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Abstract—This work presents a theoretical study for the
distribution of nanocomposite structure of plasmonic thin-film
solar cells through the absorber layers. It can be reduced the
material consumption and the cost of solar cell. Adding
nanometallic fillers in the absorber layer has been improved
optical, electrical characteristics and efficiency of traditional thin
film solar cells (ITO /CdS/PbS/Al and SnO2/CdS/CdTe/Cu)
models that using sub micro absorber layer. Also, this paper
explains analysis of J-V, P-V and external quantum efficiency
characteristics for nanocomposites thin film solar cell
performance. Also, this paper presents the effect of increasing the
concentration of nanofillers on the absorption, energy band gap
and electron-hole generation rate of absorber layers and the effect
of volume fraction on the energy conversion efficiency, fill factor,
space charge region of the nanocomposites solar cells.

Keywords—Thin film, nanoparticles, nanocomposites, energy
conversion, optical, plasmonic, solar cells

I. INTRODUCTION

AGNETIC composites challenge materials like soft

magnetic ferrites and electrical steels in applications
with Harnessing the sun's energy to produce electricity has
proven to be one of the most promising solutions to the world's
energy crisis. However, the device to convert sunlight to
electricity, a solar cell, must be reliable and cost effective in
order to compete with conventional sources. Several solar
technologies including wafer, thin film and organic, have been
researched to achieve reliability, cost-effectiveness and high
efficiency with huge success for instance, crystalline Silicon has
been very successful from laboratory to commercial integration,
and makes up to 90% of the global PV market. Cost
effectiveness can be seen in the use of less material as well as
increasing energy conversion efficiency.

While wafer technology is capable of meeting the high
efficiency goal, thin film can satisfy minimum material usage
as well. Both goals need to be met simultaneously to enable the
production of electricity at a low cost and allow high market
penetration of solar electricity. Thin film solar cells are
favorable because of their minimum material usage and rising
efficiencies. A-Si, CdTe and CIGS are the three most widely
commercialized thin film solar cells [1].
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CdTe solar cell usually has an absorber layer thickness of 5—10
pum [2]. On the other side, The efficiency of CdS/CdTe thin film
solar cell was aboutl3.4%, 7.9% and 4.7% at absorber layer
thicknesses 3.5pum, 1pum and 0.5um [2,3].

The efficiency of CdS/PbS thin film solar cell was about
2.16% at thickness 0.5 um of the absorber layer and increased
up to 4.13% with further increase in the thickness up to 2um.
Also, The open circuit voltage, maximum current density,
maximum voltage, output power density and efficiency of
CdS/PbS solar cell increased with increasing the absorber layer
thickness [4]. Thinning the CdTe, PbS thickness down to 1pum
more even to sub-micrometer can, in principle, significantly
reduce the material consumption and, therefore, lower the solar
cell production cost and time. The reduction in the efficiencies
of the previous models due to the reduction of absorber layers
thickness are associated with a number of problems [3,4]. The
shunting path can be more easily created in the much smaller-
grain-sized 0.5 um-thick CdTe cell than that in the 2 um-thick.
In case of thickness of the absorber layer is reduced, the carriers
will be generated closer to the back contact and have a higher
probability of back contact recombination.

The increase in recombination is closed to the
interface,whenever, thin absorber layers has been occurred and
have attributed to enhance the tunneling recombination. Also,
the open circuit voltage decreases with decreasing the absorber
layer thickness due to the large leakage current and the carrier
recombination loss near to the back contact. The space-charge
region reached to the CdTe back contact for 0.5pum-thick
absorber layer in CdTe solar cell. The optical and recombination
losses reached about 82% and 67% at PbS absorber layer
thicknesses 0.5um and 2pum, respectively [3,4].

A key topic in thin-film solar cell research is centered on
efforts to further reduce their absorber layer thicknesses to save
material and processing time and cost, as well as to benefit from
higher cell voltages. Closely related to this is the development
of efficient light management concepts to guarantee high
absorption of the incoming light in the thin absorber layer [5,6].

The aim of this paper is enhancing efficiency and optical
characteristics  of  absorber layers of  traditional
(SnO,/CdS/CdTe/Cu), (ITO/CdS/PbS/Al) thin film solar cells
models by using new nanocomposites semiconductor materials.
Also, improving the performance of traditional models by using
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nanoparticles technique to the absorber layer for increasing the
absorption and energy band gap of the absorber layer,
decreasing the reverse saturation current due to the
recombination, decreasing the space-charge region, increasing
electron —hole generation rate in absorber layer and increasing
the energy conversion efficiency, output power density and
external quantum efficiency of previous models [3,4]. Finally,
it has been studied the effect of variant volume fraction of
nanometallic particles on the efficiency performance of
nanocomposites models.

II. THEORETICAL AND SIMULATION MODELS

The advantage of metallic nanoparticles is their resonant nature
that makes them an opportune option for solar cell applications.
By tuning the plasmon resonance frequencies of the
nanoparticles (that is dependent on their material, size, or
distribution), one can modify spectral profiles of the absorbed
power of semiconductor layer [7]. This model uses various
metallic nanoparticle for improving the optical properties of the
absorber layer material of thin film solar cells which result
improving in the performance of thin film solar cells.

The effective dielectric constant &,¢; of a nanocomposite
absorber material (CdTe in CdS/CdTe thin film solar cell or
CdS/PbS thin film solar cell) using individual nanoparticle with
spherical metal inclusions can be calculated using the Maxwell-
Garnet theory approximates the dielectric function of a

nanocomposite with spherical metal inclusions by the equation
[8.9].

(emi + 28,) + 2F (e, — )
(emi + 28,) —F(epm — €5)

ey

Eefi T &p

Where, F is volume fraction. ¢, is dielectric constant of the
semiconductor layer material which can be describe using the
Drude model as shown [10-15]

“h ) @

& = e (1= it —
And so w is angular frequency of light, w, is the plasma
angular frequency of semiconductor layer material

Ymp 1S the damping frequency of semiconductor absorber layer
material evaluated by the following equation

£ 1S the infinity dielectric constant of semiconductor layer
materials that can be determined as shown

£ —s<1+ wﬁ) 3)
U (5

Where, ¢, is the permittivity of free space. Using Varshni
relation temperature dependence of the bandgap in
semiconductors which using in absorber or window layer can
be described as [16,17]
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Where

E,4(0) is energy band gap of semiconductor material at zero
temperature

G,[ areconstants

£m; IS dielectric constant of the metallic inclusion which can be
describe using the Drude model as shown [18-20]

2
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4R;
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Where

Ymi 1S the macroscopic damping constant due to the dispersion
of the electrons by the ions of the system of metallic inclusion,
R; is metallic inclusion radius, w,; is the plasma angular
frequency, vy; is the fermi velocity of metallic inclusion. &;yrg;
is the contribution from the intra-band transitions which can be
calculated by the equation
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The electron—hole pair generation rate in the nanocomposite
absorber layer using individual metallic nanoparticles can be
written as [2]

i —awyi(dw) —
iy = S0 R D)

Where, A is the wave length, I,(4) is the intensity of the solar
spectral, c is the speed of light, /4 is the Plank constant. a;; (1)
is the absorption coefficient of the absorber layer using
individual nanoparticles a,,; is the absorption coefficient of the
window layer in nanocomposite thin film solar cells.

()

a, (1) and a,, are the absorption coefficient of the absorber
or window layer that can be calculated by the Beer-
Lambert’s law as following expression [21,22]

2.303 x 4,
a(A) = d— (8)
t
A, is the absorbance of the absorber or window layer that
calculated by the following expression [22]

Ar=1- Ttef - Rtef 9)

Where
d, is the thickness of the layer, R..rand T, are the reflectance
and transmittance of layer that evaluated from the following
equation [23]

R - p%+Z% + 2pZcosO
el 7 1 4 2p2Z2 + 2pZcosO

(10)

The transmittance of the film has been derived as
o 16n3n?ng
tef 7 14 2p27Z2 + 2pZcosO
Where
Ny — Ny
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Where

Aiswave length, n, is refractive index of air, n, is the refractive
index of substrate film layer material

n; is the refractive index of thin film layer material. The
reflectance of front layer in thin film solar cell R (1) in equation
(9) was evaluated using equation (12). The refractive index of
front layer material (SnO; or ITO) calculated material
calculated using sellmeier equations [24-26]. whatever, the
refractive index of thin film window layer (CdS) as substrate
film doping semiconductor for front layer or as thin film layer
materials are calculated as follows [27]:

n= |€b| + Erep
2

The refractive index of nanocomposite absorber material
(CdTe, PbS) using individual nanoparticles calculated by the
equation [27]

nyi = |€efi| ;' Erefi

Where, &,.f; is the real part of the effective dielectric constant

of nanocomposite absorber layer material, |seﬂ-| is the absolute
value of the effective dielectric constant of nanocomposite
absorber layer material. The substrate layer material of absorber
layer is metallic material (Cu, Al). The dielectric constant of the
metallic material &, can be described as [18].

(13)

(14)

wh

w2 +iw(ym) (15)

Where, y,, is the macroscopic damping constant due to the
dispersion of the electrons by the ions of the system of metallic
inclusion. w,, is the plasma angular frequency, &yrgr4 IS the
contribution from the intra-band transitions which can be
calculated by Eq. 8 by using v, , w,, for metallic substrate layer
material. The refractive index of substrate film absorber layer
materials is calculated by using Eg. 16 by using dielectric

constant of metallic material ¢,,, .

&m = Entra +1—

The photocurrent density for the carriers drifting towards the
top contact using individual nanoparticles become [2].

GW, -1
Jni(A.V) = f—l [lpi (1 - ewi)

(61' - lpi)
-1 1
—9; (1 — e¥i ﬁz)]

The photocurrent density for the carriers drifting towards the
bottom contact using individual nanoparticles become [2]

(16)

Ji(A.V) = % [Ebi (1 - eﬁ)
(&%)

o)

(17)

Where

Y; ,€;, U; are the normalized absorption depth, the normalized
carrier lifetime (carrier lifetime per unit transit time) for the
carriers drifting towards the bottom contact and the normalized
carrier Lifetime (carrier Lifetime per unit transit time) for the
carriers drifting towards the top contact that calculated by

1 uptpFi . uereFi
Y = , €= Hbtb i , ;= Heteli (18)
apiWi w; Wi

where t and b refer to the carrier type
The external voltage dependent electric field is given by [2,28],
Vbi - (V _](V)Rser)
19
W, (19)
Whatever, ], (V) is the forward diode current for
nanocomposite cells using individual nanoparticles as in ref.

[2,28-31]:
exp (M) _ 1] 20)

FL'Z

Jaiode V) =7J 0i KT

Egbi
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22
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Where, V,; is the built-in potential. N, is the acceptor carrier
concentration by using individual nanoparticles. V is the
applied voltage. Jo; is reverse saturation current density in
nanocomposite cells. N, , Nyg IS the effective state densities
in the conduction and valence bands. R is the series
resistance. n is diode ideality factor. T is absolute temperature.
K is boltzman constant. t, is the electron lifetime. ¥, is the hole
lifetime.

Note that,
[4,32].
Egp; is the energy band gap of nanocomposites absorber layer
material that has been affected by the metallic nanoparticles.
The energy band gap of a semiconductor increases with
decreasing dielectric constant according with respect to various
empirical rules and expressions of refractive index and energy
band gap [15,32-34].

Many attempts have been made to correlate the energy band gap
to the optical refractive index of semiconductors. Moss was the
first to find a relation between the refractive index n and the
energy band gap Eg. Ravindra and Srivastava suggested another
relation. Reddy and Anjaneyulu proposed alogarithmical form
of n as afunction of Eg. Herve’and Vandamme proposed an
overall relation based on theclassical oscillator theory. Based
on Reddy and Anjaneyulu formula, the energy band gap of

Neon depend on the effective mass of electron

nanocomposites absorber layer material Egp; has been
calculated by the following expression [35-37]:

36.3
gbi = o (23)

The resultant photocurrent density/;(A.V) calculated by the
expression [2]
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Jri(A.V) = J;(A.V) + [ (4.V)

Jpri(V) is total photo generated current density using
individual nanoparticles which obtained by integrating over all
incident photon wavelengths of the solar spectrum [2]

(24)

Jon (V) = f Jr(AV)d2 (25)
0

The net external current density from a solar cell using
individual nanoparticles is [2,31]

Jina(V) = ]phi(V) = Jaioae (V)
_ (V +]ind (V)Rser ) (26)
Rsh

Where, Rgy, is the shunt resistance

The open circuit voltage equation is expressed as [30].
KT\ [Jpni

Voui = (——)1n 11—4-1]
oct Q ]0

The output power density from solar cell using individual
nanoparticles calculated by the following equation [4]

27)

Pina = ]ind xV (28)

The calculation of fill factor to an excellent accuracy [4],

Pmax

Fill Factor = ——————
Voci X]phi

(29
Prax 1S the maximum point of output power density which
calculate from p-v curve.

The final equation for the efficiency of the solar cell is [16]

JoniVociFill Factor
ni = P,
1A

100 (30)

The external quantum efficiency EQE; (A) is defined as the ratio
of electrical charges extracted from a solar cell to the number
of incident photons. It has been calculated by the following
equation [38-40]

Jpni(A)
Qo)

Where, P;, is the intensity of the incident radiation, @(1) is the
spectral photon density

EQE;(1) = (3D

I11. SPECIFICATIONS OF METALLIC MATERIALS AND
NANOCOMPOSITES MODELS

Knowledge of specifications of magnetic materials is the first
step for designing new nanocomposites thin film solar cell with
high J-V and P-V characteristics.The proposal models used the
parameters which achieve the efficiency and J-V characteristics
of previous practical (ITO/CdS/PbS/Al, SnO,/CdS/CdTe/Cu).
models, also; The proposal models used the thicknesses of the
selected previous practical models [3,4]. Tables depict the main
parameters of wusage materials and parameters of
nanocomposites thin film models;

A. THABET, S. ABDELHADY, A.A. EBNALWALED, A. A. IBRAHIM

TABLE I
CHARACTERISTICSPARAMETERS OF USAGE MATERIALS IN NANOCOMPOSITES
THIN FILM SOLAR CELLS MODELS [16,17, 41,42]

Parameters CdTe PbS Cds
Band gap (eV) at zero Kelvin 1.6077 | 0.543 | 2.58
Banil gap parameter ¢ (eVK™!) X 3.1 5 4.202
]é(:md gap parameterf (K) 108 0.40 147
Electron mobility (cm*Vs) 320 1000 350
Hole mobility (cm?/Vs) 40 80 50
Effective mass of electron 0.11 0.1 0.2
Effective mass of holes 0.35 0.1 0.7

TABLE I
PARAMETERS OF USAGE THIN FILM SOLAR CELLS MODELS [3,4]
Parameters SnO,/CdS/CdTe/Cu | ITO/CdS/
PbS/Al

Absorber layer 500 500
thickness(nm)

Window layer 100 100
thickness(nm)

Front layer thickness 100 100
(nm)

Electron lifetime (s) 1x1078 107°
Hole lifetime (s) 5x 1078 107°
N, — Ny the 2.44 x 102 0.19
concentration of % 1010
uncompensated

acceptors (cm™)

Diode quality factor 1.6 14
Series resistance ({2. 1.08 2.1
Cm?)

Shunt resistance (2. 103 204
Cm?)

The aim of our work to improve the efficiency and performance
of practical models of previous work to achieve high efficiency
with less absorber layer thickness to save the materials which
decrease the cost; the results have been obtained using
nanometallic fillers radii 1nm and under illumination condition
of AML1.5 solar irradiation.

TABLE 1l
CHARACTERISTICS OF USAGE MATERIALS AS SUBSTRATE LAYER OR FILLERS IN
ABSORBER LAYER FOR NANOCOMPOSITES THIN FILM MODELS [43-46]

Material Plasma angular Damping Fermi
frequency(w, 10'rad/s) | constant | velocity
(Ym 108 s (vf
D) 10°m/s)
CdTe 0.052 8.88 -
PbS 0.014 1.76 -
Cesium (Cs) 0.54 0.756 0.75
Lithium (Li) 1.225 1.85 1.29
Copper (Cu) 1.03 5.26 1.57
Silver (Ag) 1.40 2.80 1.39
Aluminum 1.09 12.4 2.03
(AD
Molybdenum 0.19 1.13 -
(Mo)
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IV. RESULTS AND DISCUSSION

Figure 1 depicts the refractive index and dielectric constant of
CdTe nanocomposites with various volume fractions. The
refractive index and dielectric constant of CdTe
nanocomposites decreased by increasing the concentration of
Silver, Copper, Lithium, Aluminum or Cesium metallic
nanofillers in the CdTe base matrix. Fig 2 depicts the energy
band gap of CdTe nanocomposites with various volume
fractions. The energy band gap of CdTe enhanced by increasing
the volume fraction. Cesium has been the best inclusion used
for increasing the energy band gap of CdTe.
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Fig. 1:  Dielectric constant and refractive index of CdTe nanocomposites with

various volume fractions
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Fig. 2:  Effect of metallic nanoparticles on the energy band gap of CdTe
Figure 3 illustrates the inclusions radii effect on absorption
coefficient of CdTe nanocomposites layer. The absorption

coefficient of CdTe nanocomposites increased with increasing
radii of selected metallic nanoparticles.
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Fig.3:  Metallic nanoparticles radii effect on absorption coefficient of CdTe

nanocomposites layer

Figures 4,5 shows J-V and P-V characteristics of
Sn0,/CdS/CdTe/Cu nanocomposites thin film solar cells using
individual nanoparticles. Using 20wt.% of Silver, Copper,
Lithium, Aluminum or Cesium individual nanoparticles in
CdTe absorber layer enhanced the short circuit current density,
open circuit voltage and output power density of CdS/CdTe
nanocomposites thin film solar cell. Using 20wt.%Cesium
nanoparticles in absorber layer has been the best inclusion for
improving the J-V  and P-V  characteristics of
Sn0,/CdS/CdTe/Cu nanocomposites thin film solar cell at room
temperature.

Figure 6 describes the external quantum efficiency of
Sn0,/CdS/CdTe/Cu nanocomposites thin film solar cells using
individual nanoparticles. Using 20wt.% of metallic
nanoparticles (Copper, Lithium, Cesium, Aluminum and Silver)
enhanced the external quantum efficiency of CdS/CdTe
nanocomposites thin film solar cells with increasing the wave
length. Figure 7 shows the metallic nanoparticles concentration
effect on depletion width of SnO,/CdS/CdTe/Cu
nanocomposites thin film solar cell. The increase in the
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Fig. 4:  J-V characteristics of SnO,/CdS/CdTe/Cu nanocomposites thin film

solar cells using individual nanoparticles
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Fig. 6:  External quantum efficiency of SnO,/CdS/CdTe/Cu nanocomposites
thin film solar cells using individual nanoparticles
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Figure 9 shows the metallic nanoparticles concentration effect
on the energy conversion efficiency and fill factor of CdS/CdTe
nanocomposites thin film solar cells. The figure shows that the
increase in the concentration of metallic nanoparticles in the
absorber layer of CdS/CdTe nanocomposites thin film solar
cells increased the efficiency and fill factor of CdS/CdTe
nanocomposites thin film solar cell. Cesium has been the best
filler for increasing the efficiency of CdS/CdTe nanocomposites
thin film solar cell, however; Silver has been the least one for
enhancing the energy conversion efficiency and fill factor of the
cells.

Figure 10 show the dielectric constant and refractive index
of PbS nanocomposites with various volume fractions. The
increase in the concentration of Silver, Copper, Lithium,
Cesium or Aluminum nanometallic particles in PbS base matrix
decreased the dielectric constant and refractive index of PbS
with increasing the volume fraction. Cesium has been the best
inclusion for decreasing the refractive index and dielectric
constant of PbS. On the other side, fig 11 describes the effect of
metallic nanoparticles on the energy band gap of PbS. Adding
metallic nanoparticles of Aluminum, Lithium, Cesium, Copper
or silver in PbS base matrix enhanced the energy band gap of
PbS with increasing the volume fraction.
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Fig. 11: Effect of metallic nanoparticles on the energy band gap of PbS

Figure 12 illustrates the inclusions radii effect on absorption
coefficient of nanocomposites layer. The absorption coefficient
of PbS nanocomposites increased with increasing radii of
selected metallic nanoparticles.
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Fig. 12: Metallic nanoparticles radii effect on absorption coefficient of PbS
nanocomposites layer
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Fig. 13: J-V characteristics of ITO/CdS/PbS/Al nanocomposites thin film
solar cells using individual nanoparticles

Figures 13,14 obvious the J-V and P-V characteristics of
ITO/CdS/PbS/Al nanocomposites thin film solar cells using
individual nanoparticles. Adding 20wt.% of Silver, Copper,
Lithium, Cesium or Aluminum metallic nanoparticles in PbS
absorber layer enhanced the performance of the cell by
increasing the short circuit current, open circuit voltage and
output power density of ITO/CdS/PbS/Cu nanocomposites thin
film solar cell. Cesium has been the first order for enhancing
the J-V and P-V characteristics of CdS/PbS nanocomposites
thin film solar cell. Copper has been the second order for
enhancing the J-V and P-V characteristics of ITO/CdS/PbS/Al
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nanocomposites thin film solar cell. Silver has been the least
one for enhancing the J-V and P-V characteristics of CdS/PbS
nanocomposites thin film solar cell.
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Fig. 14: P-V characteristics of ITO/CdS/PbS/Al nanocomposites thin film
solar cells using individual nanoparticles
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Fig. 15: External quantum efficiency of ITO/CdS/PbS/Al nanocomposites
thin film solar cells using individual nanoparticles

On the Other hand, Fig. 15 describes the external quantum
efficiency of ITO/CdS/PbS/Al nanocomposites thin film solar
cells using individual nanoparticles. The external quantum
efficiency of CdS/PbS nanocomposites thin film solar cells has
been increased by using 20wt.% of Silver, Aluminum, Lithium,
Copper or Cesium nanoparticles in the PbS absorber layer due
to increasing the optical properties of PbS layer and decreasing
the recombination of the cell. The most enhancements have

A. THABET, S. ABDELHADY, A.A. EBNALWALED, A. A. IBRAHIM

been occurred by using Cesium nanoparticles in the PbS
absorber layer with increasing the wave length. Copper has
been the second order for enhancing the external quantum
efficiency of ITO/CdS/PbS/Al nanocomposites thin film solar
cell. Whatever, Fig. 16 illustrates the metallic nanoparticles
concentration effect on the electron -hole generation rate and
absorption coefficient for absorber layer in ITO/CdS/PbS/Al
nanocomposites thin film solar cell. Adding Silver, Copper,
Aluminum, Cesium or Lithium individual metallic
nanoparticles in PbS absorber layer increased the electron-hole
pair generation rate in the absorber layer. The absorption
coefficient of PbS nanocomposites layer increased by
increasing the volume fraction. Using individual nanoparticles
of Cesium, Aluminum, Copper, Lithium or Aluminum in PbS
base matrix layer improving the absorption coefficient of layer
with increasing the volume fraction. Cesium has been the best
nanometallic for increasing the absorption coefficient, then;
Copper has been the second order for improving the absorption
coefficient. Silver has been the least one for improving the
absorption coefficient of PbS layer.
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Fig. 16: Metallic nanoparticles concentration effect on the generation rate of
ITO/CdS/PbS/Al nanocomposites thin film solar cell

Figure 17 shows the metallic nanoparticles concentration effect
on depletion width of ITO/CdS/PbS/Al nanocomposites thin
film solar cell. the figure show that the depletion region
decreased by increasing the volume fraction of Lithium,
Copper, Aluminum, silver or Cesium individual nanoparticles.
In case of Fig. 18 that shows the metallic nanoparticles
concentration effect on the efficiency and fill factor of CdS/PbS
nanocomposites thin film solar cell. Anew solar cell design that
using individual nanoparticles of Silver, Copper, Lithium,
Aluminum or Cesium in PbS absorber layer could raise the
energy conversion efficiency and fill factor of CdS/PbS
nanocomposites thin film solar cell with increasing the volume
fraction.
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radii 10nm. After radiilOnm the enhancement in the
absorption coefficient of CdTe or PbS nanocomposites
1,20E400 layers decreased, then the absorption coefficient of selected
semiconductors layers has been constant with increasing

radii of metallic fillers.
1,15E+00

= Using 20wt.% of Silver, copper, Lithium, Aluminum or
Cesium individual nanoparticles in CdTe or PbS absorber
layers enhanced the short circuit current density, open
circuit voltage, output power density and external quantum
efficiency of CdS/CdTe or CdS/PbS nanocomposites thin
----- 7-‘“1;;; _ film models based on sub micro absorber layer thickness.
—..—..— CdS/(PbS+Cu) - The increase in the concentration of Cesium, Silver,
_____________ CdS/(PbS+Li) Lithium,_ Alyminum or Copper individual metallic
nanoparticles in the absorber layer of CdS/CdTe or CdS/PbS
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""" CdS/(PbS+Al) of models by decreasing the space charge region and

9,00E-01 increasing the electron-hole pair generation rate in the
0 01 0,2 03 absorber layer and the efficiency and fill factor of models.
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Fig. 17: Metallic nanoparticles concentration effect on depletion width of " Using Cesium as individual nanopartlcles has been the best

ITO/CdS/PbS/Al nanocomposites thin film solar cell for improving the performance of ITO/CdS/PbS/Al and
SnO,/CdS/CdTe/Cu nanocomposites thin film solar cells.
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