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This work investigates dependence of the short-circuit current density, open-
circuit voltage, fill factor and efficiency of a thin film CdS/PbS solar cell on
thickness of transparent conductive oxide (TCO) layer, thickness of window
layer (CdS), concentration of uncompensated acceptors (width of space-charge
region), carrier lifetime in PbS and the reflectivity from metallic back contact.
The effect of optical losses, front and rear recombination losses as well as the
recombination losses on space-charge region are also considered in this study.
As a result, by thinning the front contact layer indium tin oxide from 400 to
100 nm and window layer (CdS) from 200 to 100 nm it is possible to reduce
the optical losses from 32 to 20%. The effect of electron lifetime on the inter-
nal and external quantum efficiency can be neglected at high width of the
space-charge region. The maximum current density of 18.4 mA/cm2 is
achieved at wide space-charge region (concentration of uncompensated accep-
tors = 1015 cm−3) and the longest lifetime (τn = 10−6 s) where the optical and
recombination losses are about 55%. The maximum efficiency of 5.17%, max-
imum open-circuit voltage of 417 mV and approximately fixed fill factor of
74% are yielded at optimum conditions such as: electron lifetime = 10−6 s;
concentration of uncompensated acceptors = 1016 cm−3; thickness of
TCO = 100 nm; thickness of CdS = 100 nm; velocity of surface and rear
recombination = 107 cm/s and thickness of absorber layer = 3 μm. When the
reflectance from the back contact is 100%, the cell parameters improve and
the cell efficiency records a value of 6.1% under the above conditions.

Keywords: CdS/PbS thin film solar cell; optical losses; recombination losses;
open-circuit voltage; cell efficiency

1. Introduction

At present, photovoltaic solar cells are one of the most important renewable energy
sources [1–3]. Most modern solar cells are made from either crystalline silicon or thin-
film semiconductor material. Silicon cells are more efficient at converting sunlight to
electricity, but generally have higher manufacturing costs [4]. Thin-film materials typi-
cally have lower efficiencies, but can be simpler and less costly to manufacture. The
best efficiency results reported for three of the more relevant thin-film solar cell tech-
nologies are 18.3, 20 and 12.3% for CdS/CdTe, CdS/CIGS and a-Si, respectively [5].
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The later types of solar cells have been fabricated on the basses of mid-range band-gap
semiconductors which absorb in the visible range of the solar spectrum. Recently [6],
materials with narrow optical energy gap such as lead sulphide (PbS), which has direct
and narrow optical energy gap of 0.41 eV at 300 K, have been used as an absorber
layer in thin film heterostructure solar cells. Although the choice of lead sulphide as an
active absorbing layer in a solar cell can be considered unusual as the expected effi-
ciency would be lower than what is actually attained in more conventional CdTe/CdS
or CIGS/CdS solar cells, the recent advancements in this type of solar cells [7–10] have
shown the convenience of developing solar cells based on PbS. The advantages of this
type of solar cells are due to the unique properties of PbS, which can be summarized as
follows: (1) PbS can absorb solar radiation near the infrared region of the solar
spectrum, which is not absorbed by commonly used PV materials, (2) bulk-like PbS
can be deposited by cheap, simple and energy-efficient methods involved in thin films
deposition such as chemical bath deposition and electro-deposition [11,12], (3) PbS is
very sensitive to grain size (much more than in classic semiconductors like Si), which
makes it a good candidate for nanostructured devices [12], and finally (4) the effect of
multiple exciton generation was recently discovered in nanostructures of PbS and
similar semiconductor PbSe [13], which is very promising for solar cell applications.

The theoretical studies on this type of solar cell are very rare. The first principle
theoretical study of thin film solar cells with structure glass/ITO/CdS/PbS/Al was pre-
sented in Ref. [14], where the maximum cell efficiency of 4.13% was obtained at
absorber thickness of 2 μm which is considered greater than those obtained
experimentally.

The current study aims at enhancing the performance of the thin film CdS/PbS pho-
tovoltaic solar cells through studying some effective parameters of transparent conduct-
ing oxide (TCO) layer indium tin oxide (ITO), window layer (CdS), absorber layer
(PbS) and back contact layer. The dependence of spectral quantum efficiency, short-
circuit current density, fill factor, open-circuit voltage and the efficiency of CdS/PbS
thin film solar cells on the thickness of ITO, thickness of CdS, minority carrier lifetime
and reflectivity from back contact under illumination condition of AM 1.5 will be con-
sidered in this work. In our previous work [14], the lifetime of electron (minority carrier
in PbS layer) was assumed to be 10−9 s. According to Graham et al. [15], the electron
lifetime was assumed to be several microseconds. Therefore, in this study the lifetime
has been assumed to be in the range of 10−10 to 10−6 s. The calculations carried out are
based on the reflection losses from different layers, absorption losses in front-contact
and window layers, front recombination, back recombination of absorber layer and
recombination in space-charge region.

2. Theoretical concepts

The typical CdS/PbS device is a p–n heterojunction photodiode. CdS/PbS solar cells
employ a highly transparent glass to achieve high efficiencies. The glass is sequen-
tially coated with a TCO layer such as ITO, CdS as a window layer (used as
n-type), PbS as an absorber layer (used as p-type) and is then covered with a back
contact.
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2.1. Optical losses in thin-film solar cells

For sure, a certain part of the incident solar radiation will be lost when it passes
through the glass plate, TCO layer and window layer before racing the photoelectricity
active absorber layer. These losses are resulting from reflection between two neighbour-
ing media as well as absorption within TCO and CdS layers.

Accounting for multiple reflections within different layers of CdS/PbS solar cells,
the total transmittance for L layers can be expressed as [16,17]:

TR ¼ 4
n1n2

ðn1 þ n2Þ2
YL�1

j¼2

4
njnjþ1

ðnjþnjþ1Þ2

1� ðnj�nj�1Þ2ðnj�njþ1Þ2
ðnjþnj�1Þ2ðnjþnjþ1Þ2

� � (1)

where n1, n2, … nL−1 are the refractive index of air, glass,… and PbS layer, respec-
tively.

When the absorption effect in both ITO and CdS layers takes place, the transmis-
sion spectrum can be written as:

TðkÞ ¼ TR ðe�a1d1Þðe�a2d2Þ (2)

where α1, α2, d1, d2 are the absorption coefficients and thicknesses of ITO and CdS
layers, respectively. The absorption coefficient is calculated from:

aðkÞ ¼ 4p
k

k (3)

where k is the extinction coefficient of the used material. According to Equation 2, the
ratio of the transmitted light that reaches the absorber layer can be computed and hence
the ratio of reflection and absorption losses (optical losses) can be determined. This
means that a part of the incident energy which can be converted into a usable energy
by the solar cell is lost by reflection and absorption.

2.2. Quantum efficiency of thin-film solar cells

Quantum efficiency is defined as the ratio of electrical charges extracted from a solar
cell to the number of incident photons. In the following, we distinguish between the
external quantum efficiency (ηex) and the internal quantum efficiency (ηin). The exact
solution of the continuity equation for the space-charge region and the neutral part of
the absorber layer with taking into account the drift and diffusion components and
recombination at the front surface and back surface has been found in some previous
work [18–22]. Quantum efficiency of a solar cell always includes the drift and diffusion
components, which are obliged to photogeneration of electron–hole pairs in the space-
charge region (SCR) and in the neutral part (s) of the diode structure, respectively.

The drift component of the quantum efficiency taking into account the recombina-
tion at front surface of the absorber layer is given by [18]:

gdrift ¼
1 þ S

Dn
aþ 2

W
u0�qv
kT

� ��1

1 þ S
Dn

2
W

uo�qv
kT

� ��1 � expð�aW Þ (4)
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where S is the front surface recombination velocity; ν is the applied voltage; φo is the
barrier height; Dn is the diffusion coefficient of electrons related to their mobility μn by
the Einstein relation qDn/kT = μn; W is the width of the space-charge region; α is the
absorption coefficient of PbS at a given wavelength, q is the electron charge, k is the
Boltzmann constant and T is room temperate.

The diffusion component of the quantum efficiency taking into account the recombi-
nation at back surface of the absorber layer is given by [19]:

gdif ¼ aLn
a2L2n�1 expð�aW Þ�

aLn �
SbLn
Dn

cosh d�W
Lnð Þ�expð�aðd�W ÞÞ½ �þsinh d�W

Lnð ÞþaLn expð�aðd�W ÞÞ
SbLn
Dn

sinh d�W
Lnð Þþcosh d�W

Lnð Þ
( )

(5)

where Ln= (τnDn)
1/2 is the electron diffusion length; τn is the electron lifetime; Sb is the

velocity of recombination at the rear surface of the absorber layer and d is its thickness.
It is clear that both the components of the internal quantum efficiency are dependent

on the width of SCR which can be given by [19]:

W ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ee0ðu0 � qvÞ
q2ðNa � NdÞ

s
(6)

where ε is the relative permittivity of the semiconductor, ε0 is the permittivity of free
space and (Na− Nd) is the concentration of uncompensated acceptors.

The sum of Equations (4) and (5) gives the expression of the internal quantum
efficiency (ηint).

Taking into account the optical losses of the incident solar radiation and using the
Equations (2), (4), and (5), the external spectral quantum efficiency ηex can be written
in the form:

gex ¼ TðkÞ gdrift þ gdifð Þ (7)

If the value of quantum efficiency is less than unity, this means that a part of gener-
ated electron–hole pairs is not collected by the solar cell and in this case we can deter-
mine the recombination losses at front and back surface of the absorber layer.
Moreover, there is a probability that the generated electron–hole pair to recombine
within the SCR and make losses of the photocurrent in the circuit of photovoltaic
device. These losses are dependent on some parameters such as: carrier lifetime (τn, τp),
carrier mobility (μn, μp), 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 τn along the electric field is determined by the electron mobility μn and
the electric field strength F:

kn ¼ ln F sn (8)

Then, the hole drift length is given by:

kp ¼ lp F sp (9)

In the Schottky diode, an electric field is not uniform, but consideration of
non-uniformity is simplified, since the field strength decreases linearly with x coordinate.
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In this case, the field strength F in the expressions (8) and (9) for λn and λp can be
replaced by the average values of F in the sections (0, x) and (x, W) for electrons and
holes, respectively [23]:

Fð0; xÞ ¼ U0 � ev

eW
2 � x

W

� �
(10)

Fðx;W Þ ¼ U0 � ev

eW
1 � x

W

� �
(11)

The charge collection efficiency is expressed by the known Hecht equation [24]:

gc ¼
lpFðx;W Þsp

W 1� exp � W�x
lpFðx;W Þsp

� �	 

þ

lnFð0;xÞsn
W 1� exp � x

lnFð0;xÞsn
� �h i (12)

The key parameter in these equations of quantum efficiency is the carrier lifetime,
therefore the current study will be carried out based on the lifetime of minority carriers
(electrons) in PbS layer.

2.3. Effect of back contact

Development of a stable and efficient back contact is essential for the long term stabil-
ity of thin film solar cells. In order to get good Ohmic contact between the absorber
layer and metal back electrode, a semiconductor thin film is usually introduced to lower
the mismatch of the work-function between the absorber and the metal electrode [25].
Paudel et al. [26] used the following formula to assess theoretically the effect of the
reflection from back contact on the internal (or external) quantum efficiency and hence
on the short-current density.

gintðRÞ ¼ gint 1þ R� expð�adÞ½ � (13)

where R is the reflectivity from the back contact, α is the absorption coefficient of the
absorber layer and d is its thickness.

2.4. Short-circuit current density of thin-film solar cells

The optical and recombination losses can be estimated quantitatively by calculating the
short-circuit current density (JSC). In general, JSC is described by the following expres-
sion:

JSC ¼ q
X
i

TðkÞ /iðkiÞ
hmi

gintðkiÞDki (14)

where /i is the spectral power density, hv is the photon energy, Δλi is the interval
between the two neighbouring values λ.
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2.5. Current–voltage characteristic under illumination

The measured I–V characteristics of CdS/PbS heterostructure are governed by the
generation–recombination Sah–Noyce–Shockley theory [27,28]. The Sah–Noyce–
Shockley theory supposes that the generation–recombination rate in the section x of the
space-charge region is determined by the expression:

Uðx;V Þ ¼ nðx;V ÞPðx;V Þ � n2i
sp½nðx;V Þ þ n1� þ sn½Pðx;V Þ þ P1� (15)

where ni is the intrinsic carrier concentration and the values n1 and P1 are determined
by the energy spacing between the top of the valence band and the generation–recombi-
nation level Et, i.e.

P1 ¼ Nv expð� ðEt=kTÞ (16)

n1 ¼ Nc expð� ðEg � EtÞ=kTÞ (17)

where Eg is the energy gap and Nc, Nv is the effective state densities in the conduction
and valence bands, respectively, and given by:

Nc ¼ 2
mn KT

h2

� �3=2

; Nv ¼ 2
mp KT

h2

� �3=2

(18)

In this equation, mn and mp are the effective masses of electrons and holes, respec-
tively.

The values n(x, V) and P(x, V) in Equation (15) are the carrier concentration in the
conduction and valence bands and given by [28].

Pðx;V Þ ¼ Nc exp � Dl þ uðx;V Þ
kT

	 

(19)

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

kT

	 

(20)

where Δμ is the energy spacing between the Fermi level and the top of the valence
band of PbS and φ(x, V) is the electron energy in the space-charge region is given by:

uðx;V Þ ¼ ðu0 � qV Þ 1 � x

W

� �
(21)

According to the Equations (15)–(21), the recombination–generation current is found
by the integration of U(x, V) throughout the entire depletion layer [18]:

Jgr ¼ q

ZW
0

Uðx;V Þ dx (22)

In addition to the recombination–generation current, there is another current contrib-
uting to the dark current which is called the over-barrier current density Jn and can be
written in the form [29]:
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Jn ¼ ¼ q
np Ln
sn

exp
qV

kT

� �
� 1

	 

(23)

where np is the concentration of electrons in the bulk part of the p-type layer (PbS),
given by:

np ¼ Nc exp � Eg � Dl
kT

� �
(24)

Thus, the dark current density in CdS/PbS heterostructure Jd(V) is the sum of the
generation–recombination and over-barrier components:

JdðV Þ ¼ JgrðV Þ þ JnðV Þ (25)

Thus, the illuminated J–V characteristic can be presented in the form:

JðV Þ ¼ Jd � Jph (26)

where Jph is the photocurrent density.
The values of all parameters used in this work are listed in Table 1.

3. Results and discussion

The transmission spectrum of the glass/ ITO/CdS structure is calculated using Equation
(2) and plotted in Figure 1 at different thicknesses of ITO (dITO) and CdS (dCdS) layers.
The calculations are based on the optical constants (refractive index n and extinction
coefficient k of the used materials) which are taken from Ref. [33]. The refractive index
of glass plate is calculated using Sellmeier dispersion equation [34] and its extinction
coefficient is assumed to be equal to zero. The calculations are carried out based on
some assumptions such as the refractive index, extinction coefficient and the absorption

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

Symbol Value References

Φ0-qv 0.7 eV Current work
Dn 25.8 Current work
μn 1000 cm2/(V S) Current work
S 107 cm/s Current work
Sb 107 cm/s Current work
d 3 μm Current work
є 18 [30]
μp 80 cm2/(V S) Current work
Eg 0.41 eV [31]
mn 0.085 me [32]
mp 0.085 me [32]
Δμ 0.047 eV Current work
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Figure 1. (colour online) Calculated transmission spectrum T(λ) of CdS/PbS solar cell as a
function of the thickness of ITO layer dITO at different thicknesses of CdS layer dCdS of 100 nm
(a) and 200 nm (b).
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coefficient of the used materials are constants and do not change with the variation of
the thickness of ITO or CdS layers. On the other hand, each layer of the solar cell was
selected to satisfy some specific properties as reported in Ref. [14].

As can be seen from Figure 1(a), the transmission spectrum decreases by increasing
the thickness of ITO layer. When the thickness of window layer is increased from
100 to 200 nm as shown in Figure 1(b), a further decrease in transmission is observed.
The average transmission in the wavelength range of 500–850 nm is about 0.8 in the
case of dITO = 100 nm and dCdS = 100 nm, which means the losses caused by reflection
and absorption (optical losses) are about 20%, while the average transmission of 0.68 is
observed at dITO = 400 nm and dCdS = 200 nm at the same range of wavelength. Thus,
by thinning both the transparent conductive layer (ITO) from 400 to 100 nm and
window layer (CdS) from 200 to100 nm it is possible to reduce the optical losses from
32 to 20%.

The internal quantum efficiency ηint is calculated using Equations (4) and (5) and
the results are plotted in Figure 2 as a function of electron lifetime τn at different values
of Na− Nd. As shown in Figure 2(a), when the space-charge region is wide (Na− Nd is
small) the effect of electron lifetime on the internal quantum efficiency can be
neglected. The internal quantum efficiency decreases by decreasing both the electron
lifetime and the width of space-charge region (increasing Na− Nd) as shown in
Figure 1(b) and (c). The decrease in internal quantum efficiency with the increase in
Na− Nd can be attributed to the larger portion of photons which are absorbed outside
the space-charge region [23]. The decrease in internal quantum efficiency with the
decrease in the electron lifetime is due to the fact that recombination losses become
more effective at low values of lifetime. The same behaviour is observed for the depen-
dence of external quantum efficiency ηex on τn and Na− Nd as shown in Figure 3. As
expected, the values of calculated ηex are smaller than the values of ηin due to the
reflection losses from different layers in CdS/PbS cell as well as the absorption losses
in ITO and CdS layers.

Figure 4 represents the dependence of spectral internal and external quantum
efficiency on the ratio of reflectivity from metallic back contact. The obtained results
are carried out at τn = 10−6 s and Na –Nd = 1016 cm−3. As shown in this figure, both
the internal quantum efficiency and external quantum efficiency are increased by
increasing the ratio of reflectivity from the metallic back contact. This result implies a
significant effect of the back contact layer on the quantum efficiency and hence on the
short-circuit current density.

Figure 5 shows the charge collection efficiency (ηc) computed by Equation (12) for
different lifetimes and at fixed concentration of uncompensated acceptors (Na− Nd) of
1015 cm−3. It is clear that ηc increases by increasing the value of x (which is measured
from PbS side) and attains to saturation case when x is close to the width of space-
charge region (W). Moreover, ηc increases by increasing the electron lifetime and its
value is close to unity at τn = 10−6 s. This indicates, the recombination losses in space-
charge region can be ignored at high values of electron lifetime and this process has a
considerable effect at low lifetime. The losses due to recombination are about 80% at
x = 0, τn = 10−10 s and much less losses (13%) are observed at x = W at τn = 10−10 s.

The drift component of the short-circuit current density Jdrift is calculated from
Equation (14) using the drift component of the internal quantum efficiency (Equation
(4)). It is clear from Equation (4) that the drift component of internal quantum
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efficiency is mainly dependent on the width of space-charge region (W). Therefore, the
dependence of Jdrift on Na− Nd (or in W) is shown in Figure 6(a). It is clear that Jdrift
decreases by increasing Na− Nd (decreasing W). It is known that by increasing Na−Nd,
the electric field becomes stronger and consequently the surface recombination becomes
weaker resulting in an increase in Jdrift. However in current work, Jdrift decreases with
Na− Nd because a significant portion of the radiation is absorbed outside the space-
charge region as shown in Figure 2. This behaviour is observed by Kosyachenko et al.
in their study of CdS/CdTe solar cell [18]. On the other hand, Figure 6(b) represents
the dependence of diffusion component of the short-circuit current density Jdif on elec-
tron lifetime τn at various values of Na− Nd. It can be seen that Jdif increases by
increasing Na− Nd and τn. The maximum value of Jdif is about 14 mA/cm2 at τn = 10−6

Figure 2. (colour online) Internal spectral quantum efficiency ηint as a function of electron life-
time τn at different values of concentration of uncompensated acceptors of Na−Nd = 1014 cm−3

(a), Na−Nd = 1016 cm−3 (b) and Na−Nd = 1018 cm−3 (c).
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s and Na− Nd = 1018 cm−3. Also this figure that refers to Jdif is approximately constant
at lifetime longer than 10−8 s. It can be concluded that the back surface recombination
has significant effect at short lifetime and wide space-charge region.

Using the drift and diffusion components of the short-circuit current density, the total
short-circuit current density JSC as a function of Na− Nd at different electron lifetimes is
calculated and plotted in Figure 7(a). As seen in this figure, JSC decreases by increasing
Na− Nd. Observing the variation of Jdrift and Jdif with Na− Nd as shown in Figure 6, it
can be concluded that the drift component of short-circuit current density plays a signifi-
cant role in the behaviour of the dependence of short-circuit current density on Na− Nd.
The maximum current density of 18.4 mA/cm2 is achieved at widen space-charge region
(Na− Nd = 1015 cm−3) and the longest lifetime (τn = 10−6 s). In this case, the optical and
recombination losses are about 55%. These losses increase up to 82% at τn = 10−10 s and

Figure 3. (colour online) External spectral quantum efficiency ηex as a function of electron life-
time τn at different values of concentration of uncompensated acceptors of Na−Nd = 1014 cm−3

(a), Na−Nd = 1016 cm−3 (b) and Na−Nd = 1018 cm−3 (c).
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Figure 4. (colour online) Internal spectral quantum efficiency ηint (a) and external spectral
quantum efficiency ηex (b) at different ratios of reflectivity (R%) from the back contact at
τn = 10−6 s and Na−Nd = 1016 cm−3.
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Na− Nd = 1018 cm−3 where the calculated current density equals 7.3 mA/cm2. These
results are obtained on the basis of the value of maximum short-circuit current density
J 0SC = 41 mA/cm2, which is calculated using Equation (14) when T(λ)=1 and ηint = 1.
When the influence of reflectivity from metallic back contact is considered, the value of
short-circuit current density increases by increasing the ratio of reflectivity as seen in
Figure 7(b). These results are carried out at Na− Nd = 1016 cm−3. When the back contact
is 100% reflected the incident photons, JSC increases up to 18.9 mA/cm2 at τn = 10−6 s. It
can be concluded that the totally reflected back contact will increase JSC by a ratio of
~17% at all values of electron lifetime.

Under the illumination condition of AM1.5 solar irradiation, J–V curve of CdS/PbS
solar cell at different electron lifetimes and Na− Nd = 1016 cm−3 is shown in Figure 8.
It is clear that the J–V curves are shifted down by increasing the electron lifetime indi-
cating an increase in the photo-generated current density.

Figure 9 shows J–V characteristic of CdS/PbS solar cells under illumination condi-
tion of AM1.5 solar irradiation at different ratios of reflectivity (R%) from the back
contact at τn = 10−6 s and Na− Nd = 1016 cm−3. It can be seen that the increase in the
reflectivity of back contact leads to more shift-down of all curves.

The values of CdS/PbS cell efficiency (η), open-circuit voltage (V0) and fill factor
(FF) are estimated from Figure 8 and plotted in Figure 10 as a function of electron life-
time. Using the maximum current (Jm) and maximum voltage (Vm), the fill factor (FF)
can be calculated from FF = VmJm/JSCV0. Besides, the cell efficiency is calculated using

Figure 5. (colour online) The coordinate dependences of the charge-collection efficiency ηc
calculated for concentration of uncompensated acceptors of Na−Nd = 1015 cm−3 and different
electron lifetimes τn.
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Figure 6. (colour online) Dependence of drift component Jdrift of current density on concentration
of uncompensated acceptors Na−Nd (a) and dependence of diffusion component Jdif of current
density on electron lifetime at different concentrations of uncompensated acceptors (b).
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Figure 7. (colour online) Calculated short-circuit current density JSC as a function of concentra-
tion of uncompensated acceptors of Na−Nd for different electron lifetimes τn (a) and JSC at
different ratios of reflectivity (R%) from the back contact at Na−Nd = 1016 cm−3.
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Figure 8. (colour online) J–V characteristic of CdS/PbS solar cells at different values of electron
lifetime under illumination condition of AM1.5 solar irradiation.

Figure 9. (colour online) J–V characteristic of CdS/PbS solar cells under illumination condition
of AM1.5 solar irradiation at different ratios of reflectivity (R%) from the back contact at
τn = 10−6 s and Na−Nd = 1016 cm−3.

3482 H.A. Mohamed

D
ow

nl
oa

de
d 

by
 [

37
.1

04
.2

23
.2

12
] 

at
 1

4:
14

 1
3 

O
ct

ob
er

 2
01

4 



this relation η = VmJm/Pin, where Pin is the density of the total AM 1.5 solar radiation
power (equals 96.3 mW/cm2 [35]). Figure 10(a) shows that the efficiency is increased
by increasing the lifetime and the maximum efficiency of 5.17% is achieved at
τn = 10−6 s. From Figure 10(b), we can notice that the minimum value of open-circuit
voltage of 402 mV is observed at shorter lifetime (10−10 s). With further increase in car-
rier lifetime up to 10−8 s the value of V0 increases up to 417 mV. Finally, V0 approaches
the saturation case at the lifetime range of 10−8–10−6 s. This saturation maybe due to
the rate of generation of carriers equals the rate of its recombination, and this process
limits the maximum attainable open-circuit voltage. Apart from τn = 10−10 s, the fill
factor (FF) seems to be constant (74%) for different values of lifetimes as shown in
Figure 10(c). When the effect of back contact is taken into calculation, the maximum
current density, the maximum voltage, the open-circuit voltage and the cell efficiency
are estimated from Figure 9 and listed in Table 2. It is clear that all these parameters
increase by increasing the ratio of reflectivity. The maximum efficiency of 6.1% is

Figure 10. Dependence of the efficiency η(%) (a), open-circuit voltage V0 (b) and fill factor FF
(%) (c) on electron lifetime of CdS/PbS solar cells.
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achieved at τn = 10−6 s and Na− Nd = 1016 cm−3. It can be concluded that as the reflec-
tivity from back contact is 100%, it leads to an increase in the efficiency of CdS/PbS
solar cell by a ratio of 18%. The values of efficiency that are estimated in this work are
considered greater than the corresponding values in some other experimental studies.
For example, Bhandari et al. [36] obtained efficiency of about 3.3%, Hernandez-Borja
et al. [12] achieved efficiency of 1.63%, and the efficiency that was reported by Obaid
et al. [9, 10] is about 1.68 and 1.37%, respectively.

4. Conclusions

This work studies the influence of the thickness of ITO, CdS layer, the minority lifetime
and the reflectivity of metallic back contact on the performance of thin film CdS/PbS
solar cells. The maximum transmission spectrum of 0.8 is achieved at 100 nm thickness
of both ITO and CdS layer where the optical losses are about 20%. The effect of elec-
tron lifetime (τn) on the external and internal quantum efficiency can be neglected at
low concentration of uncompensated acceptors Na− Nd (wide space-charge region). The
values of external and internal quantum efficiency decrease by decreasing the lifetime
at small width space-charge region due to the recombination losses, which become
more effective at low values of lifetime. The recombination losses in space-charge
region can be ignored at high values of electron lifetime and these losses reach 25% at
the half width of space-charge region at lifetime of 10−10 s. The J–V curves are shifted
down by increasing the electron lifetime and the ratio of reflectivity from back contact
indicating an increase in the photo-generated current density under the illumination con-
dition of AM1.5 solar irradiation. The maximum efficiency of 5.17%, maximum open-
circuit voltage of 417 mV and fill factor of 74% are performed at dITO = 100 nm,
dCdS = 100 nm, τn = 10−6 s and Na−Nd = 1016 cm−3. When the effect of back contact is
considered, the values of these parameters are increased by increasing the ratio of
reflectivity, and the efficiency records a value of 6.1% when the back contact is totally
reflected.
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Table 2. The maximum current density (Jm), maximum voltage (Vm), open-circuit voltage (V0)
and efficiency (η) of thin film CdS/PbS solar cells at different ratios of reflectivity from back
contact at τn = 10−6 s and Na−Nd = 1016 cm−3.

R(%) V0 (V) Vm (V) Jm (mA/cm2) η (100)

20 0.418 0.334 15.62 5.42
40 0.419 0.338 15.82 5.55
60 0.420 0.342 16.16 5.74
80 0.424 0.343 16.73 5.95
100 0.425 0.346 16.91 6.08
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