layer is calculated under
the conditions of AM1.5 (96.3 W/cm2) solar irradiation
and plotted in Fig. 8. Calculations were made for the sur-
face recombination velocities of S = 107 cm/s and S = 0.
The width of space charge region is assumed to be
0.39 lm which corresponds to Na � Nd = 1016 cm�3. In
order to estimate the quantitative optical and recombina-
tion losses, we put T(k) = 1 and gint(k) = 1 in Eq. (17) to
obtain the maximum short-circuit current density of
J 0

SC ¼ 41 mA=cm2 for S = 107 cm/s. When both the optical
and recombination losses are taken into calculations, it is
found that JSC = 7.28 mA/cm2 for dPbS = 0.5 lm and
13.2 mA/cm2 for dPbS = 2 lm. This indicates that the opti-
cal and recombination losses are about 82% and 67% at
dPbS = 0.5 lm and 2 lm, respectively. Moreover, the results
from Fig. 2 show that the optical losses are about 30%,
therefore the recombination losses are in the range of
35–50 depending on the thickness of effective layer and
these results confirm the results obtained from Fig. 6.
Fig. 8. Dependence of short-circuit current density (JSC) on the thickness
of absorber layer (dPbS) at front surface recombination velocity
S = 107 cm/s and S = 0.



Fig. 9. J–V characteristic curve of CdS/PbS solar cell under illumination
at various thicknesses of absorber layer (a) and the comparing between
dark and illuminated current when the thickness of PbS is 1300 nm (b).

Fig. 10. The output power density (P) as a function of applied voltage (V)
at different thicknesses of the absorber layer of CdS/PbS solar cell.
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When the velocity of front surface recombination is
reduced to zero, the values of JSC increase and hence the
recombination losses decrease. In later case, the short-
circuit current density records value of JSC = 7.86 mA/
cm2 and 16 mA/cm2 for dPbS = 0.5 lm and 2 lm, respec-
tively. Then, the optical and recombination losses of this
case are about 80% and 61%, respectively.

Fig. 9 shows J–V characteristics of thin film CdS/PbS
solar cells at different thicknesses of PbS layer under the
illumination condition of AM1.5 solar irradiation. It is
clear from Fig. 9a that the illumination becomes more sig-
nificant on CdS/PbS cell as the thickness of absorber is
increasing. Fig. 9b compares between the dark and illumi-
nated current of CdS/PbS solar cell at dPbS = 1300 nm.
From this figure and using Eqs. (31) and (33), some impor-
tant parameters such as V0, Vm, Jm, FF, Pm and g are esti-
mated and listed in Table 2 as a function of PbS thickness.
We can observe that, all these parameters expect FF
increase with increasing the absorber thickness. The trend
of the fill factor FF is weakly depending on the thickness
Table 2
The maximum current density (Jm), maximum voltage (Vm), open circuit voltag
film CdS/PbS solar cells at different values of thickness of the effective layer (

dPbS (nm) Jm (A/cm2) Vm (V) V0 (V

500 0.0064 0.325 0.394
700 0.0071 0.336 0.398
900 0.0077 0.345 0.402

1100 0.0089 0.338 0.405
1300 0.0100 0.328 0.406
2000 0.0125 0.318 0.414
of absorber layer. Firstly, it decreases slightly with thick-
ness from 72% to 70% and then starts to increase slightly
with thickness to attain 72.8 at the highest thickness. Apart
from the values of FF at PbS thickness range 700–900 nm,
FF seems to be constant with average value of 72%. That
indicate the capacity of the device to collect the charge car-
riers is approximately constant for various thickness of the
absorber layer. The minimum cell efficiency of 2.16% is
observed at dPbS = 0.5 lm, while the maximum efficiency
is 4.13% is observed at dPbS = 2 lm. These values of effi-
ciency are considered greater than the efficiency that esti-
mated in some previous work (Bhandari et al., 2013;
Hernandez-Borja et al., 2011; Obaid et al., 2012,
2013a,b). This difference in efficiencies between this work
and the previous work maybe due to that this work is based
on some assumptions such as, the value of electron lifetime,
the value of electron diffusion coefficient, the value of
velocity of surface recombination as well as the thickness
that used here (particular 2 lm) is considered higher than
the used thickness in these previous work.

Moreover, comparing the current efficiency with Shock-
ley–Queisser limit with applying the same assumption in
Eq. (32) to PbS solar cells, the estimated upper limit
reaches about 15% efficiency, which is almost three times
the current highest efficiency achieved. The big difference
between Shockley–Queisser and the current efficiency is
mainly due to the optical and recombination losses.

The output power density of CdS/PbS solar cells as a
function of applied voltage is shown in Fig. 10 at different
thicknesses of absorber layer. It can be seen that the max-
imum power is observed at applied voltage of 0.34 V and
with increasing the thickness of absorber layer the power
e (V0), fill factor (FF), output power density (Pout) and efficiency (g) of thin
PbS).

) FF (%) Pout (mW/cm2) g (%)

72.5 2.076 2.16
70.9 2.38 2.47
69.8 2.66 2.76
71.6 2.99 3.11
72.5 3.30 3.42
72.8 3.98 4.13
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increases. This is due to increasing the cell efficiency with
thickness as shown in Fig. 9 and Table 2.

4. Conclusions

Many parameters such as; internal quantum efficiency,
short-circuit current density, open circuit voltage, fill fac-
tor, output power density and efficiency of a thin film solar
cell with structure ITO/CdS/PbS were studied theoretically
in this work. The absorption in ITO and CdS layer as well
as multi-reflections from different layers were taken into
account in the calculating the transmission spectrum. The
dependence of drift and diffusion components of spectral
quantum efficiency on the width of depletion layer and
on the thickness of absorber layer was studied at two val-
ues of velocity of surface recombination. The J–V charac-
teristic curve under illumination condition was studied to
estimate some important parameters such as open circuit
voltage, maximum current density and maximum voltage.

The obtained results showed that:

(1) The short-circuit current density was about 7.28
mA/cm2 at thickness 0.5 lm of the absorber layer
and increased up to 16 mA/cm2 with further increase
in the thickness up to 2 lm.

(2) The open circuit voltage, maximum current density,
maximum voltage, output power density and effi-
ciency of CdS/PbS solar cell increased with increasing
the absorber layer thickness.

(3) The fill factor represented weak dependence on the
thickness of absorber layer and recorded an average
value of about 72%.

(4) The maximum cell efficiency of 4.13% was achieved at
dITO = 100 nm, dCdS = 100 nm, dPbS = 2 lm, S =
107 cm/s, W = 0.39 lm and s = 10�9 s.
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