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The demand of photovoltaic energy has continued to grow in
recent years concomitant with a decrease in the module
prices. There continues to be slight overcapacity of produc-
tion despite large installations worldwide, particularly in
China and the USA. The global capacity additions in 2017
are expected to reach 79 gigawatts (GW), slightly higher than
77GW in 2016. While most of the solar cell manufacturing is
occurring in China, there is a growing interest in developing
module assembly in many other countries (particularly in
India). As the manufacturing volume grows, there is contin-
ued reduction in the manufacturing cost. However, there
continues to be considerable need for further research into
improved cell/module designs and fabrication technology.
This is the 4th special issue of the International Journal of
Photoenergy on “Photovoltaic Materials and Devices” and is
a very short assembly of accepted papers from a much wider
submission, aimed at recent advances in materials and PV
systems. This issue contains 5 papers on various aspects of
photovoltaics, which are briefly described here.

Research paper “Optical Tests on a Curve Fresnel Lens as
Secondary Optics for Solar Troughs” by D. Fontani et al.
reveals the development of curved Fresnel lens as a secondary
concentrator for solar parabolic troughs used during solar
thermal collection. Results for the accuracy of the realized
shape of cylindrical Fresnel lens (CFL) based on optical char-
acterization of various samples are also presented. The study
and the tests have made possible to detect the criticality of the
first CFL prototypes and they provide some precise indica-
tions of the possible implementation plans during the lens
construction processes which can be considered as the main
responsible factors for loss of optical lens performance.

The paper by O. K. Echendu et al. entitled “Charac-
teristics of Nanocrystallite-CdS Produced by Low-Cost
Electrochemical Technique for Thin Film Photovoltaic
Application: The Influence of Deposition Voltage” presents
electrodeposition of cadmium sulfide thin films at different
cathodic growth voltages and characterization of the films
before and after postdeposition heat treatment. Postdeposi-
tion annealing results in phase transformation which
leaves the films with only the hexagonal crystal phase and
reduced strain and dislocation density while increasing the
crystallite sizes.

Article written by S.A. Amin et al. “The Effects of Inter-
dot Spacing and Dot Size on the Performance of InGaAs/
GaAs QDIBSC” elucidates the wave behavior of charge car-
riers inside the dot and its barrier with varying dot size and
interdot spacing. Based on the behavior of electron wave
function, they found that changing the dot spacing leads to
a change in the intermediate band (IB) width and in the
density of states, whereas varying the size of dots leads to a
formation of a second IB. Presented results suggest that
multiple IBs can potentially improve the efficiency, if the
widths and positions of the IBs are optimized.

Paper submitted by M. Ali et al. “Performance Investi-
gation of Air Velocity Effects on PV Modules under Con-
trolled Conditions” to this journal sheds light on the
efficacy of air cooling on solar panels. An experimental inves-
tigation was carried using a wind tunnel and an artificial
solar simulator. Change in surface temperature, power out-
put, and efficiency of PV modules under different air velocity
in different direction was studied. Thermal analysis of the
modules is performed through ANSYS Fluent in which
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junction temperature and heat flux of modules are deter-
mined. Experiments helped in determining the optimum tilt
angle with the incoming air flow to increase the performance
parameters for both the (c-Si and poly Si) modules.

K. Attari’s paper “The Design and Optimization of GaAs
Single Solar Cells Using the Genetic Algorithm and Silvaco
ATLAS” proposes a cell structure with new buffer layer
and the back surface filled (BSF) that can significantly
improve the performance due to higher collection of photo-
generated minority carriers. The work demonstrates the sim-
ulation based on MATLAB algorithm of a maximum output
power solar cell and its optimization. Effect of doping den-
sities, thickness of cell layers, and choice of materials on
various cell parameters was monitored. Results suggest an
improvement in the conversion efficiency of up to 29.7%.

We hope that readers will enjoy this issue.
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Junction temperature of PV modules is one of the key parameters on which the performance of PV modules depends. In the
present work, an experimental investigation was carried out to analyze the effects of air velocity on the performance of two PV
modules, that is, monocrystalline silicon and polycrystalline silicon under the controlled conditions of a wind tunnel in the
presence of an artificial solar simulator. The parameters investigated include the surface temperature variation, power output,
and efficiency of PV modules under varying air velocity from near zero (indoor lab. conditions) to 15m/s. Additionally, the
results were also determined at two different module angular positions: at 0° angle, that is, parallel to air direction and at 10°

angle with the direction of coming air to consider the effects of tilt angles. Afterwards, the thermal analysis of the modules
was performed using Ansys-Fluent in which junction temperature and heat flux of modules were determined by applying
appropriate boundary conditions, such as air velocity, heat flux, and solar radiation. Finally, the numerical results are
compared with the experiment in terms of junction temperatures of modules and good agreement was found. Additionally,
the results showed that the maximum module temperature drops by 17.2°C and the module efficiency and power output
increased from 10 to 12% with increasing air velocity.

1. Introduction

With the increasing demand of energy, attention of
researchers is titillating towards the renewable energy sector.
PV cells have gained much attention in past couple of years.
The total PV capacity of all major countries increased from
about 40GW to 100GW during 2010–2012 [1]. With the
rising demand of energy and environmental effects of other
energy sources, an efficient utilization of solar energy is con-
sidered to be the best way for power generation [2, 3].

Although PV system allows direct electrification of solar
energy, however, it faces severe limitations when the surface
temperature of the module increases. Generally, high solar
irradiance comes with higher ambient temperatures
especially in climatic zones such as Pakistan. For such zones,

energy utilization efficiency of PV systems can be improved
through different methods for instances: multijunction cells
[4], optical frequency shifting [5], multiple generation cells
[6], hot carrier cells [7], and concentration photovoltaic sys-
tem [8]. However, such methods have not been yet commer-
cialized because of their complexity and high cost. Therefore,
cheap and simple methods to improve the efficiency of PV
systems become the basic need of this technology especially
in those areas where high temperatures are experienced.

The standard test conditions of typical photovoltaic
modules consist of global irradiance of 1000W/m2, module
temperature of 25°C, and air mass 1.5 (according to IEC
61215/IEC 61646 tests) in which certified measurement was
performed by TÜV immissionsschutz und Energiesysteme
GmbH (Cologne, Germany) [9]. However, these values may
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not comply with the measurements in actual operating
conditions because of variations in several environmental
parameters [10]. Therefore, the predicted module perfor-
mance deviates under real climate conditions. PV panels
absorb around 80% of the incident solar irradiation but their
maximum theoretical conversion efficiency is not more than
30% due to various losses [11, 12]. A major cause of these
losses is the heat generation during absorption of photons that
results in high junction temperature causing thermalization
that decreases output power and efficiency of PV cells. In
order to gain the maximum efficiency from PV cells, their
junction temperature is required to be kept low, that is,
around 25°C.

Several studies have been conducted to study the
dependence of module performance on its junction
temperature. In a reported work, it was investigated that
with the increase in the junction temperature, the reverse
saturation current increases which causes a decrease in
the open circuit voltage (Voc); thus, the efficiency of mod-
ules decreases [13].

In another similar study, it was observed that the effi-
ciency of PV modules depends upon many environmental
parameters out of which temperature plays a vital role on
the performance of modules. The investigation carried out
at high irradiance showed that the module working temper-
ature will be high resulting in lower efficiency of modules
[14]. In one of the research work, an active cooling system
for solar panels was proposed and investigated showing that
when there is no active cooling, the efficiency of panels was
about 9%, and with active cooling, the temperature of the
panel decreases appreciably with their efficiency increased
up to 12-13% [15].

In a study, the effects of other environmental variables
such as dust, humidity, and air velocity on the efficiency of
solar panels were investigated. Accumulation of dust on
panel surface and increase in relative humidity causes a
decrease in the efficiency of panels. When air flows on
the surface of panels it is expected to blow away dust
particles and remove the heat from the panel surface, pri-
marily through convection. This decreases the temperature
of panels and also results in the decrease of local relative
humidity, and the overall result is increased efficiency of
the panels [16]. To reduce the cell temperature, a research
was carried out to investigate the effects of microchannel
cooling of PV cells on their efficiency. This approach
resulted in a 14% increase in power output with a temper-
ature drop of up to 15°C. This temperature drop was
caused by water flow in microchannels on the back surface
of cells at the rate of 3 LPM [17].

The body of cited literature suggests that a number of
studies have been carried out to study the influence of var-
ious external parameters and mechanisms on performance
of PV modules. From the commercial point of view, wind
blowing over the installed PV modules whether on small
scale or large scale provides a simple and economical solu-
tion. However, such solution requires investigation and
quantification in a controlled situation. Until now no
appropriate quantificational assessment on the airflow over
PV module has not been studied in detail. In order to

ascertain the influence of airflow, in a parametric fashion,
a controlled experimental setup is required for testing.
Here, a controlled set of conditions is established by
placing the PV panel in a wind tunnel with exact quanti-
fication of airflow and its direction. The real-time perfor-
mance of the PV module is assessed in presence of an
artificial solar simulator. This experiment is designed to
quantify the influence of air velocity on the performance
of PV module. As the solar panels are installed at a spe-
cific tilt, the effect of tilt angle is also studied so that the
results can be utilized, with confidence, while designing
cooling mechanisms for PV modules.

2. Methodology

Maximum power of the PV module is the product of maxi-
mum current and maximum voltage as determined by

Pmax = EmaxImax 1
Module efficiency is determined by

ηm = Pmax
IrrA

, 2

where Irr is the amount of solar radiation in W/m2 and A is
the active area of cells on which the radiation is focused.
The heat flux on the surface of cell is measured by

Q = hA T s − Ta , 3

where h is the convective heat transfer coefficient, Ts is the
junction temperature of panel, and Ta is the temperature of
incoming air. The relationship as expressed through 4 is used
to determine the convective heat transfer coefficient, primar-
ily for laminar flow [18].

h = 3 83V0 5L−0 5, 4
where V is the upstream air velocity and L is the characteris-
tic length of the module.

2.1. Experimental Setup and Procedure. Experiments were
conducted to estimate the behavior of different types of
PV modules under controlled conditions. PV modules
were placed on a moveable stand placed inside the wind
tunnel test section (dimension: 0.13× 0.093 ft2) made with
Perspex glass. There were four K-type thermocouples
attached to the backside of PV module. The test box was
mounted with a low subsonic wind tunnel (model number
HM 170) with a maximum airspeed of 25m/s. The plat-
form was placed at the center of the wind tunnel test sec-
tion. The test section was placed under an artificial solar
simulator (model number TRM-PD) having a maximum
electrical power of 3 kW. The platform with PV cells was
placed right beneath the solar simulator so that maximum
radiations directly fall on the module. The actual experi-
mental setup is shown in Figure 1. The rated specifications
of the PV modules (manufactured by Polysun Energy) are
given in Table 1.

Air velocity inside the wind tunnel was controlled using a
calibrated inclined manometer. The intensity of incident
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radiations was measured through solar power meter (model
number (Amprobe Solar-100)). For temperature measure-
ment on the surface of the PV panel, four K-type thermocou-
ples were installed on the backside of panels with the help of a
heat-conducting adhesive. The temperature of panel surface
with air approaching and leaving the module was measured
through these thermocouple probes.

Initial performance of the PV panels was noted at
zero wind conditions (static wind tunnel fan) under the
solar simulator only. The temperature and relevant param-
eters of the modules were recorded until the average
surface temperature of the panel reached 40°C. Afterwards,
similar measurements were made at different airflow
velocities at fixed incident radiations. A similar procedure
was repeated for PV panels tilted at an angle of 10° with
the horizontal. The set of measurements include the inci-
dent intensity of radiation, temperature of module at four
points, and current and voltage produced by the PV panel.
The measurements were made for sufficiently long dura-
tions so that time averaged steady values are noted and
these values are then used for further calculations and
comparisons. The velocity of the wind was increased
incrementally and the same procedure was adopted. The
temperatures of the module were measured only once
stable condition is achieved at a set wind speed. The same
set of experiments was repeated for both mono- and
polycrystalline modules at both 0° and 10° tilt angles. The
purpose of introducing the tilt angle was to analyze the

Table 1: Module specifications.

Module design parameters c-Si p-Si

Module dimensions (mm×mm) 342.9× 241.3 342.9× 241.3
Module area (m2) 0.0816 0.0816

Maximum power, Pmax (W) 10W± 3% 10W± 3%
Maximum current, Imax (A) 0.56 0.57

Maximum voltage, Emax (V) 18 17.5

Short circuit current, Isc (A) 0.64 0.66

Open circuit voltage, Voc (V) 21.6 21.5

(0.068 m, 0.256 m) (0.177 m, 0.256 m)

T1 T2

(0.068 m, 0.088 m) (0.177 m, 0.088 m)

T3 T4

0.
34

29
 m

0.2413 m

(0.0)
K-type thermocouples position at back side of PV module

Figure 1: Schematic description of placement of thermocouples on PV module and the actual experimental setup in the wind tunnel.
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effects of airflow over the actual installation configuration
of modules in tilted mode.

2.2. Numerical Analysis. The process of heat transfers from
the surface of modules due to varying flow speeds is analyzed
using numerical simulations. As the experiments were con-
ducted under controlled conditions, the rate of heat removal
from the surface of the module can be simulated and results
can be compared with experimental measurements. Using a
commercial CFD code (Fluent), flow over a 2D flat plate,
mimicking the module, is simulated at varying airspeeds. It
was noted that under zero wind conditions, the maximum
temperature of the modules was raised to 40°C due to radia-
tions of the solar simulator and power generation of panels.
Under zero wind speed, heat flux generated by the module
was calculated using the surface temperature measurements
and is used as a boundary condition for the simulations.
Under constant influx of radiations, it is assumed that the heat
flux generated by the panel does not change significantly.
However, the surface temperatures of themodule are expected
to vary at varying flow velocities and numerical simulations
are used to predict the surface temperature variations.

For flow over a flat plate, transition from laminar to tur-
bulent is usually taken to occur at the critical Reynolds num-
ber. The value of the critical Reynolds number for a flat plate
may vary from 5× 105 to 3× 106, depending on the surface
roughness and the turbulence level of the free stream [19].
Maximum Reynolds number for the study was calculated
3.5× 105 as given in Table 2 where density is 1.225 kgm−3,
viscosity is 0.00001789Nsm−2, and characteristic length L is
0.34m, so the flow over the flat module was assumed to
remain laminar.

Temperature of the incoming airflow was measured dur-
ing experiments and kept at Tair = 293K for all simulations.
The flow at the inlet was assumed to be uniform with its mag-
nitude ranging from 5 to 15m/s. The simulated geometry
and relevant boundaries are indicated in Figure 2.

2.2.1. Governing Equations and Boundary Conditions. The
simulation involves solving balances of mass, momentum,
and energy with relevant boundary conditions. The set of

equations for incompressible, steady laminar flow of fluid
with constant physicothermal properties are as follows:

Continuity equation

∂U
∂X

+ ∂V
∂Y

= 0, 5

X-momentum equation

∂ UU
∂X

+ ∂ VU
∂Y

= −
∂p/∂X + ∂2U/∂X2 + ∂2U/∂Y2

Re , 6

Y-momentum equation

∂ UV
∂X

+ ∂ VV
∂Y

= −
∂p/∂Y + ∂2V/∂X2 + ∂2V/∂Y2

Re , 7

Thermal energy equation

∂ Uθ

∂X
+ ∂Vθ

∂Y
= ∂2θ/∂X2 + ∂2θ/∂Y2

RePr , 8

where Reynolds and Prandtl numbers are defined as

Re = LUρ

μ
,

Pr =
μcp
k

9

No slip condition was used over the cylinder surface with
uniform heat flux thermal boundary condition.

For uniform heat flux, the nondimensional temperature
is given as θ = T − T∞/ qwD/k . qw is specified heat flux, D
is characteristic length, and k is thermal conductivity.

2.2.2. Numerical Details. For the problem in consideration,
computational grid was generated using Gambit software
and the numerical calculations were accomplished using a
computational fluid dynamics (CFD) solver FLUENT
(14.0). A multiblock-structured grid was used. Figure 3
shows the grid employed for the simulations and results
reported in this paper.

In order to establish grid independence of results, a
detailed study was conducted. Computations were performed
on 3 different grids in order to get domain-independent
results. The total number of grid points was varied to select
the grid that generates accurate results with a minimum
number of nodes to save computation time. The number of
elements in grid 3 was more than grid 2 and grid 1 but the
results obtained from executing grid 3 were more accurate
and precise than the results attained from grid 1 and grid 2
as shown in Table 3. Therefore, grid 3 was selected with a total
of 38,230 cells.

Table 2: Calculation of Reynolds number.

Velocity (m/s) Reynolds number

5 116,405.8

6 139,687

7 162,968.1

8 186,249.3

9 209,530.5

10 232,811.6

11 256,092.8

12 279,374

13 302,655.1

14 325,936.3

15 349,217.4
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3. Results and Discussion

After comprehensive numerical and experimental analysis,
results are presented in terms of module power, temperature,
and efficiency.

3.1. Module Temperature Analysis

3.1.1. Experimental Variation of the Surface Temperature
of the PV Module with the Airflow Velocity. Figure 4
shows experimental results of temperature for monocrys-
talline and polycrystalline modules. Figures 4(a) and 4(b)
show the temperature results obtained from monocrystal-
line module at positions 0° and 10°, respectively, while
Figures 4(c) and 4(d) show the trends obtained from the
polycrystalline module. The temperatures at four different
points on the module are represented. Additionally, the
average temperature of module is also shown. It can be
observed that temperatures labeled as T1 and T2 are
slightly high compared to temperatures T3 and T4. This
is due to the fact that air gets heated along its flow path
from point T3 and T4 to point T1 and T2. In the presence
of a solar simulator, the temperature readings were
recorded with an average temperature of module reaching
40°C (maximum temperature considered in the current

study). At higher velocities, the temperature of the mono-
crystalline module decreases up to 16.8°C compared to zero
velocity measurement. Whereas the drop in temperature
for polycrystalline module was up to 17.2°C compared to
zero velocity measurement as shown in Figure 4. It can
be concluded that there was a significant drop in temper-
ature when the airflow velocity was at 5m/s. However, at
velocities greater than 15m/s, the temperature depression
was not significant.

3.1.2. Calculation of the Temperature Variation of the PV
Cells with Air Velocity. Figures 5(a)–5(d) show the temper-
ature results along the length of monocrystalline and poly-
crystalline PV modules at velocities of 5, 8, 12, and 15m/s.
The results show that the temperature of panel increased
along the length of the panel; this is due to the fact that
air gets heated up as it flows over the panel along the
length and heat transfer rate decreases due to decrease in
temperature difference.

A comparison of numerical simulations with experimen-
tal results is represented in Figure 6. The simulation results
near the leading tip of the module are compared with the
average temperature of points (T3, T4) as shown in
Figures 6(a), 6(c), 6(e), and 6(f). While the simulated results
at the trailing end of module were compared with the average
temperature of points (T1, T2) as shown in Figures 6(b), 6(d),
6(f), and 6(h). The comparison indicates that the results of
temperatures obtained experimentally are in good agreement
with the numerically achieved results as the trend of both
lines is almost the same and the difference between the results
was found to be around 2°C, mainly towards the leading tip.
The expected reason for the deviation is flow transition
taking place inside the wind tunnel, which could have
disturbed the leading edge flow patterns. Also, the leading
point of the boundary layer has high local heat transfer
coefficient, and deviation of around 10% at the leading edge
is quite admissible. The numerical simulations showed good
agreement with experimental findings, especially after the
leading edge as shown in Figures 6(b), 6(d), 6(f), and 6(h).
This comparison shows a reliable means to directly estimate

L = 42.6 (cm)

W
 =

 3
0 

(c
m

)
L1 = 34.2 (cm)

OutletInlet

Figure 2: Schematic diagram of unconfined flow on module.

Figure 3: Grid structure corresponding to G3 (Table 3) for the
simulation.
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surface temperatures over the complete surface of the mod-
ule. Furthermore, the numerical methods can be directly
employed in real-time scenarios and configurations.

3.2. Variation of Module Power and Efficiency with Air
Velocity. Figure 7 shows the effect of velocities on the power

of modules. Initially, at high temperature, the module power
was recorded low when the air velocity was almost negligible,
while at higher velocities, the module power increases due to
the decrease in temperature of module. Maximum power
achieved was 7.5W for monocrystalline module and 4.8W
for polycrystalline module under considered conditions.

Table 3: Details of meshes tested in grid independence.

Grid Nodes
Number
of cells

Domain size
(cm)

Step size
Δt (s)

Experimental temperature of
module (K)

Fluent temperature of
module (K)

Difference in
temperature (K)

G1 25,002 24,272 30× 42.6 0.0008 297.4 293.9 3.5

G2 36,492 35,600 30× 42.6 0.0008 297.4 295.4 2

G3 39,246 38,320 30× 42.6 0.0008 297.4 296.1 1.3
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Figure 4: Variation of temperature with velocity. (a) Monocrystalline at 0°, (b) monocrystalline at 10°, (c) polycrystalline at 0°, and
(d) polycrystalline at 10°.
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Figures 7(a) and 7(b) show the results for monocrystalline
and polycrystalline modules correspondingly. The variation
in angles of modules from 0° to 10° results in additional air
contact with modules, owing to which further decrease in
temperature and increase in power are observed.

Figure 8 indicates that the efficiency of photovoltaic
modules followed exactly the same trend as shown in
Figure 7. The efficiency of modules is directly proportional
to the power. The increase in power and efficiency of
monocrystalline and polycrystalline modules at position
0° with the airflow was found to be 10–15% and 5–10%,
respectively, while in the case of tilt angle of 10° with
the incoming airflow, increase in performance parameters
for both modules is found to be 11–18% and 8–12%,
respectively, at considered velocity range. Thus, it can be
concluded that the effects of airflow on the modules’ power
and efficiency at a tilt angle of 10° are better than at 0°.
Furthermore, from these results, it be can be also concluded
that the effects of airflow on monocrystalline module are

significant compared to the polycrystalline module under
the same conditions.

4. Conclusions and Future Work

The effect of blowing wind on photovoltaic modules was
studied experimentally and results are compared with
numerical simulations. It is observed that the effect of wind
on the temperature of PV module is significant, which results
in increase of power and efficiency of modules. Results
showed that at moderate velocity of air, significant change
in module temperature is observed. Further higher velocities
of air do not necessarily increase the advantage. At air
velocity range of 5 to 15m/s up to 42%, decrease in average
temperature of monocrystalline module was observed
whereas the drop in temperature for polycrystalline module
was up to 43%. This leads to increase in power and efficiency
of monocrystalline and polycrystalline modules. Moreover,
the influence of inclination angle is also significant. At tilt
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Figure 5: PV module surface temperature along length. (a) Monocrystalline at 0°, (b) monocrystalline at 10°, (c) polycrystalline at 0°, and
(d) polycrystalline at 10°.
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Figure 6: Comparison between experimental and CFD temperature results. (a) Monocrystalline at 0° initial point, (b) monocrystalline at
0° final point, (c) monocrystalline at 10° initial point, (d) monocrystalline at 10° final point, (e) polycrystalline at 0° initial point,
(f) polycrystalline at 0° final point, (g) polycrystalline at 10° initial point, and (h) polycrystalline at 10° final point.
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angle of 0° with the airflow, it was found that the efficiency of
monocrystalline module increases from 10 to 15% while for
polycrystalline module the increase was from 5 to 10%. In
case of tilt angle of 10° with the incoming airflow, increase
in performance parameters for both modules are found to
be 11 to 18% and 8 to 12%, respectively.

Nomenclature

A: Active area of cells [m2]
C-Si: Monocrystalline silicon module
h: convective heat transfer coefficient [W/m2K]
I: Current [A]
Irr: Solar irradiance [W/m2]
L: Length of panel [m]
P-Si: Polycrystalline silicon module
P: Power [W]
Q: Heat flux [W/m2]

STC: Standard testing condition
T: Temperature [°C]
E: Voltage [V]
Re: Reynolds number
Pr: Prandtl number
U: Velocity along x-axis [m/s]
V: Velocity along y-axis [m/s]
ns: Normal unit direction vector
qw: Specified heat flux
D: Characteristic length
K: Thermal conductivity.

Greek Symbols

μ: Dynamic viscosity [kg·m−1·s−1]
ηm: Module efficiency (%)
θ: Nondimensional temperature
ρ: Density [kg/m3].

1

2

3

4

5

6

7

8

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

P
m

ax
 (W

)

Velocity (m/s)

Pmax 0°
Pmax 10°

(a)

P
m

ax
 (W

)

0

2

4

6

8

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Velocity (m/s)

Pmax 0°
Pmax 10°

(b)

Figure 7: Modules power at different velocities. (a) Monocrystalline and (b) polycrystalline.
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Subscripts

a: Air
Max: maximum
Mea: Measured
sc: Short circuit
s: Surface of module
oc: Open circuit.
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Single-junction solar cells are the most available in the market and the most simple in terms of the realization and fabrication
comparing to the other solar devices. However, these single-junction solar cells need more development and optimization for
higher conversion efficiency. In addition to the doping densities and compromises between different layers and their best
thickness value, the choice of the materials is also an important factor on improving the efficiency. In this paper, an efficient
single-junction solar cell model of GaAs is presented and optimized. In the first step, an initial model was simulated and then
the results were processed by an algorithm code. In this work, the proposed optimization method is a genetic search algorithm
implemented in Matlab receiving ATLAS data to generate an optimum output power solar cell. Other performance parameters
such as photogeneration rates, external quantum efficiency (EQE), and internal quantum efficiency (EQI) are also obtained. The
simulation shows that the proposed method provides significant conversion efficiency improvement of 29.7% under AM1.5G
illumination. The other results were Jsc = 34.79mA/cm2, Voc = 1V, and fill factor (FF) = 85%.

1. Introduction

Direct band gap materials prove that the use of an optimum
configuration leads to a highly functional single- or multiple
junction solar cells. The interest in GaAs solar cells has
become more popular in the recent years due to its band
gap (1.42 ev) close to the standard spectrum [1]. However,
its major problem was the surface recombination rate that
has been reducing the GaAs solar cells improvement’s start
with 10% [2]. This problem was solved by means of using a
Ga1-xAlx on the surface of GaAs [3]. Using GaAs junction
only is not enough to get higher efficient solar cells. In fact,
the improvement of its performance will surely be accom-
plished by adding other material layers on the top and bot-
tom of the junction. For instance, a wider band gap
material such as AlGaAs used as a back surface field (BSF)
makes a significant improvement [4, 5]. Also under the same
cell configuration, the use of In0.5(Al0.7Ga0.3)0.5P material
increases the efficiency by 6% compared to other materials
thanks to its high photogeneration ratematerial [6]. TheGaAs
solar cell has greater electron saturation velocity and higher
electron mobility compared with silicon solar cells [1].

This solar cell has achieved an accurate success of around
20–25% [7]. Recently, the single solar cells performance
made a significant growth, an efficiency of 27% was recorded
for the GaAs single cells [8]. A detailed set of simulated mate-
rial parameters used in our design has been taken from
previous publication [9–11]. The purpose of this work is to
design a single solar cell based on GaAs that is highly efficient
and to investigate its performance. Moreover, an optimiza-
tion technique has been performed and proposed. A presen-
tation and comparison of obtained results to similar solar
devices from recent publication have been done. This work
is organized as follows: an introduction of the model solar
cell is taking place in Section 2. Section 3 explains the genetic
algorithm of solar cells. The ATLAS simulation and the
method of the proposed results are elaborated in Section 4.
The last section concludes the whole work.

2. Solar Cell Modeling

In order to model a high efficiency single solar cell, it is
important to start with similar cells of well-known character-
istics and obtained performances to verify the accuracy of our
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model. Based on their various advantages such as absorb-
ing a higher quantity of light, several materials were cho-
sen and detailed in Table 1. The objective of this work
was at first to construct a solar cell and then improve
its efficiency. For a first step using TCAD Silvaco soft-
ware, an ATLAS code was then prepared to build this
structure made up of a gold contact placed at the top
of the structure, and then under that was the Si3N4 anti-
reflective coating (ARC) then the InAlGaP window layer,
under that was the n-type GaAs emitter, then a p-type
GaAs base, AlGaAs back surface field (BSF), GaAs buffer,
GaAs substrate, and finally a gold contact in the bottom
of the cell. A schematic of this model is designed in
Figure 1. The solar cell was illuminated by a spectral
illumination source of AM1.5G as shown in Figure 2.
ATLAS solves Poisson’s equation; carrier continuity equa-
tions for both electrons and holes were solved, the drift-
diffusion transport model. Refractive index of each material
and important parameters for the simulation of solar cells
are obtained from [9, 10, 12] and from the Sopra database

incorporated in Silvaco. Different physics models were
used to calculate recombination and carrier mobility for
a solar cell structure. The Shockley-Read-Hall (SRH)
recombination models and the concentration-dependent
low-field-mobility model (CONMOB) are used to model
the doping-dependent low-field motilities of electrons
and holes. To consider bulk and interface recombination
velocities, (Auger) models are also utilized.

To determine the solar cell efficiency, it is important to
use the following parameters: the open-circuit voltage (Voc),

Table 1: Standard parameters used in this solar cell design.

Material GaAs InAlGaP AlGaAs

Band gap Eg (eV) at 300K 1.42 2.3 1.8

Lattice constant α (Å) 5.65 5.65 5.64

Permittivity (es/eo) 13.1 11.7 11.0

Affinity (eV) 4.07 4.2 4.1

Heavy e− effective mass (me
∗/m0) 0.06 2.85 2.4

Heavy h+ effective mass (mh
∗/m0) 0.5 0.64 0.62

e−mobility MUN (cm2/V× s) 8800 2150 2000

h+mobility MUP (cm2/V× s) 400 141 138

e− density of states NC (cm−3) 4.7E+ 17 1.20E+ 20 4.35E+ 17

h+ density of states NV (cm−3) 7.0E+ 18 1.28E+ 19 8.16E+ 18

Lifetime (el) (s) 1.00E− 09 1.00E− 09 1.00E− 09
Lifetime (ho) (s) 2.00E− 08 1.00E− 09 2.00E− 08

ARC

Contact

GaAs emitter

GaAs base

AIGaAs back surface field

GaAs buffer

GaAs substrate

Back contact

In0.5(A10.7Ga0.3)0.5P Window

Figure 1: Schematic diagram of single solar cell structure used in
the initial design.
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short-circuit current (Isc), and fill factor (FF) in the ATLAS
design code.

I = I0 exp qV
nkT

− 1 − IL, 1

where IL = light generated current.

Voc =
nKT
q

× ln IL
I0

+ 1 2

The short-circuit current (Jsc) is the maximum current
available from a solar cell, and this occurs at zero voltage.

The expression for the FF can be determined empirically
as [9]

FF =Voc − ln Voc + 0 72
Voc + 1 3

The maximum power is converted solar energy (solar
spectrum) to electricity and can be calculated as follows:

Pmax =Voc × Jsc × FF 4

Based on the above parameters, we can get the efficiency
of a solar cell calculated as

η = Voc × Isc × FF
Pin

, 5

where Pin is the input power.

G = η0 ×
pλ
hc

× αexp −αy , 6

withG as the photogeneration rate; P is the cumulative effects
of reflections, transmissions, and loss due to absorption over
the ray path; y is the relative distance for the given ray; h is
Planck’s constant; λ is the wavelength; c is the speed of light;
and α is the absorption coefficient calculated for each set
of (n, k) value. η0 is the internal quantum efficiency, which
represents the number of carrier pairs generated per
photon pairs.

Generate random
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Calculate the efficiency
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chromosome

Gen < max (Gen)

Crossover and
mutation

Selection

Construct next
generation

Store maximum
efficiency

EndYes
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G
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Figure 3: Flowchart of genetic algorithm.
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3. Proposed Algorithm for
Efficiency Optimization

The genetic algorithm (GA) is generally an optimization
method that allows to obtain helpful solutions to complex
problems [13]. The GA has a small computing time and good
convergence that makes it a powerful optimization tool. In
many published classical techniques, a variable layer (thick-
ness or doping intensity) varies by affecting random values
until achieving a higher efficiency, then move to the next var-
iable and perform the same operation. However, in our
method, all variables are tested simultaneously and result to
an ideal junction configuration to produce higher efficiency.
A random selected binary 8 bit strings constitute the initial
generation of chromosomes. The Silvaco code is called by
the GA in order to get the needed data that is encoded and
then exposed to some evolution mechanisms like crossover
and mutation then used as chromosomes to build the next
generation. In a second step, these values are decoded then
written into Silvaco ATLAS code to construct the new solar
cells with the new configuration. After the simulation of all
chromosome generations, child chromosomes were created
from the best performing parent chromosomes. The junction
layer optimization process includes the window, emitter,
base, BSF, buffer, and substrate layers and determines the
best thickness and doping of each layer. The flowchart of
GA used for optimizing the efficiency is shown in Figure 3.

4. Results and Discussion

In this section, two steps are performed, the first one is an
initial single-structure solar cell designed and simulated
using Silvaco ATLAS as shown in Figure 1. The second step
consists of using the GA technique to compare the cell
performance parameters with an optimized solar cell.

In the first ATLAS simulation, the layer configuration
were adjusted as follows: the window thickness was 400nm,
the emitter thickness was 200 nm, the base thickness was
2μm, the BSF thickness was 400nm, the buffer was 100nm,
and the doping concentrations for these layers are 7× 1017,
for the emitter 2× 1018, the base 4× 1018, the BSF 5× 1018,
and the buffer 4× 1018. The obtained results were extracted
from the I-V curve characteristics for the model as shown
in Figure 4, The open-circuit voltage (Voc), short-circuit cur-
rent (Isc), fill factor (FF), and the efficiency of this initial sim-
ulation were found, respectively: Voc = 1.08V, Jsc = 22.88mA,
FF= 84, and η = 21%. A maximum power can be observed in
Figure 5 with a value of 21mW/cm2. Table 2 summarizes the
different thicknesses and doping concentrations for the
initial model.

The next results exposed the optimization process. The
simulation was done after several data exchange, between
the genetic algorithm and the Silvaco ATLAS code in
addition to data evaluation and generation optimization.
In the end of simulation, a higher conversion of a 29.7%
efficiency was recorded after a small-time computation,
compared to the initial structure which has an efficiency
of 21%, and new layers configuration were set to construct
a new optimized GaAs single solar cells as shown in
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Figure 5: Power curve of the model of the initial solar cells.
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Figure 6 enabling to produce a higher maximum power,
its value achieved 29mW/cm2 as can be seen in Figure 7
under the AM1.5G illumination. The simulation parame-
ters are also documented in Table 3. The optimized
performances parameters, comprising the Jsc, Voc, FF, Imax,
Vmax, and Pmax, were found from the results of the GA
and their values are listed in Table 4.

Figures 8 and 9 demonstrate the I-V curve of the opti-
mized single-junction structure using the Silvaco and the
genetic algorithms, although reached-optimized cell output
parameters are listed in Table 4. Moreover, a comparison
between the optimized and the initial solar cells can be
observed in Figure 10, as well as results comparison with cor-
responding theoretical and experimental results for similar
studies. Our GA-proposed simulation gives good result with
high-efficient performance than others introduced in various
previous studies as discussed elsewhere [14–17]. Differences

are due to the variations in the material, optical parameters
used, and optimization performance method presented in
this work. Table 5 shows the various comparisons of this
optimized structure with other previous publications; GaAs
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Figure 6: Final GaAs optimized structure.
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Figure 7: Power curve of the optimized solar cell.

Table 3: GA simulation parameters.

Parameters Values

Number of generations G = 5
Population P = 5
Crossover rate CR= 1.0

Mutation rate MR= 0.05

Table 4: Output power improvement.

Parameters
Original single

solar cell
Optimized single

solar cell

Short-circuit current
(Isc) (mA)

22.88 34.79

Open-circuit voltage
(Voc) (V)

1.08 1

Max current (Imp) (mA) 21.87 33.42

Max voltage (Vmp) (V) 0.96 0.89

Fill Factor FF (%) 84 85

Maximum power (Pmax)
(W/cm2)

0.021 0.029

Efficiency (%) 21 29.7

Table 2: Doping and thicknesses of the initial structure.

Origin model solar cell Doping (cm3) Thickness (μm)

ARC Si3N4 — —

n-layer In0.5(Al0.7Ga0.3)0.5P 7e + 017 0.04

n-layer GaAs 2e + 018 0.2

p-layer GaAs 4e + 018 2

p-layer AlGaAs 5e + 018 0.4

p-layer GaAs 4e + 018 0.02
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solar cell achieves the highest efficiency as can be seen
through the values Jsc = 34.79mA/cm2, Voc = 1V, and
FF=85%. Also, the close efficiency to our solar cell achieved
28.8% as can be seen in Table 5 by Kayes et al. [16]. Figure 8
shows the spectral response of the optimized solar cells.
Figure 11 shows that the solar cell absorbs wavelength
between 400 and 900nm. The overall efficiency of the opti-
mized GaAs solar cell is shown in Figure 12 which is higher
at 685 nm compared to 200nm in the initial structure shown
in Figure 1 for the emitter thickness and 2.95μm compared
to 2μm for the base thickness in the same figures.

5. Conclusion

In this paper, a single GaAs solar cell was designed and opti-
mized in two phases; the first was by building a structure with
new layers like the buffer and the BSF that can significantly
improve the performance due to higher collection of photo-
generation minority carriers. We have proposed a new struc-
ture configuration based on GaAs that can achieve significant
efficiency. Also in this work, a GA is applied and combined
with the ATLAS code to increase our designed cell output
power efficiency. The simulations shows that the efficiency
improvement performance of the proposed GA is better than
the initial proposed structure, and as result, an optimization
of more than 8% is reached and new layer configuration is
obtained as shown in Figure 12; in addition, it was compared

ATLAS
Data from photo.log

Available photo current (A)
Source photo current (A)
Cathode current (A)

Optical wavelength (�휇m)
0 1 2 3 4

0

1 

2

3

4
×10‒07

Figure 8: Generation of photocurrent by GaAs cell.

Cathode current versus anode bias
Data from IVcurvlight.dat

0 0.2 0.4 0.6 0.8 1 1.2

‒0.2

‒0.16

‒0.12

‒0.08

‒0.04

0

0.04

Anode bias (V)

Ca
th

od
e c

ur
re

nt
 (A

/c
m

2 )

Cathode current

Figure 9: I-V characteristics of the optimized solar cell.

0 0.2 0.4 0.6 0.8 1 1.2
0

0.005
0.01

0.015
0.02

0.025
0.03

0.035
0.04

Voltage (V)

Cu
rr

en
t (

A
)

I-V curve

Initial solar cells
Optimized solar cells

Figure 10: Comparison between the original and optimized I-V
characteristic solar cells.

Table 5: Comparison between our optimized GaAs solar cell and
others cells from publications.

Publications Jsc (mA/cm2) Voc (V) FF η (%)

Vandamme et al. [14] 19.4 0.865 0.77 12.9

Yang et al. [15] 24.5 1.0 0.78 19.1

Kayes et al. [16] 29.7 1.122 0.87 28.8

Lee et al. [17] 22.0 0.942 0.78 16.2

Moon et al. [18] 27.06 0.98 0.83 22.08

This work (initial structure) 22.88 1.08 0.84 21

This work (optimized solar
cell)

34.79 1.0 0.85 29.75

6 International Journal of Photoenergy



to other single solar cells from previous publications.
Its performance characteristics were Jsc = 34.79mA/cm2,
Voc = 1.0V, FF= 85%, and η = 29 75%.
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Electrochemical deposition and characterization of nanocrystallite-CdS thin films for thin film solar cell application are reported.
The two-electrode system used provides a relatively simple and cost-effective approach for large-scale deposition of semiconductors
for solar cell and other optoelectronic device application. Five CdS thin films were deposited for 45 minutes each at different
cathodic deposition voltages in order to study their properties. X-ray diffraction study reveals that the as-deposited films contain
mixed phases of hexagonal and cubic CdS crystallites with large amounts of internal strain and dislocation density.
Postdeposition annealing results in phase transformation which leaves the films with only the hexagonal crystal phase and
reduced strain and dislocation density while increasing the crystallite sizes from 21.0–42.0 nm to 31.2–63.0 nm.
Photoelectrochemical cell study shows that all the CdS films have n-type electrical conductivity. Optical characterization
reveals that all samples show similar transmittance and absorbance responses with the transmittance slightly increasing
towards higher growth voltages. All the annealed films show energy bandgap of 2.42 eV. Scanning electron microscopy and
energy dispersive X-ray analyses show that grains on the surface of the films tend to get cemented together after annealing
with prior CdCl2 treatment while all the films are S-rich.

1. Introduction

CdS is a wide bandgap II–VI compound semiconductor with
a direct bulk bandgap of 2.42 eV [1]. Due to its desirable
properties, it finds use in photovoltaic solar cells [2, 3], piezo
transducers [4], photoresistors, luminescence devices [5],
Schottky diodes and metal-semiconductor field effect transis-
tors (MESFETs) [6], heterojunction diodes [7], insulated gate
thin film transistors [8], and gas sensors [9]. It is also used in
microelectronics, nonlinear optics, catalysis, photoelectro-
chemistry [10], and in photodetectors [11]. In its application
in photovoltaics, CdS has been used as an n-type hetero-
junction partner to CdTe, CuS, and Cu(In, Ga)Se2 (CIGS)

absorber materials for the fabrication of CdS/CdTe, CdS/
CuS, and CdS/CIGS solar cells [12-14].

Several growth techniques have been used for the deposi-
tion of CdS for various uses. These techniques include
chemical bath deposition (CBD) [15], vacuum evaporation,
chemical vapour deposition [16], spray pyrolysis [17],
sputtering [18], screen printing [19], sol-gel [20], close space
sublimation (CSS) [21], and electrodeposition (ED) [22]. As
is common in most electrodeposition processes for semicon-
ductors in the past, electrodeposition of CdS has always been
reported in the literature based on the conventional three-
electrode configuration [23]. Report on the use of two-
electrode system for the electrodeposition of CdS is very
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scarce in the literature, and one can only find two major
reports to date [22, 24]. Diso et al. [22] grew their CdS
materials using CdCl2 and Na2S2O3 as precursors but at a
pH of 1.4 and temperature of 45°C for fear of precipitation.
Both their reported as-deposited and heat-treated CdS
films had hexagonal crystal structure without any phase
transformation as a result of postdeposition heat treatment.
Abdul-Manaf et al. [24] on the other hand used CdCl2 and
(NH4)2S2O3 as precursors but grew CdS at a pH of 2.0 and
a temperature of 85°C. The as-deposited CdS materials in this
case had a mixture of hexagonal CdS, cubic CdS, and
orthorhombic sulphur crystal phases which transformed to
purely hexagonal phase after postgrowth heat treatment.
Both Diso et al. and Abdul-Manaf et al. did not report the
postdeposition heat treatment with prior CdCl2 treatment.
Again, both groups did not report morphological characteri-
zation of CdS films grown at different growth voltages but
only reported the morphological characterization of CdS
grown at a particular voltage and annealed under different
temperature conditions.

Under the low temperature (45°C) and low pH (1.4) used
by Diso et al., they did not observe mixed phases of CdS. It is
also noted that these temperature and pH are substantially
far away from those (>80°C and ~2.00, resp.) under which
CdTe is usually grown for CdS/CdTe solar cell fabrication
[2, 25]. However, Abdul-Manaf et al. who grew CdS at rela-
tively higher temperature of 85°C and pH of 2.00 reported
the presence of mixed cubic and hexagonal phases of CdS
with the presence of orthorhombic sulphur all in their as-
deposited CdS materials. These mixed phases transformed
to purely hexagonal phase after postgrowth heat treatment.

Then, in order to see whether the presence of these mixed
phases is a function of growth temperature and pH or a func-
tion of the sulphur precursor, authors decided to grow CdS in
the present work at a temperature of 80°C and pH of 1.80,
both of which are in-between the values used by Diso et al.
and Abdul-Manaf et al. These growth parameter values are
still very close to those for the growth of CdTe on CdS for
solar cell fabrication. We have also used Na2S2O3 as the
sulphur precursor since Abdul-Manaf et al. have observed
mixed phases with (NH4)2S2O3 as sulphur precursor. In the
present work, CdCl2 and Na2S2O3 have been used as
precursors and the CdS materials were grown at a pH of 1.8
and temperature of 80°C.

The major reasons for the use of two-electrode system
include the following: (i) to prevent any possible contamina-
tion of the deposition electrolyte by ions such as Ag+ and K+

which may eventually leak into the deposition electrolyte
from the porous wick of the commonly used Ag/AgCl and
Hg/HgCl (saturated calomel electrode (SCE)) reference
electrodes during the electrodeposition process at elevated
temperatures and (ii) to reduce the cost due to reference
electrode, as reported in recent publications by the main
author’s research group [26, 27].

In the fabrication of high-efficiency solar cells using CdS
as window material, the most commonly used technique for
the deposition of CdS is CBD [2] while CdTe is deposited
using CSS [2], sputtering [18], or electrodeposition [28].
Due to the nature of the CBD as a batch process, lots of

Cd-containing wastes are generated in the large-scale deposi-
tion of CdS for solar cell fabrication. This no doubt raises
environmental concerns and costs a huge sum of money for
waste management and disposal. In an industrial production
line, this situation, coupled with the use of at least two differ-
ent deposition techniques, presents real issues and leads to
the production of expensive solar panels. It is preferable in
such an industrial process to have only one production line
by using only one technique to deposit both CdS and CdTe.
A continuous process such as electrodeposition fits into this
one production line that can be used for the production of
less expensive solar panels.

One major factor in electrodeposition of semiconductors
is the choice of the right deposition voltage as this, in most
cases, affects the properties of the deposited materials. For
example, the stoichiometry and therefore the electrical
conductivity type of some compound semiconductors like
CdTe are affected by the deposition voltage used [29]. It is
for these reasons that the effect of deposition voltage on
electrodeposited CdS thin films using two-electrode system
has been studied and reported in this work. There is yet
another major reason why the development of electrodepos-
ited CdS material is important for the fabrication of all-
electrodeposited solar cells employing CdS as window or
buffer layer. CBD-grown CdS is usually deposited at very
high pH values in the range of 9 and above [1] whereas
electrodeposited CdTe is grown at low pH values in the range
of 1-2 [27-29]. Experience has shown that immersing the
CBD-CdS grown in alkaline environment into the acidic
CdTe electrodeposition electrolyte could sometimes result
in the peeling off of the CBD-CdS due to the sharp difference
in pH of the deposition environments of the two materials.
To solve this problem, the electrodeposition of CdS reported
in the present work has been carried out at a pH of 1.8± 0.02
close to 2.0± 0.02 for CdTe deposition to bridge the pH gap
between the deposition of CdS and CdTe.

2. Materials and Methods

2.1. Preparation of CdS Deposition Electrolyte. The CdS depo-
sition electrolyte was prepared using 0.3M CdCl2·H2O and
0.03M Na2S2O3·5H2O in 800ml of de-ionised water. Both
chemicals were of laboratory reagent grade and purchased
from Fisher Scientific, United Kingdom. The resulting
electrolyte is contained in a 1000ml plastic beaker. The solu-
tion containing only CdCl2·H2O was first prepared. The pH
was adjusted to 1.80± 0.02 at room temperature using HCl
and NH4OH as the case may be. The 1000ml plastic beaker
containing this solution was put inside a 2000ml glass beaker
containing some de-ionised water. This serves as a water bath
to ensure uniform heating of the solution. The entire
container was placed on a hot plate with a magnetic stirrer.
After stirring the CdCl2·H2O solution moderately at 400
rotation per minute (r.p.m) for 24 hours, it was heated to
a temperature of 80± 2°C and a cyclic voltammetry was
carried out in two-electrode configuration using glass coated
with fluorine-doped thin oxide (glass/FTO) as the working
electrode (cathode) and high-purity carbon rod as the anode
(counter electrode). From the resulting voltammogram, the
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deposition voltage of Cd was identified. Slightly below this
voltage, the CdCl2·H2O solution was then subjected to
electro-purification for 48hrs to remove any metallic impuri-
ties in the CdCl2·H2O before the addition of Na2S2O3·5H2O.
The pH of the resulting electrolyte was then adjusted again to
1.80± 0.02 at room temperature.

2.2. Substrate Preparation. The substrates used for the
electrodeposition of CdS were glass/FTO which were pre-
pared by cutting them into sizes of 3.0 cm× 2.0 cm× 3.0mm
followed by cleaning with soap solution in an ultrasonic
bath for 15 minutes. This was also followed by cleaning with
acetone and methanol using cotton buds. The substrates
were then rinsed with de-ionised water and dried in a
stream of N2.

2.3. Electrodeposition of CdS. After preparing the CdS deposi-
tion electrolyte, a cyclic voltammogram of the electrolyte was
recorded using a computerised Gill AC potentiostat (ACM
Instruments, Cumbria, UK) in two-electrode configuration
at a temperature of 80± 2°C with a stirring rate in the
neighbourhood of 400 r.p.m using glass/FTO as the substrate.
The cyclic voltammogram is shown in Figure 1.

The possible range of cathodic deposition voltages for
CdS was obtained from the voltammogram to be 1300–
1500mV. Now, the reduction of S2O3

2− ions takes place ear-
lier at a lower cathodic potential than the reduction of Cd2+

ions which happens at a relatively higher cathodic potential
[30]. The proposed equation of reduction of S2O3

2− in the
acidic solution is therefore given by

S2O2−
3 + 6H+ + 6e− = 3H2O + S2− + S 1

In the presence of Cd2+ in the solution, the overall reac-
tion for the formation of CdS at the cathode is therefore
given by

Cd2+ + S2O2−
3 + 6H+ + 6e− = 3H2O + CdS + S 2

The presence of colloidal sulphur as observed in (1) and
(2) turns the solution muddy with time. The rate at which
this happens however depends on the concentration of the
S2O3

2− in the solution. For this reason, the concentration of
Na2S2O3 is kept very low compared to that of CdCl2.

Five CdS layers were deposited on glass/FTO within the
above identified voltage range for 45 minutes each and at
intervals of 5mV. By controlling the stirring rate of the
deposition electrolyte and gradually adding Na2S2O3 to the
deposition electrolyte, the deposition current density J was
maintained at an average value of 246.6μAcm−2 for each
sample for the duration of the deposition.

It is important to state that the thickness and uniformity
of electrodeposited semiconductors are easily controlled by
controlling the deposition parameters such as deposition
current density, stirring rate, temperature, pH, and concen-
tration of ions in the deposition electrolyte. Increasing the
stirring rate increases the deposition current density and
therefore the thickness of the deposited film. However, if
the stirring rate and therefore the current density are very
high, rapid deposition of the film takes place but with poor
uniformity. Therefore for a uniform deposition, moderate
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stirring rate and current density are desirable. From authors’
experience, the stirring rate in the neighbourhood of
400 r.p.m and current density of 200–300μAcm−2 for CdS
produce very uniform layers. Again, increasing the deposi-
tion temperature and concentration of ions in the electrolyte
increases the deposition current density and therefore the
deposition rate. However, for better films with good unifor-
mity, these parameters must be moderate. Deposition rate
also varies with pH in such a way that very high and very
low pH values do not produce films with good uniformity
and stoichiometry. Moderate pH values are therefore neces-
sary for good uniform films. The deposition parameters used
in this work have been chosen from experience after some
cycles of deposition. After deposition, each sample was
divided into two equal parts. One set of the parts was desig-
nated as-deposited samples. For the other set, the samples
were dipped in a saturated solution of CdCl2 in methanol.
The samples were allowed to dry in air and then annealed
in air at 400°C for 20 minutes before characterising them.
The reason for dipping the samples in CdCl2 solution before
annealing is to see the effect of the CdCl2 treatment on CdS
films. It can be recalled that CdCl2 treatment is a well-
known important step in the fabrication of CdTe-based solar
cells, in which the treatment is usually done on CdS/CdTe
stack before back metal contact fabrication. Both the as-
deposited and annealed CdS samples were characterised in
order to study the effect of the various selected cathodic
deposition voltages on the electrical, structural, optical,
morphological, and compositional properties of the electro-
deposited CdS films for application in thin film solar cells.

2.4. Characterisation of the Deposited CdS Films. The selected
techniques employed in this study for the electrical, struc-
tural, optical, morphological, and compositional characteri-
sation of the electrodeposited CdS thin films, respectively,
include photoelectrochemical (PEC) cell using a digital
voltmeter, light source, and 0.1M Na2S2O3 electrolyte as
reported previously [26]; X-ray diffraction (XRD) using
Philips X’Pert Pro diffractometer (Philips Analytical, Almelo,
The Netherlands) with Cu-Kα excitation wavelength of
1.5406Å; optical absorption using Cary 50 UV-VIS spectro-
photometer (Varian Instrument, Australia); scanning elec-
tron microscopy (SEM) using FEG NOVA NANO SEM
equipment (FEI company, The Netherland); and energy
dispersive X-ray (EDX) using EDX detector attached to the
SEM machine. The thickness T of each sample was
determined using the Faraday formula [26].

T = MJt
nFρ

, 3

whereM is the molar mass of CdS, J is the average deposition
current density, t is growth time, n is the number of electrons
transferred in the formation of CdS, and ρ is the density
of CdS.

Since the deposition time and the deposition current
density were the same for the growth of each sample, all five
samples have equal thickness of about 516nm. This is to
ensure that the only variable during the deposition of the

samples is the cathodic growth voltage Vg. The crystallite
sizes of the samples were estimated using the Scherer
equation in (4) as reported recently in [31].

D = 0 94λ
β cos θ , 4

where D is the crystallite size, λ is the wavelength of the
X-ray, and β is the full width at half maximum (FWHM)
of the XRD peak with which the crystallite size is
calculated and θ is the corresponding Bragg angle.

The internal strain, ε, which is the distortion in the
crystallites as a result of tensile or compressive stress is
obtained for the films using (5) as reported in [32].

ε = β

4 tan θ
5

The dislocation density, δ, which is the length of
dislocation lines per unit volume of crystal in each sample,
is estimated using the Williamson-Smallman relation given
by (6) as reported in [33].

δ = 1
D2 6

The number of crystallites per unit area of each sample,
N, was obtained using the expression in (7) as reported
in [32].

N = t

D3 , 7

where t is the thickness of the film.
Equations (4), (5), (6), and (7) were used for the struc-

tural characterisation of the films. Optical characterisation
of the samples was done using absorbance and transmittance
measurements. From the graph of the square of absorbance
versus photon energy, the energy bandgaps of the materials
were estimated by extrapolating the straight-line portion of
the graph to the photon energy axis. This is a very quick
and easy way of estimating the energy bandgaps of semicon-
ductors without actually determining the absorption coeffi-
cient and doing the Tauc plot.

3. Results and Discussion

3.1. Structural Characterisation Using X-Ray Diffraction
Measurements. Figures 2(a) and 2(b) show the XRD patterns
of CdS layers deposited for 45 minutes each at a temperature
of 80± 2°C and at different cathodic voltages. The five layers
were grown at cathodic voltages from 1445mV to 1465mV
at 5mV intervals. All as-deposited samples in Figure 2(a)
show a characteristic polycrystalline feature with mixed hex-
agonal and cubic crystalline phases. There are four peaks cor-
responding to the hexagonal phase with (100), (002), (101),
and (110) orientations and two peaks corresponding to the
(111) and (200) cubic phase. The hexagonal phase peaks
match the reference Joint Committee on Powder Diffractions
and Standards (JCPDS) file number 01-075-1545 for hexago-
nal CdS while the cubic phase peaks match the reference file
number 01-080-0019 for cubic CdS. In the five samples, the

4 International Journal of Photoenergy



(100) peaks occur at 2θ values in the range 24.7–24.9°, the
(002) peaks at 2θ values in the range 26.3–26.5°, the (101)
peaks at 2θ values in the range 27.9–28.2°, and the (110)
peaks at 2θ values in the range 43.6–43.7°. Similarly, the cubic
(111) peaks occur at 2θ values in the range 26.3–26.4° and the
(200) peaks occur at 2θ in the range 30.4–30.5°.

These observed mixed phases of cubic and hexagonal
CdS in the as-deposited CdS materials grown at the different
voltages are similar to those observed by Abdul-Manaf et al.,
who also observed the presence of elemental sulphur in
addition. However, elemental sulphur has not been observed
in our XRD results of the present work as against the obser-
vation of Abdul-Manaf et al. These results therefore suggest
that the incidence of mixed phases in as-deposited CdS is
not necessarily caused by the nature of sulphur precursor
but rather it has to do with the growth conditions such as
temperature and pH.

After CdCl2 treatment and annealing in air at 400°C for
20 minutes, a startling observation was made. This was the
disappearance of the peaks representing the cubic phase of
CdS. Figure 2(b) shows the XRD patterns of the annealed
CdS layers with only peaks for the hexagonal phase. Metin
et al. [34] reported a similar scenario of mixed cubic and
hexagonal phases in CBD-CdS in which the cubic phase
disappeared after annealing. A slight narrowing of the range
of 2θ values for the four hexagonal phase peaks was also
observed with all the (100) peaks occurring at a 2θ value of
24.7°, all the (002) peaks occurring at a 2θ value of 26.4°,
the (101) peaks occurring at 2θ range of 28.0–28.1°, and the
(110) peaks occurring at 2θ range of 43.5–43.6°.

Figure 2(b) also shows that the preferred orientation of
the crystallites in the hexagonal CdS phase is in the (002)
crystal plane. The disappearance of the peaks correspond-
ing to the cubic phase after annealing suggests that the
cubic phase of CdS is not stable, at least, at the annealing

temperature used in this work. An estimation of the crystal-
lite sizes of the layers was done using the Scherrer formula
in (3), and the effect of annealing on them was investigated
for the five samples. In doing this however, only the hexago-
nal phase is considered since the cubic phase is not stable on
annealing. The (002) peak was considered as the preferred
orientation for these samples. Although the (002) peak
coincides with FTO peak, a close look at this peak in compar-
ison with the highest FTO peak (at 2θ, ~37°) in the XRD
patterns of the five samples shows that the (002) peak
actually represents the preferred orientation of CdS crystal-
lites in the layers. However, for crystallite size estimation,
the (101) peaks were used for two reasons. First, the (002)
peaks coincide with FTO peak which will likely introduce
error in the result of the crystallite size estimation. Secondly,
the (101) peaks are the next in intensity to the (002) peaks.

Tables 1 and 2 show the results of analysis of the (101)
peak for as-deposited and annealed CdS layers, respectively.
Using the JCPDS file number 01-075-1545 for hexagonal
CdS phase (2θ=28.2°, interplanar spacing d=3.1648Å and
relative intensity = 100%) for the (101) peak) as a reference,
Tables 1 and 2 show that all the as-deposited and annealed
samples displayed a slight downward shift in the 2θ values
and a slight upward shift in the d-spacing relative to the
reference material.

In terms of the FWHM, all samples experienced increase
in crystallite sizes after annealing, with the samples grown at
1445mV and 1450mV showing the highest crystallite size of
63.02 nm. However, in terms of the crystallite sizes after
annealing, 1450mV produces the highest percentage increase
in crystallite size of ~200%.

The observed shift in 2θ positions and values of d-spacing
from those of the standard reference material suggests that
the deposited CdS films are strained. The increase in d-spacing
values and decrease in 2θ values from the standard values
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Figure 2: XRD patterns of (a) as-deposited and (b) annealed CdS layers deposited for 45 minutes at different cathodic growth voltages.
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indicate that there is inhomogeneous tensile stress on the crys-
tallites of these films which induces strain in the crystallites.
This also suggests the presence of defects such as dislocation,
vacancies, or interstitials. However, for the electrodeposited
CdS films under study, the influence of FWHM on the strain,
dislocation density, and number of crystallites per unit area
overrides those of 2θ and d-spacing. As a result, the annealed
samples show reduced internal strain, dislocation density, and
number of crystallites per unit area following (5), (6), and (7),
as shown in Table 3, irrespective of the downward shift in
2θ and increase in d-spacing. This is a major advantage of
postdeposition annealing in which case there is recrystallisa-
tion leading to release of stress and growth in crystallite size
as a result of coalescence of smaller crystallites. Table 3 and
Figures 3(a) and 3(b) show the results of evaluation of
internal strain ε, dislocation density δ, and number of crys-
tallites per unit area N for the as-deposited and annealed
CdS samples.

After annealing, there is an overall reduction in the
amount of strain and dislocation lines in the CdS samples
as observed in Table 3 and Figures 3(a) and 3(b). The internal
strain and dislocation density slightly increase towards
higher growth voltage. The number of crystallites per unit

area also follows similar trend as strain and dislocation
density as deposition voltage changes. The reduction in the
values ofN after annealing shows that the observed crystallite
size growth on annealing, for most of the samples, must
be as a result of recrystallisation and coalescence of small
crystallites into large ones. The sample grown at cathodic
voltage of 1445mV has the least strain, dislocation density,
and number of crystallites per unit area both before and
after annealing followed by that grown at 1450mV.

3.2. Electrical Characterisation Using Photoelectrochemical
(PEC) Cell Study. Photoelectrochemical cell principle is
based on the formation of a solid (semiconductor)/liquid
(electrolyte) Schottky barrier junction when the solid is
brought in intimate contact with the appropriate electrolyte
[26]. If the solid (semiconductor in this case) is photoactive,
electrons are promoted to the conduction band of the solid
by the incident photons and electric current is produced. If
the material is not photoactive, this will not happen. The
difference between the voltages measured under illumination
and in dark condition gives the PEC signal. Large PEC signals
indicate the formation of wide or healthy depletion region in
the semiconductor as a result of moderate doping. Small PEC

Table 2: XRD analysis of the (101) hexagonal peak for annealed CdS thin films deposited at different cathodic voltages.

Cathodic growth
voltage, Vg (mV)

Growth time, t (min) 2θ (°) FWHM, β (°) d-spacing, d (Å) Crystallite size, D (nm)

1445 45 28.0 0.1299 3.1840 63.02

1450 45 28.0 0.1299 3.1855 63.02

1455 45 28.0 0.2598 3.1818 31.51

1460 45 28.1 0.2598 3.1792 31.51

1465 45 28.1 0.2598 3.1803 31.51

Table 1: XRD analysis of the (101) hexagonal peak for as-deposited CdS thin films grown at different cathodic voltages.

Cathodic growth
voltage, Vg (mV)

Growth time, t (min) 2θ (°) FWHM, β (°) d-spacing, d (Å) Crystallite size, D (nm)

1445 45 28.2 0.3247 3.1658 25.22

1450 45 28.1 0.3897 3.1752 21.01

1455 45 28.1 0.3897 3.1768 21.01

1460 45 28.0 0.3897 3.1873 21.01

1465 45 28.1 0.3897 3.1704 21.01

Table 3: Evaluation of strain and dislocation density of the CdS films deposited at different cathodic voltages.

Vg (mV)
As-deposited Annealed Comparison

ε1× 10−3
δ1× 1011
(lines/cm2)

N1× 1012
(cm−2)

ε2× 10−3
δ2× 1011
(lines/cm2)

N2× 1012
(cm−2)

ε1/ε2 δ1/δ2 N1/N2

1445 5.64 1.57 3.2 2.68 0.25 0.2 2.10 6.28 16.0

1450 6.79 2.27 5.6 2.68 0.25 0.2 2.53 9.08 28.0

1455 6.79 2.27 5.6 4.54 1.01 1.6 1.50 2.25 3.5

1460 6.82 2.27 5.6 4.53 1.01 1.6 1.51 2.25 3.5

1465 6.79 2.27 5.6 4.53 1.01 1.6 1.50 2.25 3.5
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signals indicate a heavily doped semiconductor with narrow
depletion region. No PEC signal at all indicates an insulator,
a conductor, or an intrinsic semiconductor. In the system
used in the present study, which is calibrated using
well-known n-type and p-type silicon, negative PEC signal
indicates an n-type semiconductor while positive PEC signal
indicates a p-type semiconductor as a result of different
directions of band bending in each case.

The PEC results of the electrodeposited CdS layers under
study are shown in Table 4. The PEC signals of all the
samples have negative values before and after annealing indi-
cating that the samples all have n-type electrical conductivity.
This result is in perfect agreement with the fact that CdS
occurs naturally as an n-type semiconductor. It is a difficult
task to obtain intrinsic p-type doping of CdS. However, some
researchers have achieved extrinsic p-doping of CdS by
mainly using Cu as a dopant [35]. Bi has also been used to
achieve p-type doping in CdS through ion implantation

[36]. It is important to mention that the physical appearance
of these CdS samples was dark greenish yellow in the
as-deposited form which is not the colour of pure CdS. This
is due to the long period of growth (45 minutes) at the growth
conditions used.

However, after annealing, the samples became yellowish
or orange yellow which is the right colour of CdS. The dark
as-deposited samples do not show good optical properties
and end up producing CdS/CdTe solar cells with very poor
photovoltaic activity as a result of poor optoelectronic
quality. For this reason and the fact that CdS is usually
heat-treated before use in the fabrication of CdTe-based solar
cell, the optical characterisation of the CdS samples under
study in this work is based on the annealed samples only.

3.3. Optical Characterisation Using Spectrophotometry.
Figures 4(a), 4(b), and 4(c), respectively, show the graphs
of transmittance versus photon wavelength, absorbance
(A) versus photon wavelength, and square of absorbance
(A2) versus photon energy for the annealed CdS samples
grown at different cathodic voltages for 45 minutes. The
three figures show that the five samples have similar
transmittance and absorption spectra, indicating that CdS
films of similar optical properties can be grown in the
deposition voltage range under study. This supports the
reproducibility and suitability of electrodeposition as a
semiconductor growth technique.

The transmittance spectra have edges in the range 480–
490 nm while the absorbance spectra have edges in the range
525–530 nm, and the different layers display approximately
the same energy bandgap of ~2.42 eV with similar absorption

Table 4: PEC signals of n-type as-deposited and annealed CdS
layers grown at different cathodic voltages.

Vg (mV)
PEC signal (mV)
(as-deposited)

PEC signal (mV)
(annealed)

1445 −158 −178
1450 −107 −120
1455 −103 −111
1460 −99 −106
1465 −97 −100
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Figure 3: Variation of (a) internal strain and (b) dislocation density with growth voltage for the as-deposited and annealed CdS samples.
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edges. These results show that CdS layers of similar optical
quality can be deposited in this range of growth voltage.
Figure 4(a) shows that the transmittance gets slightly weaker
at lower deposition voltages in the higher wavelength range.
From the wavelength of 512 nm corresponding to the energy

bandgap to the wavelength of 800nm in the near infrared,
the samples have transmittance values in the range 28%–
80% (for 1445mV), 40%–88% (for 1450mV), 45%–87%
(for 1455mV), 52%–89% for (1460mV), and 45%–88%
(for 1465mV). The sample grown at 1460mV has the best
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transmittance while that grown at 1445mV has the least
transmittance. The absorption spectra (Figures 4(b) and
4(c)) follow an opposite trend with the 1445mV sample
showing the best absorbance and the 1460mV sample
showing the least absorbance. It is important to note that
for application as window layer in solar cell fabrication,
CdS with the highest possible transmittance (mostly in
the visible region) is desirable.

3.4. Morphological Characterisation Using Scanning Electron
Microscopy (SEM). Figure 5 shows the SEM images of as-
deposited and annealed CdS samples grown for 45 minutes
each at the five different cathodic voltages. The very first
striking observation in the figures is the effect of postdeposi-
tion annealing (with CdCl2 treatment) on these samples. It is
important to recall that these samples were treated with
saturated CdCl2 solution in methanol before annealing at

1450 mV (as-deposited) 1450 mV (annealed)

1445 mV (as-deposited) 1445 mV (annealed)

1460 mV (as-deposited) 1460 mV (annealed)

1455 mV (as-deposited) 1455 mV (annealed)

1465 mV (as-deposited) 1465 mV (annealed)

Figure 5: SEM images of as-deposited and annealed CdS samples grown at different cathodic voltages for 45 minutes. CdCl2 treatment was
done with saturated CdCl2 in methanol.
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400°C for 20 minutes in air. The “cementing” effect on the
surface grains after annealing has not been observed in sam-
ples annealed without this treatment [37]. This cementing

effect on the surface grains therefore appears to be as a result
of treatment with excess CdCl2 in methanol since this effect is
seen in samples grown at the different voltages explored.

1465 mV (as-deposited) 1465 mV (annealed) 

1460 mV (as-deposited) 1460 mV (annealed) 
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Figure 6: EDX spectra of as-deposited and annealed CdS samples grown at different cathodic voltages for 45 minutes. Annealing was
preceded by CdCl2 treatment.
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In the as-deposited samples, one notices that the grains
are more clearly visible in the samples grown at lower
cathodic voltages of 1445mV and 1450mV. As the growth
voltage increases, the tendency of the grains to fuse together
increases as well. This therefore makes it difficult to estimate
the grain sizes of these layers from the SEM images as is also
the case in the annealed sample. The observation of clear
grain sizes in the samples grown at cathodic voltages of
1445mV and 1450mV is in agreement with the XRD
analysis of the crystallites in these materials. It can be recalled
that the XRD analysis of Tables 1 and 2 shows that only the
samples grown at these two voltages displayed higher
increase in crystallite sizes after annealing. The crystallite size
after annealing according to Table 2 was 63.02 nm for both
1445mV and 1450mV. This is in agreement with the
observed grain sizes of the as-deposited samples in Figure 5
with the sample grown at 1445mV showing larger grains
than the sample grown at 1450mV. This surface “cement-
ing” effect may be viewed as an advantage when these films
are used in fabricating CdS/CdTe solar cells as it will tend
to fill the gaps between grains in CdS. These gaps, if not
covered, could act as shunting paths when CdTe is deposited

on CdS resulting in solar cells with poor open-circuit voltage
and fill factor.

3.5. Compositional Characterisation Using Energy Dispersive
X-Ray (EDX) Analysis. Figure 6 shows the EDX spectra
of the five samples before and after postdeposition anneal-
ing indicating the presence of both Cd and S atoms in
these materials.

The peaks showing C, N, O, and Si must have come from
the underlying glass/FTO substrate on which these CdS
layers were grown. The percentage atomic concentrations
of Cd and S in these samples, obtained from analysis of the
EDX, are presented in Table 5 and Figure 7.

Both Table 5 and Figure 7(a) show that all the as-
deposited CdS samples were S-rich. It is also observed in
the as-deposited samples that the concentration of S in the
layers roughly increases as the growth voltage increases while
the concentration of Cd roughly decreases accordingly.

After annealing, both Table 5 and Figure 7(b) reveal all
samples to be clearly S-rich at all growth voltages. A very
close observation also shows that the samples become more
stoichiometric after annealing with a slight increase in Cd

Table 5: Percentage Cd and S atomic compositions of as-deposited and annealed CdS samples grown for 45 minutes at different cathodic
voltages.

Cathodic growth
voltage
(mV)

Growth time
(min)

Atomic composition (%)
As-deposited

Cd/S
Annealed
Cd/S

As-deposited Annealed
Cd S Cd S

1445 45 46.6 53.4 46.7 53.3 0.87 0.88

1450 45 46.6 53.4 47.8 52.2 0.87 0.92

1455 45 46.6 53.4 47.8 52.2 0.87 0.92

1460 45 45.1 54.9 45.7 54.3 0.82 0.84

1465 45 42.1 57.9 44.2 55.8 0.73 0.79
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Figure 7: Percentage Cd and S atomic compositions of (a) as-deposited and (b) annealed CdS samples grown for 45 minutes at different
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concentration and a corresponding decrease in S concen-
tration. These results and others seen previously demon-
strate also that the best electrodeposited CdS material
from this experiment comes after postdeposition annealing.
The samples with the best stoichiometry before and after
annealing are the samples grown at the cathodic voltages
of 1450mV and 1455mV with Cd/S =0.92 after annealing.
All other samples have Cd/S< 0.92 after annealing. It
should be mentioned at this point though that EDX is
not a very accurate technique for the precise determination
of chemical composition. However, it is the only available
technique within our reach at the time of this project. As
a result, the compositional analysis results presented in this
work are rather qualitative than quantitative.

4. Conclusions

Electrodeposition of CdS thin films at different cathodic
growth voltages and characterisation of the films before
and after postdeposition heat treatment have been pre-
sented. The electrodeposition of these layers was carried
out using two-electrode system for process simplification
and cost reduction. PEC results show that all the deposited
samples have n-type electrical conductivity over the range
of cathodic deposition voltages of 1445–1465mV consid-
ered. XRD results show that as-deposited samples were
polycrystalline in nature with mixed cubic and hexagonal
CdS phases. After annealing however, the XRD peaks
representing cubic phase disappear completely while the
peaks of the hexagonal phase are enhanced with preferred
orientation in the (002) plane. Further analysis of the
structural properties shows that crystallites of the electrode-
posited CdS samples are strained with internal strain values
in the range 5.64× 10−3–6.82× 10−3 which reduced to
2.68× 10−3–4.54× 10−3 after annealing with prior CdCl2
treatment. The number of dislocation lines per unit area
is found to be in the range 1.57× 1011–2.27× 1011 cm−2

and reduced to 0.25× 1011–1.01× 1011 cm−2 after annealing.
The number of crystallites per unit area is found to reduce
from 3.2× 1012–5.6× 1012 cm−2 for as-deposited samples to
0.2× 1012–1.6× 1012 cm−2 after annealing, indicating increase
in crystallite sizes after annealing. Crystallite sizes of the as-
deposited films were in the range 21–25 nm which increased
to 31–63nm after annealing. The result of optical character-
isation shows that the transmittance gets slightly weaker at
lower deposition voltages while absorbance follows the
opposite trend. The energy bandgap of all the annealed CdS
films comes to 2.42 eV. SEM reveals that CdCl2 treatment,
with saturated CdCl2 solution in methanol, results in
cementing together of the surface grains after annealing thus
modifying the surfaces of the films. EDX analysis shows
that the electrodeposited CdS films are S-rich under the
conditions used. The overall result suggests the best cathodic
growth voltage to be in the range 1445–1450mV.
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In0.53Ga0.47As/GaAs-based quantum dot intermediate band solar cells (QDIBSCs) have been designed and optimized for the
next generation photovoltaic technology. The wave behavior of charge carriers inside the dot and their barrier have been
analyzed with different dot sizes and interdot spacing. The device characteristics such as short circuit current density, Jsc,
open circuit voltage, Voc, and conversion efficiency, η, have been evaluated. Based on the behavior of electron wave function,
it is found that varying the dot spacing leads to a change in the IB width and in the density of states, whereas varying the
size of dots leads to a formation of a second IB. For a fixed dot spacing, two ranges of dot sizes vary the number of IBs in
In0.53Ga0.47As/GaAs QDIBSC. Smaller dots of a size ranging from 2nm to 5 nm form a single IB while larger dots of a size
ranging from 6nm to 9 nm can produce 2 IBs. The efficiency of 2 IBs close to 1 IB suggests that formation of multiple IBs
can possibly enhance the device efficiency.

1. Introduction

The concept of an intermediate band solar cell (IBSC) has
created enormous interests to replace the traditional solar
devices. The major reason behind this is the maximum
theoretical limit of 63.2% [1] calculated by Luque and Martí
which outstrips the single-junction Shockley-Queisser limit
[2]. For fully concentrated light, this efficiency occurs when
the largest bandgap is 1.93 eV under certain assumptions
[1]. The intermediate band (IB) is attained by introducing
an IB material between two selective contacts of p type
and n type [3] which split the energy bandgap Eg into
two subbandgaps. This allows the formation of additional
electron–hole pairs from the absorption of two subband-
gap energy photons [4]. Low-dimensional semiconductor
quantum dots (QDs) positioned in the absorption region
of a p-i-n solar cell have been proved to be pertinent to real-
ize IBSC concept [1, 5, 6]. The tight and regular arrange-
ments of QDs in a quantum dot intermediate band solar

cell (QDIBSC) lead to the formation of an IB or a superlat-
tice miniband that is well separated in energy from the
higher order states.

The InAs/GaAs and InGaAs/GaAs quantum dot systems
have become the most canonical systems for studying the
concept of IBSCs [7, 8]. The GaAs has reached an efficiency
of 28.8% as reported by Green et al. [9] which is quite close
to its Shockley–Queisser limit. However, irrespective of the
potential to achieve high efficiency, reports of QDIBSCs have
shown significantly low efficiencies. An efficiency of 18.7% is
achieved under air mass 1.5 condition with an antireflective
coating by Tanabe et al. [10]. In order to mitigate the gap
between the theoretical and experimental results, researchers
are constantly probing new approaches to heighten the
efficiency of the IBSC devices. A major part of the ongoing
research is devoted to increase the photocurrent generation
of two-step photon absorption. However, limited attention
has been paid to the structural issues such as the dot shape,
size, dot-to-dot spacing, and number of IBs which have a
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significant impact on the collection efficiency of photon-
generated carriers. Advancement in the structural issues
can pave the way for higher efficiency and eventually provide
a guideline for growth engineers. In our previous study, we
demonstrated the influence of In0.53Ga0.47As/GaAs QDs in
the IBSC and obtained the values of horizontal and vertical
dot spacing which exhibited the maximum efficiency [11].
In this work, a detailed analysis of electron wave function
for different dot spacing and size have been performed. The
relation between the dot size and number of IBs is deter-
mined from the discrete quantized energy levels of quantum
dots. Further, the characteristic parameters of the device,
such as conversion efficiency, η, short circuit current density,
Jsc, and open circuit voltage, Voc, have been evaluated, and
their relation with the widths and subbandgaps of the IB
was derived.

2. Theory and Model

In the present work, a QDIBSC model consisting of
In0.53Ga0.47As dots and GaAs barrier material is studied.
The schematic structure of the device is shown in
Figure 1(a). As the In0.53Ga0.47As QDs are regularly placed
in the intrinsic region of the p-i-n GaAs cell, the energy levels
spread out intominibands. For the analysis, the In0.53Ga0.47As
dots are assumed to have a cubical structure with equal
dimensions, and the size of each dot in an infinite sequence
is denoted by Lx, Ly, and Lz along with the three coordinate
axis directions as depicted in Figure 1(a). Sx, Sy, and Sz stand
for the interdot spacing/dot spacing along with the three
coordinate axes. Dξ = Lξ + Sξ stands for a single period of
QDs. Both the dot size and spacing are assumed to be equiva-
lent along with every direction. The device is simulated using
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Figure 1: (a) Schematic structure and (b) miniband dispersion along with energy band diagram of In0.53Ga0.47As/GaAs quantum dot
intermediate band solar cell.
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the commercial software Silvaco ATLAS [12]. All calculations
are performed at a room temperature under AM 1.5, 1 sun
condition. The values of the band parameters used in the
simulation are presented in Table 1.

To describe the wave function of electrons in dot and
barrier, the time-independent Schrodinger equation and
Kronig-Penney model are used [13]. Figure 1(b) shows the
energy band diagram along with the wave function of electron
inside the In0.53Ga0.47As dots and GaAs barrier. The structure
produces two potential energies for the barrier, one for con-
duction band electrons, that is, conduction band offset, V0,
and the other for valence band holes, that is, valence band off-
set. For the simplicity of analysis, it is assumed that the energy
corresponding to the top of the valence band is the same both
in the barrier and in the dot; that is, the valence band offset is
zero. As a consequence, only the effect of the conduction band
offset, V0, to create the wave vectors is considered. The effects
of strain and piezoelectricity are ignored, and their effects on
the electronic and optical properties of the QD array are also
neglected. The Schrodinger equation in a quantum dot array
for a single electron can be expressed as [13]

−
ℏ2

2 ∇r
1

m∗ r
∇r +V r ϕ r = Eϕ r , 1

where the electronic potential, V r =Vx x + Vy y + V
z z , is the sum of the potential functions Dx, Dy, and
Dz along with the three dimensional directions, respectively.
In ℏ = h/2π, h is Planck’s constant and ϕ r is the envelope
wave function. According to the Kronig-Penney model
[13], the solution of the Schrodinger equation (1) can be
given in the following form.

The energy of a single electron along a particular coordi-
nate axis direction, Eξ, is greater than or equal to the potential
barrier, V0, that is, if Eξ ≥V0,
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where m∗
B and m∗

w are the effective masses of electron in the
barrier region and dot region, respectively. In order to obtain
the electron wave vector in the dot and barrier regions, the
left side of (2) and (3), cos qξDξ , can be expressed as a func-
tion f Eξ of energy Eξ [14].
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Apparently, from (5) and (6), the left hand side is a
function of energy (E) only which should be constrained
by ±1 [13]. As the energy changes from 0 to V0, (5) and (6)
determine the IBs inside the potential barrier, V0. For
In0.53Ga0.47As dots, Figure 1(b) exhibits two minibands
labeled as miniband I (0.087, 0.235) and miniband II
(0.424, 0.938). As the valence band offset is assumed to be
zero, the value of potential barrier V0 can be calculated by
subtracting the bandgap of the dot from the barrier material.
For In0.53Ga0.47As dots, the value of V0 is found to be 0.67 eV.
As seen from Figure 1(b), the miniband I has energy lower
than V0; subsequently, it is located inside the dot, whereas
miniband II has energy above V0, hence distributed in the
barrier region. As the minibands in the barrier become a part
of the conduction band, only the minibands formed inside
the dots are regarded as IBs. For the separation of minibands
from the CB and VB, it is crucial to determine their widths.
The widths of the formed minibands can be calculated from
Figure 1(b). The total width of the miniband I is equal to 3
times the width of miniband I along with every direction.
So, ΔIB = 3 × (the bottom point of miniband I− starting
point of miniband I) = 3 × (0.235− 0.087) eV=0.444 eV.

Table 1: Values of different parameters [15].

Parameters
Values

GaAs In0.53Ga0.47As

Bandgap (eV) 1.42 0.75

Electron effective mass (m0) 0.067 0.0452

Permittivity (F/cm) 13.2 14.2

Electron affinity (eV) 4.07 4.13

Density of states in
conduction band (cm−3)

4.35 × 1017 1.15 × 1017

Density of states in
valence band (cm−3)

8.16 × 1018 8.12 × 1018

Electron/hole lifetime (ns) 1
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The subbandgap, E1, can be given by E1 =EgIn0.53Ga0.47As +
3 × (starting point of miniband I) eV=EgIn0.53Ga0.47As +
3 × (0.087) eV where EgIn0.53Ga0.47As is the bandgap of
In0.53Ga0.47As. The subbandgap E2 is given by E2 = Eg −
E1 − ΔIB eV for a single IB.

3. Results and Discussion

3.1. Dot Spacing. In our previous study, we found the values
of dot spacing which yielded the maximum efficiency for
In0.53Ga0.47As/GaAs QDIBSC [11]. However, relation
between the dot spacing and the distribution of IB energies
in the forbidden gap was not studied. Here, we commence
the discussion first by manifesting the relation of dot spacing,
S, with the electron wave function and then with the width
and position of IB. The bandwidth f(E), as a function of dif-
ferent dot spacing (S=1nm, 2.5 nm, and 5nm) for a fixed
value of dot size (L = 5 nm), in the dot and barrier regions
is depicted in Figure 2. From Figure 2, it is recognized that
in all three cases, that is, Figures 2(a), 2(b), and 2(c) mini-
band I lies inside the boundary of V0, while miniband II
remains outside. As a consequence, miniband I is the only

intermediate band found in the forbidden energy gap. It is
also seen that the distance between miniband I and CB
increases with increasing S from 1nm to 5nm, producing
more number of minibands. Figure 3 demonstrates the var-
iation of the width of the miniband I, ΔIB, with dot spacing,
S, and the subbandgaps, E1 and E2.Inside the host gap, the
subbandgaps E1 and E2 determine the position of the IB.
Figure 3 shows increasing S evidently broadens the sub-
bandgaps E1 and E2 shrinking the width ΔIB to a value close
to zero. As shown in Figure 3(a), from 1nm to 2.5 nm, the
value of ΔIB decreases from 0.444 eV to 0.135 eV, while from
2.5 nm to 5nm, it decreases to 0.018 eV. The reduction in
ΔIB can be assigned to the decrease in the quantum states
and the weak coupling of wave functions in more distant
dots. In Figure 3(b), from 1nm to 2.5 nm, both E1 and E2
increase approximately 13.6%, which can be attributed to
the enhancement of quantum localization. These results also
coincide with other works which exhibit that increasing the
dot spacing results in reduced IB widths [16]. However, a
larger value of ΔIB is beneficial for the absorption of more
sunlight to increase the current, whereas diminishing E1
and E2 will reduce it. As a consequence, it is in this regard
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Figure 2: Miniband dispersion in In0.53Ga0.47As QDIBSC for dot spacing of (a) 1 nm, (b) 2.5 nm, and (c) 5 nm.
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Figure 4: The electron density of states (DOS) in the minibands for dot spacing of (a) 1 nm, (b) 2.5 nm, and (c) 5 nm.
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imperative to attain a trade-off between the higher values of
E1 and E2 and the lower values of ΔIB. Furthermore, the elec-
tron density of states (DOS) in IB has to be as high as pos-
sible in order to pin the quasi Fermi level at its equilibrium
position [17]. The DOS in the minibands for S=1nm,
2.5 nm, and 5nm is illustrated in Figure 4. As seen from
Figure 4(a), for S = 1 nm, a broad bandwidth of IB yields a
high DOS, whereas for S = 5 nm, a narrow IB assists in the
loss of carrier density, that is, a lower DOS. It is therefore
of great necessity to choose a value between 1nm and
5nm in order to obtain a sufficiently high IB width and sub-
bandgaps. At S = 2 5 nm, a moderate value of ΔIB and E1, E2
is achieved.

3.2. Dot Size. Next, the size of dots, L, is varied to infer its
relation with the formed intermediate bands. f(E) as a
function of electron’s energy is exhibited in Figure 5.
Figures 5(a) and 5(b) illustrate the wave function of electron
in the dot for L=1nm and 2nm. For L = 1 nm, no intermedi-
ate band is formed as the miniband I extends to a value
beyond the energy level of V0. For L = 2 nm, in Figure 5(b),

miniband I is regarded as an IB, as it remains inside the
boundary value of V0. This implies that, for S = 2 5 nm, a
dot size less than 2nm does not form any intermediate band.
From Figures 5(b), 5(c), and 5(d), it can be seen that, with
subsequent increase in L from 2nm, the number of mini-
bands tend to increase. Up to L = 5 nm, only miniband I is
regarded as an IB (Figure 5(c)), whereas for L = 6 nm
(Figure 5(d)), both miniband I and II are considered as IBs,
as both have energies lower than V0.

Hence, an apparent deduction that can be made from the
miniband dispersion of Figure 5 is for a fixed spacing of
2.5 nm; dot sizes ranging from 2nm to 5nm generate a single
intermediate band whereas the dot sizes from 6nm to 9nm
are more likely to produce two IBs. It also denotes that the
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Figure 5: Miniband dispersion in In0.53Ga0.47As QDIBSC dot for different dot sizes of (a) 1 nm, (b) 2 nm, (c) 5 nm, and (d) 6 nm.

Table 2: Ranges of dot size which vary the number of IBs.

1st range 2nd range

Size of dots 2 nm–5 nm 6nm–9 nm

Number of IBs 1 IB 2 IBs
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number of IBs in a QD system is directly related to the size of
dots. From these results, two ranges of dot sizes for a fixed dot
spacing can be provided which vary the number of IBs.
Table 2 shows these two ranges of dot sizes. The first range
is from L=2nm to 5nm, under which a single intermediate
band is attained. The second range is from 6nm to 9nm,
under which two intermediate bands are obtained. Figure 6
shows the energy band diagram and the distribution of mini-
bands in dot and barrier for two IBs.

The width of the first intermediate band ΔIB1 as a func-
tion of dot size is shown in Figure 7(a). As the size of the
dot increases from 2nm to 5nm, the width tends to decrease.
The same trend is also found in Figure 7(b), where the
widths, ΔIB1 and ΔIB2, decrease with rising L. This decrease
can be assigned to the fact that the overlap quantized levels
between different QDs become small, which can cause a
decline in the transitional probabilities of photo-generated
carriers from VB to CB via IBs. Also, the quantum effect on
the low-quantized levels is stronger than that on the higher
ones. A high value of ΔIB2 is essential to include most of the
excited electrons that come from the lower subband ΔIB1
and VB, respectively.

Compared to a single IB, two IBs in a QDIBSC have six
upward transitions and three subbandgaps E1, E2, and E3 as
shown in Figure 6. Introducing more levels in the bandgap
increases the number of upward transitions as well as the
probability of absorption of low-energy photons. According
to the bound state energy levels obtained for typical QD
parameters, the subbandgap energies are organized as
E1>E2>E3. This condition is important as it preserves the
discrete nature of QDs inside the host semiconductor mate-
rial. Figure 7(c) illustrates the variation of the subbandgaps
E1, E2, and E3 with the second range of dot sizes for two
IBs. In Figure 7(c), subbandgaps E1 and E2 descend with
the increasing L while E3 shows an ascending trend. The
increase in L tends to decrease the gap between VB and
ΔIB1 and also the gap between ΔIB1 and ΔIB2. However, at
the same time, an increasing L leads to an increase in the
gap between CB and ΔIB2 due to a fixed host gap of GaAs.
Since the positions of the two intermediate bands are

determined by the subbandgaps E1, E2, and E3, an optimiza-
tion of these subbandgaps is required for achieving the max-
imum cell efficiency.

The variation of the current density, Jsc, and open circuit
voltage, Voc, with two ranges of L is illustrated in Figure 8.
From 2nm to 5nm, the Jsc increases around 6.5% while the
open circuit voltage Voc remains almost constant. The
enhancement in the current density with dot size can be
attributed to the increase in a generation rate. Larger dots
lead to higher generation rates [18] and broaden the range
of photon energy which can further result in creation of elec-
tron–hole pairs that in turn boosts the Jsc. On the other hand,
as theVoc is dependent on the chemical potential between VB
and CB, in other words, in the host bandgap, Eg, the variation
in L does not affect Eg; hence, Voc implies a weak dependence
on L. In the second range of L, from 6nm to 7nm, Jsc
increases around 1% and then decreases. This slight increase
in the current can be assigned to the formation of a second IB
which heightens the photo collection efficiency. Beyond L =
7 nm, the decreasing slope of Jsc can be due to the positioning
of the two IBs in the host gap. The peak value of Jsc is
achieved at L = 5 nm and L = 7 nm for 1 IB and 2 IBs, respec-
tively. Figure 9 shows the J–V characteristic curves for single
IB and two IBs for optimized L values. For a single IB, the
maximal efficiency of 22.8% is achieved at L = 5 nm due to
the obtained maximum Jsc. For two IBs, the optimal effi-
ciency is around 22.6% for L = 7 nm. Table 3 shows the sum-
marized results of Jsc, Voc, FF, and η for no IB, that is, a single
junction GaAs cell, 1 IB, and 2 IBs. From Table 3, it is found
that, without the insertion of QD layer, the efficiency of the
cell is 21.5% which increases approximately 6.04% and
5.1% with inclusion of 1 IB and 2 IBs, respectively. The inser-
tion of QD layers introduces several confined electrons and
hole states inside the intrinsic region which enhance the
drifting action of the carriers by making use of the built-in
electric field of the p-n junction. Increasing the number of
IBs in a QDIBSC should lead to higher efficiency. Theoreti-
cally, two IBs should have higher efficiency compared to 1
IB. However, for In0.53Ga0.47As/GaAs, it is found that two
IBs resulted in a lower efficiency than that of using one IB,
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by a margin of 0.2%. This decrease could have been caused
due to a narrow host gap, Eg (for In0.53Ga0.47As, Eg is fixed
at a value of 1.42 eV). For two IBs to surpass one IB in effi-
ciency, the host gap should have a value greater than or equal
to 2 eV [19]. Efficiency of two IBs is likely to exceed that of
one IB, given that there is a scope for independent energy
transitions, that is, E1, E2, and Eg, to be optimized and
matched well with the absorption of solar spectrum.

4. Conclusion

In this work, a study based on In0.53Ga0.47 As/GaAs QD array
was investigated. Formation of minibands with regard to the
behavior of electron wave function in dot and barrier regions
for various dot spacing and sizes is analyzed. Results reveal
that emergence of a second IB in In0.53Ga0.47 As/GaAs
QDIBSC relies more on the size of dots than dot spacing.
Increasing dot spacing results in a narrower IB width and a
lower density of states, while increasing the dot size results
in formation of multiple IBs. Based on the results obtained,
two different ranges of dot sizes are provided which vary
the number of IBs. Smaller dots ranging from the size of
2 nm to 5nm yield a single IB while larger dots ranging from
the size of 6 nm to 9nm produce two IBs. The conversion
efficiency of 2 IBs close to the efficiency of 1 IB suggests that
multiple IBs can potentially improve the efficiency, if the host
bandgap and subbandgaps are optimized to match well with
the absorption of solar spectrum.
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A curve Fresnel lens is developed as secondary concentrator for solar parabolic troughs to reduce the number of photovoltaic cells.
Specific measurements and optical tests are used to evaluate the optical features of manufactured samples. The cylindrical Fresnel
lens transforms the focal line, produced by the primary mirror, into a series of focal points. The execution of special laboratory tests
on some secondary concentrator samples is discussed in detail, illustrating the methodologies tailored to the specific case. Focusing
tests are performed, illuminating different areas of the lens with solar divergence light and acquiring images on the plane of the
photocell using a CMOS camera. Concentration measurements are carried out to select the best performing samples of curve
Fresnel lens. The insertion of the secondary optics within the concentrating photovoltaic (CPV) trough doubles the solar
concentration of the system. The mean concentration ratio is 1.73, 2.13, and 2.09 for the three tested lenses. The concentration
ratio of the solar trough is 140 and approaches 300 after the introduction of the secondary lens.

1. Introduction

Optical characterization and practical experimentation on
manufactured components are key elements to address and
ameliorate the production process and to select the best per-
forming samples. When the optical component presents a
particular geometry of radiation collection, the tests need to
be tailored to examine it. Furthermore, specific measurement
procedures and customized set-ups can study peculiarities or
interesting aspects of the examined samples. Optical tests are
frequently used to identify defective portions of the realized
samples to correct manufacture.

The tested component is a novel secondary optics
especially designed and implemented for an existing con-
centrating photovoltaic (CPV) trough. It is a cylindrical
prismatic lens of Fresnel type [1]. This secondary concen-
trator reduces the number of photovoltaic (PV) cells in the
solar trough [2–6], which is used for the combined pro-
duction of heat and electricity [7, 8]. The examined
parabolic trough combines photovoltaic systems and
thermal devices: PV cells directly exploit the sunlight

concentrated on them, and their cooling system supplies
thermal energy.

The linear parabolic reflector (primary mirror) acts only
in the direction transversal to the solar trough, so the entire
focal line must be covered by a cell row [2]. The proposed
secondary optics is interposed between the linear parabolic
mirror and the linear row of PV cells [9, 10]. The sunlight
collected by the parabolic mirror is intercepted by the
secondary optics and concentrated, in portions, along the
longitudinal axis of the solar trough.

The working principle of the cylindrical Fresnel lens
(CFL) is that it transforms the focal line, concentrated by
the linear parabolic mirror, into a series of focal points
(Figure 1). Hence, the proposed solution allows to reduce
the number of PV cells because it increases the sunlight
concentration. In practice, the production of electricity is
not affected by the reduction of cell number, because it is
balanced by an enhancement of solar concentration.

The research started with the optical design of the
secondary component [1], selecting a configuration that
optimizes collection efficiency of the whole system and
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uniformity of the PV cell illumination. The optical design
[11] of this secondary concentrator must take into account
the characteristics of the existing trough and of the photovol-
taic cells [9, 10]. The optical parameters of the secondary
optics are principally determined by examining the irradi-
ance distribution on the receiver [9, 10]. Analyses and simu-
lations of the effects due to collector deformation, axial
defocusing, tracking errors, and receiver alignment errors
completed the study [1]. Some auxiliary analyses optimized
operative conditions and collection efficiency of the whole
system, in order to maintain elevated performance of the
solar trough in real working conditions.

The solar installation is not a classical linear trough
but is an innovative device provided with a two-axis track-
ing system that permits to follow the sun and to keep the
receiver always aligned. Therefore, the insertion of a sec-
ondary element does not require to modify the original
tracker.

In practice, the curve Fresnel lens was specifically
designed for a trough, whose parabolic mirror focuses the
light over an articulated absorber. The focal image is a rectan-
gle, and it is concentrated on a row of squared photovoltaic
cells [9, 10]. The cells are placed on a metallic tube of rectan-
gular section, which acts as cooling system by means of a
liquid flowing inside. An external protection tube in glass,
enclosing cells and cooler, completes the absorber
(Figure 2). The photocells directly exploit the concentrated
sunlight providing electricity, while the cooling system of
the cells furnishes heat. In this concentration geometry, the
curve Fresnel lens must be located inside the parabolic mirror
around and near the absorber, constituted by a glass tube
enclosing a row of photovoltaic cells placed over a rectangu-
lar tube. The receiver photo in Figure 2 shows the cell row
before the insertion of the cylindrical Fresnel lens that will
reduce the number of photocells. The system concentration
ratio before the introduction of the secondary optics was
140. The improvement of concentration ratio is not so great
to require a change in cell type. The concentration is double,
so it can be managed by the original cells.

The next phase was the practical implementation of the
cylindrical Fresnel lens. Successive series of samples were
manufactured, improving the quality of the production by
adjusting the optical realization parameters. To check the
optical quality of the realized samples, they were optically
characterized in laboratory. The test procedures were espe-
cially tailored taking into account collection geometry and
particular shape of the curve Fresnel lens. Some of these tests
and measurements are illustrated in the next sections,
presenting as exemplificative results the data measured on
three lenses of the last production of CFLs.

2. Collection Geometry

Based on the optical design of the cylindrical Fresnel lens
(CFL), developed as secondary optics for parabolic troughs,
some samples were implemented by molding production.
The research proceeded with the optical characterization of
the samples by means of tests to evaluate the accuracy of
the realized shape of the CFLs. These optical tests are useful
both to control the progresses achieved by the successive
series of mass production and to select the best performing
samples among the realized optical components.

The examined solar trough uses a parabolic trough con-
centrator (PTC) and a series of cylindrical Fresnel lenses that
concentrate solar radiation in two orthogonal directions.
Figure 1 illustrates the action of a row of CFLs. The PTC con-
centrates the sunlight (in transversal direction) on the
receiver tube; then the CFLs are interposed between the tube
and the PTC and reconcentrate the light. The coupled con-
centrators (PTC and CFL) are optically designed to illumi-
nate a PV cell of 10× 10mm size. In practice, the CFLs are
used in the same number as the PV cells mounted on the tube
and the action of the lens row is to transform the focal line
into a row of focal points.

As can be seen from Figure 3, the CFL has cylindrical
symmetry. Concentration takes place in both directions:
Figure 3 shows the directions of light concentration. The lens
is completely illuminated in the longitudinal direction (red
arrow); while in the transversal axis (blue arrow), where the
PTC concentrates, the rays arrive on the cell within an aper-
ture angle of about ±50° (Figure 4(a)). The red arrow direc-
tion coincides with the axis of the cylinder of the curve
Fresnel lens. The pictures in Figure 4 show top and lateral
views of the CFL inserted into the trough. In Figure 4(b),
the green rays are those reflected by the parabolic mirror,
while the blue ones are the rays arriving from the sun; for
clarity, the tube has not been drawn.

The next sections present tailored methodologies and
results of laboratory tests on prototypes of these cylindrical
Fresnel lenses. The purpose of the optical tests is to evaluate
the quality of the production process by testing the optical
behavior of the samples in terms of concentration factor
and image quality. To perform these tests, a set-up has been
developed to separately illuminate different lens sectors in
order to analyze their optical features.

3. Tailored Optical Tests: Image Analysis

The test [12] performed on the CFL samples used a solar
divergence collimator and a CMOS camera.

A solar divergence collimator [13] produces a beam with
solar divergence of about 250mm in diameter, with a high
uniformity. Choosing appropriate components and set-up,
the value of solar divergence results 0.48 degrees (total
angular aperture, 2θ).

The beamwas used directly to illuminate the CFL sample.
A vertical diaphragm (Figure 5) was placed between the
mirror of the solar divergence collimator and the CFL; in this
way, the lens is fully illuminated in longitudinal direction,
while in the transversal direction, the illumination is limited

Figure 1: The cylindrical Fresnel lens (CFL) reconcentrates the
radiation on a square photocell.
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in a few millimeters, thus allowing to evaluate the behavior of
the different sectors of the lens.

To do this, the CFL and detector are rotated around
the same axis by placing them on a rotator. The detector
is placed in the PV cell plane, so it is rotated together with
the lens, as visualized in Figures 6 and 7. The angle of
rotation is indicated by α in Figure 7. The axis of rotation
coincides with the axis of the cylinder (red arrow in
Figure 3), 25mm behind the external side of the lens.
The nominal focal plane of the CFL is situated at this
distance.

Figures 6 and 7 illustrate the measurement scheme for
two different α angles. By varying α, the light strip crossing
the diaphragm alternately illuminates various CFL areas.

For these tests, the sensor is a CMOS camera Vector
International BCi4-6600 High Resolution USB. The cam-
era is mounted on an x-y translation support, separate
from the lens rotation stage, which allows scanning a ver-
tical plane. This is because the size of the image formed by
the CLF is greater than the size of the camera sensor
(CMOS image sensor 7.74× 10.51mm). In this way at each
rotation of the lens, the camera had to be realigned with
the lens.

An additional translator is added to vary the distance D
(Figure 5). This became necessary because in visual examina-
tion, it was noted that the focal plane (i.e., the plane in which
the most concentrated and uniform image was formed) was
not 25mm from the lens front face but slightly further. The
translator is therefore necessary to perform the test at
different lens-detector distances.

The procedure used to test the CFL samples is as follows:

(i) The diaphragm is adjusted to generate a 5mm wide
beam on the lens.

(ii) The lens is aligned in a central position (α = 0°).
(iii) The sensor is aligned to the lens, and three images,

upper edge, center, and bottom edge of the image,
are captured by moving the camera with the x-y
translator along the red arrow direction in Figure 3.

(iv) For each lens, acquisitions of the center and edge of
the image were made at angles α between −40° and
+40° at 5° intervals and D distances between 25mm
and 40mm at intervals of 2.5mm.

The laboratory set-up was also simulated with the Zemax
optical simulation program, using the CFL optical design.
The measurement layout is reproduced in Figure 8. The
source emits a beam with solar divergence. The diaphragm
is set to the same width as the one used in the laboratory
tests. The detector has the same size and orientation of the
CMOS camera.

As can be seen from simulations, the CFL should gen-
erate an image of about 10mm in length on the PV cell
(about the same size as the long side of the CMOS camera
sensor). The image should have a good uniformity of
lighting inside it and quite sharp edges. In fact, the laboratory
tests show that

(i) the images produced by the analyzed lenses have no
sharp edges and extend to a width much greater than
the cell size;

(ii) the lighting has a maximum in the central part and it
gradually falls towards the lateral zones;

(iii) the different lens sectors should, by symmetry, pro-
duce the same image on the camera, unless small
differences are due to the inclination of the lens with
respect to the diaphragm plane; instead, the images
of the lateral sectors (α≠ 0°) are very degraded
compared to the central sector (α = 0°).

4. Images Results and Discussion

The results, as measured imaged and simulations, are illus-
trated for three selected samples of the last CFL production,
named lens_A, lens_B, and lens_C. They are able to create
(in the image plane at a suitable distance) images with better
optical characteristics with respect to the previous produc-
tions. Figures 9–16 represent a selection of the most signifi-
cant images measured on the three lenses, comparing each
acquired image with the corresponding simulated image.

The tests performed in laboratory are done only on the
secondary lens, so the concentration due to the parabolic
trough is absent. When the lens is mounted on the parabolic
trough, the rectangles in Figures 9–16 become squares.

Figures 9(a), 9(b), and 9(c) are images acquired at
the nominal focal distance (D = 25mm) without rotation

Figure 3: Perspective view of the CFL. The red arrow indicates the
longitudinal axis (tube axis) and the blue arrow the transversal axis
of the trough.

Figure 2: The receiver of the solar trough is made of a tube covered
by a photocell row and is inside a glass tube. This is the receiver
before the insertion of the CFLs.
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(α = 0°), that is, using the set-up of Figure 6. They
evidence that the sample manufacturing is quite defective
for lens_A, is better for lens_C, and reaches an acceptable

uniformity of illumination for lens_B. The related ray-
tracing simulation gives Figure 9(d) as image map at
D = 25mm: the simulated image is in fair agreement with
Figures 9(a), 9(b), and 9(c). For the simulated images, a
code color is used: blue for the minimum, red for the
maximum (never reached), and green is about 40% of
the maximum.

Considering lens_B, Figures 10(a), 11(a), 12(a), and
13(a) were obtained from the images acquired at the

Center of
rotation

Sensor

Diaphragm

D

Beam

Figure 5: Top view of the lens. Lens and sensor rotate around the
same axis that coincides with the CFL axis.

(a) (b)

Figure 4: (a) Top view of the lens: the red segment represents the CFL image plane. (b) Side view of the lens: the green lines are the rays
reflected by the trough.

Figure 6: The light strip rays form an angle α = 0°.

�훼

Figure 7: The light strip rays form an angle α = 30°.

Figure 8: Zemax simulation of the layout of the laboratory set-up.
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(a) (b)

(c) (d)

Figure 9: Images at D = 25mm with α = 0° generated by lens_A (a), lens_B (b), and lens_C (c), compared with the Zemax simulation (d).

(a) (b)

Figure 10: Images at D = 25mm with α = 10° generated by lens_B (a), compared with the Zemax simulation (b).

(a) (b)

Figure 11: Images at D = 25mm with α = 20° generated by lens_B (a), compared with the Zemax simulation (b).
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nominal focal distance (D = 25mm) for positive α angles
(10°≤α≤ 40°). The images pertaining to negative α angles
are similar and therefore are not reported. For each case
examined, a Zemax simulation was performed in the cor-
responding configuration (the values of the parameters α
and D are indicated in the captions). The aperture width,
dimension, and orientation of the detector used in the
simulations correspond exactly to the set-up used in
laboratory to allow direct comparison. The irradiance

maps (Figures 10(b), 11(b), 12(b), and 13(b)) obtained
from the simulations are shown alongside the correspond-
ing image captured with the camera. The image distortion
at angles α≠ 0 is due to the inclination of the detector
with respect to the diaphragm plane.

The principal test concerns the angular scan, so the
images measured varying the α angle, which give informa-
tion about the uniformity of manufacturing of the cylin-
drical lens.

(a) (b)

Figure 12: Images at D = 25mm with α = 30° generated by lens_B (a), compared with the Zemax simulation (b).

(a) (b)

Figure 13: Images at D = 25mm with α = 40° generated by lens_B (a), compared with the Zemax simulation (b).

(a) (b)

Figure 14: Images at D = 30mm with α = 0° generated by lens_B (a), compared with the Zemax simulation (b).

6 International Journal of Photoenergy



On the other hand, some measurements varying the D
distance are useful to individuate the best focusing position
to illuminate the PV cell area.

Again, choosing lens_B, Figures 14(a), 15(a), and
16(a) present acquisitions with the CFL sample in cen-
tral position (α = 0°) and the distance D variable between
30mm and 40mm. For comparison, Figures 14(b),
15(b), and 16(b) report the irradiance maps calculated
in the planes at the examined distances D between lens
and detector.

The main requirements concern the concentration factor
and uniformity of illumination over the cell area. The con-
centration should be the around the value that maximizes
the photovoltaic conversion of the PV cell. The collected light
should be uniformly distributed over the cell area to have a
good functioning of the cell. If the photocell is unevenly
lighted, it does not work well and can disturb the whole cell
line or even cause damage.

The three examined samples are compared in
Figures 9(a), 9(b), and 9(c), and the best performing one
seems to be lens_B. The results of the angular scan test
on lens_B, reported in Figures 9(b), 10(a), 11(a), 12(a),
and 13(a) (0°≤α≤ 40°), indicate that the sample contains
some manufacturing imperfections, which appear as the
α angle increases. The effect of defocusing on lens_B is
analyzed in Figures 9(b), 14(a), 15(a), and 16(a): elevated

levels of lighting uniformity are obtained at 25 and
30mm. Hence, the optimal position to place the CFL is
between the nominal focal distance (25mm) and
D = 30mm.

The comparison with the irradiance maps shows a gen-
eral agreement between the acquired images and the results
of the Zemax ray-tracing simulations.

5. Tailored Optical Tests: Concentration
Measurements

A quantitative assessment of the solar concentration factor
was effectuated by laboratory measurements. Due to the
peculiarity of the system geometry, it was chosen to calcu-
late the concentration factor C as the ratio between the
density (δC) of luminous power on the cell and the power
density (δL) on the lens:

C = δC
δL

1

The quantity δC is the ratio between the signal (SC)
measured in the presence of the lens and the area (aR)
illuminated by the receiver itself: δC = SC/aR, while δL is
the ratio between the signal (SL) incident on the lens
and the illuminated area (aR) of the receiver: δL = SL/aR.

(a) (b)

Figure 15: Images at D = 35mm with α = 0° generated by lens_B (a), compared with the Zemax simulation (b).

(a) (b)

Figure 16: Images at D = 40mm with α = 0° generated by lens_B (a), compared with the Zemax simulation (b).
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The illuminated area in the two cases is the same and is
limited in one direction by the cell height (10mm), in
the other by the beam width (3mm).

In conclusion,

C = δC
δL

= SC
SL

2

The set-up for the measurements is similar to the layout
previously described (Figures 5–8), but with two differences.

(i) The sensor used in this case is a Hamamatsu S6337-
01 silicon photodiode, with 18× 18 mm active area.
A mask with a square aperture of 10mm side was
placed in front of the sensor, to limit the active area
to the size of the photovoltaic cell. The center of the
lens and center of the sensor are aligned with the
beam direction.

(ii) The detector does not rotate solidly with the lens
but is placed on a fixed support and is constantly
facing in direction perpendicular to the beam, as
in Figure 5. The reasons for this choice are essen-
tially two. The first is that this procedure elimi-
nates the uncertainty due to the fact that the
sensor response is not the same at various angles
of incidence. The second reason is that, as α
changes, the determination of δC involved a factor
cos α, because aR α = aR α = 0 × cos α. This is not
the case for δL because, due to the cylindrical sym-
metry, the lens illuminated area is always the same
as α varies, and then aL α = aL α = 0 . In conclu-
sion, the value of C at different α would have been
difficult to compare. By keeping the photodiode in
a fixed position, however, it is possible to make a
direct comparison of the behavior of the various
lens sectors in terms of concentration factor.

The procedure used for the quantitative measurements of
C is as follows.

(1) The aperture width of the diaphragm is set to 3mm.

(2) The lens-receiver distance is set to D = 25mm.

(3) An angular scan is performed between α = 40° and
α = −40° at 5° steps. For each angle, the signal of the
photodiode SC α was acquired.

(4) The lens was removed, and point (3) was repeated to
capture the signal SL α incident on the lens.

(5) The procedure was repeated for D = 27 5mm,
30mm, 32.5mm, and 35mm.

6. Concentration Results and Discussion

The results of the measurement of the concentration factor
C are presented in Tables 1, 2, and 3 as a function of the
α angle at the different lens-receiver distances considered.
The C values are discussed for three samples of the last

production: lens_A, lens_B, and lens_C. Each table refers
to a prototype of cylindrical Fresnel lens.

Only the concentration ratio of the secondary lens is
measured, because the laboratory set-up does not repro-
duce the parabolic trough focalization. The value of C is
circa two, so when the CFL is inserted inside the solar
trough, the original concentration is doubled.

The results of concentration factor C are in agreement
with the CLF behavior discussed in Section 4 about the
images. The visual inspection shows that the best working
plane is located farther than 25mm (nominal focal
distance). In effect, the C values increase for D around
30mm or 32.5mm.

The graphs in Figures 17, 18, and 19 illustrate the trend of
the C concentration factor as the α angle changes for three
samples of CFL. For more readability, only results of
D = 25mm, 30mm, and 35mm are reported, and the other
curves are among them.

The mean values of concentration factor are reported in
Table 4 for each lens-receiver distance D and for the three
examined lenses. The maximum value of C is 1.73 for lens_A,
2.13 for lens_B, and 2.09 for lens_C. The corresponding
optimal positions are at D = 35mm for lens_A, D = 30mm
for lens_B, and D = 32 5mm for lens_C.

Some considerations can be done to conclude the
concentration factor assessment.

(i) The theoretical concentration factor, calculated with
the formulas described in Section 5 and using
Zemax with the layout of Figure 8, is C = 3 4 for
a distance D = 25mm. Concentration values mea-
sured in laboratory are therefore much lower than
expected for the three analyzed samples. In addi-
tion, the maximum value should be recorded for
D = 25mm at the nominal focal length of the
CFL, while in reality the maximum is found for
higher distances.

(ii) The concentration factor should remain constant
along the entire angular profile of the CFL. In fact,
only lens_B shows such behavior.

(iii) The behavior of the three CFL samples is not the
same, although the measurements have been carried
out with the same procedure. Actually, the trend
of C for lens_A has a minimum in the center of the
lens (α = 0) and increases toward the edges; this fact
is also found in the images in Section 4, in which it
can be noted that for α≈ 0, there is a shadow area
at the center of the images. For lens_C, the values
are slightly lower on either side.

Test results show that the idea of adding a secondary
system to perform a concentration on the longitudinal axis
is both feasible and convenient. The lens construction
solution, however, did not dare to get the expected perfor-
mance for the CFL. The study has also provided accurate
guidance on the emerging criticalities and possible solu-
tions that will necessarily take into account the lens con-
struction technique.
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7. Conclusion

The purpose was to develop a secondary optics for a concen-
trating photovoltaic trough that increases the solar concen-
tration and reduces the photovoltaic cell number. The
proposed cylindrical Fresnel lens (CFL) focuses in the direc-
tion where the trough does not concentrate: in practice, it
transforms the focal line into a series of focal points.

Some lens prototypes were produced based on the CFL
optical design. Tailored tests were developed to optically
characterize and check the quality of the manufactured CFL

samples [12]. The performed tests help to localize the zones
with defects, so to improve the lens production.

The image analysis gives a qualitative assessment of the
CFLquality: every imagemeasured on a lens indicates the level
of uniformity of sun concentration, which is fundamental to
correctly exploit the solar cells. The behavior of each examined
lens was simulated using a ray-tracing software (Zemax), and
the simulatedCFL image is in general agreementwith themea-
sured image, but some exceptions are presented.

Quantitative measurements assessed the concentration
factor C, for various angles along the curve lens and for

Table 2: Concentration factor C as a function of α for lens_B.

α (°) D = 25mm D = 27 5mm D = 30mm D = 32 5mm D = 35mm

40 1.96 2.03 2.07 2.07 2.05

35 1.98 2.05 2.09 2.10 2.06

30 1.98 2.06 2.11 2.12 2.08

25 2.00 2.07 2.11 2.11 2.09

20 2.02 2.11 2.15 2.13 2.10

15 2.00 2.11 2.16 2.16 2.13

10 1.98 2.07 2.13 2.13 2.10

5 1.97 2.06 2.10 2.10 2.08

0 2.00 2.09 2.15 2.15 2.13

−5 2.03 2.13 2.19 2.19 2.16

−10 2.04 2.13 2.18 2.17 2.13

−15 2.02 2.11 2.17 2.17 2.15

−20 2.03 2.13 2.18 2.17 2.14

−25 2.02 2.11 2.15 2.15 2.12

−30 2.01 2.08 2.13 2.13 2.10

−35 1.99 2.07 2.12 2.12 2.07

−40 2.00 2.07 2.10 2.09 2.05

Table 1: Concentration factor C as a function of α for lens_A.

α (°) D = 25mm D = 27 5mm D = 30mm D = 32 5mm D = 35mm

40 1.56 1.67 1.77 1.84 1.87

35 1.51 1.64 1.74 1.83 1.86

30 1.46 1.58 1.69 1.80 1.84

25 1.45 1.53 1.62 1.74 1.79

20 1.42 1.51 1.59 1.68 1.71

15 1.38 1.46 1.54 1.62 1.65

10 1.36 1.45 1.51 1.56 1.58

5 1.35 1.44 1.49 1.54 1.57

0 1.35 1.44 1.49 1.54 1.56

−5 1.34 1.42 1.48 1.54 1.56

−10 1.36 1.45 1.51 1.57 1.60

−15 1.39 1.47 1.55 1.61 1.65

−20 1.42 1.52 1.59 1.67 1.72

−25 1.46 1.56 1.65 1.74 1.80

−30 1.52 1.63 1.73 1.83 1.87

−35 1.58 1.69 1.81 1.89 1.89

−40 1.65 1.76 1.84 1.90 1.90
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different lens-cell distances D. The maxima of average C are
1.73 for lens_A, 2.13 for lens_B, and 2.09 for lens_C, respec-
tively, obtained at D 35mm, 30mm, and 32.5mm. For each
lens, C varies depending on D, so the C maximum corre-
sponds to the best distance D for placing the cell.

The trough concentration ratio before the introduction of
the secondary optics was 140; since the CFL doubles it, C
approaches 300 for the system with primary mirror and
secondary lens. This C value allows to utilize the original
PV cells and avoids the need to employ more expensive
multijunction cells.

The optical performance improves with the successive
CFL productions. The three selected samples reach a higher
concentration factor and create images with better optical
characteristics with respect to the previous products. In spite
of this, they do not meet the requirements in terms of con-
centration and lighting uniformity on the cell plane (in fact
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Figure 19: Concentration factor C as a function of α for lens_C.
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Figure 18: Concentration factor C as a function of α for lens_B.

0.0

0.5

1.0

1.5

2.0

‒40 ‒30 ‒20 ‒10 0 10 20 30 40

C

�훼°

Lens_A

D = 25 mm
D = 30 mm
D = 35 mm

Figure 17: Concentration factor C as a function of α for lens_A.

Table 3: Concentration factor C as a function of α for lens_C.

α (°) D = 25mm D = 27 5mm D = 30mm D = 32 5mm D = 35mm

40 1.88 1.98 2.02 2.03 1.97

35 1.90 1.98 2.03 2.05 2.01

30 1.91 1.99 2.04 2.05 2.02

25 1.92 2.00 2.04 2.06 2.01

20 1.91 2.00 2.04 2.05 2.00

15 1.88 1.98 2.02 2.05 2.01

10 1.87 1.97 2.01 2.01 1.98

5 1.87 1.95 1.99 2.00 1.96

0 1.92 2.02 2.06 2.08 2.03

−5 1.95 2.06 2.10 2.11 2.07

−10 1.97 2.07 2.12 2.14 2.09

−15 2.01 2.11 2.15 2.14 2.10

−20 2.03 2.13 2.16 2.14 2.09

−25 2.05 2.13 2.16 2.15 2.09

−30 2.05 2.12 2.14 2.14 2.11

−35 2.03 2.10 2.15 2.18 2.08

−40 2.05 2.14 2.16 2.15 2.10
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the Cmaximum is at different D), so the manufacturing pro-
cess needs further improvements.

The study and the tests have made possible to detect the
criticality of the first CFL prototypes, and they provide some
precise indications of the possible actions to be implemented,
also considering a rethinking of the lens construction pro-
cesses adopted, which can be considered as the main respon-
sible for the loss of optical lens performance.
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Table 4: Mean values of the concentration factor C.
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Lens_B 2.00 2.09 2.13 2.12 2.10

Lens_C 1.95 2.04 2.08 2.09 2.04
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