
Comparative Study of Copper Indium Gallium
Selenide (CIGS) Solar Sell With Other Solar

Technologies
Isabela Correia e Brito

isabela.ines@tecnico.ulisboa.pt
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Abstract—Thin-film solar modules are emerging in the pho-
tovoltaic market due to their competitive cost with the tradi-
tional crystalline silicon solar modules. The thin-film solar cells,
CuIn(1−x)GaxSe2 (CIGS), are predominating the expansion in
the photovoltaic market, due to their low temperature coefficient
and the ability to absorb the ultraviolet (UV) and infrared
(IR) section of the light spectrum. To analyze this informa-
tion, a comparative study between photovoltaic technologies
is conducted. Initially, comparisons are made among different
photovoltaic modules based on theoretical data, in order to
corroborate these theoretical data, simulations are performed
using the Pspice program, which was based on the circuit model-
one diode model. In order to study the impact of light propagation
through solar cells, structures for 2D simulation were created in
Finite Element Tool. Based on the simulation results, an analysis
of the absorption along the wavelength as well as the power
flow was performed. Experimental tests were carried out on
the same photovoltaic technologies studied in the simulation, in
order to analyze them in a non-ideal environment. Optical filters
were used to validate the 2D model created in Finite Element
Tool. Based on the results obtained both in simulation and
experimentally, it was observed that CIGS cells are increasingly
closer in terms of performance of crystalline silicon cells, however,
still with some improvement challenges.

Index Terms—Thin-film Photovoltaic Technology, CIGS, Light
Propagation, Power Flow, Light Absorption, Optical Filters.

I. INTRODUCTION

THIN-FILM solar cells are considered the second gen-
eration of photovoltaics, they are rapidly expanding in

the photovoltaic market due to their competitive cost with the
traditional silicon cell. This is due to the thin-film using less
material than the silicon solar cells [1]. Within the thin-film
solar cells, the CIGS cells are predominating the expansion in
the market. Recently a research cell presented an efficiency
of 23.35% with a total area of 1cm2 and without cadmium
making this a non-toxic CIGS cell [2].

It is reported that CIGS photovoltaic modules can absorb
ultraviolet and infrared radiation, which usually are not ab-
sorbed by the conventional photovoltaics modules. In order
to assess the performance of CIGS module under different
climatic conditions, such as the light absorption, input power
and temperature , in this paper the performance of CIGS,
crystalline silicon and organic perovskite modules are going to

be investigated under real operating conditions rather than only
based on the data sheet information. With the accomplishment
of this comparative study, it will be possible to understand
the climate-dependent performance of different photovoltaic
modules and obtain comparative results of energy yield testing
of different photovoltaic technologies.

A. Solar Cell Technologies

The characterization of solar cell technologies is defined
according to the their primary light-absorbing material [1]. The
most widely used photovoltaic technology of commercial PV
module has been silicon-based, can be manufactured into non-
toxic, efficient, is the most reliable and could be implemented
on a large scale to mitigate climate change. However, new
photovoltaic technologies have been developed that can offer
significant advantages in the near future, in the sense that
their efficiency has improved and also they may be easier and
cheaper to manufacture. Over the years, with the development
of new photovoltaic technologies, it is possible to classify solar
cells into 4 main categories called generations, although there
is controversy in the existence of the fourth generation [3].

First generation encompasses photovoltaic technology based
on thick crystalline films. It covers cells based on crystalline
silicon (Si), polycrystalline and monocrystalline, as well as
wafer-based cells of c-Si and GaAs, used for multi-junction
cells which comprise multiple p-n junctions made of different
semiconductor materials. In order to reduce costs related to
first generation technology, the second generation is based
on the use of thin film technology, which advantages are
the reduction of semiconductor material used and the lower
consumption of energy during the production resulting in a
cost reduction [3]. Therefore the second generation technology
it is usually cheaper than the first generation technology.
It comprises the thin-film solar cells of amorphous silicon,
microcrystalline silicon, cadmium telluride (CdTe) and CIGS
[3]. Third generation principle is the manufacture of high-
efficiency devices using second generation thin-film deposition
techniques, as well as new semiconductor architectures that
span multiple energy levels or can use nanostructured or
organic materials [3]. It includes the perovskite cells. Fourth
generation aims to improve the optoelectronic characteristics

1



of low cost photovoltaic panels, they are a hybrid of organic
material with inorganic material [3].

B. Challenges of CIGS modules

Altough the leading producer of CIGS modules, Solar Fron-
tier, claims that their technology is suited to deal with real-
world conditions due to, better performance in hot conditions
as a result of lower temperature coefficient of CIGS compared
to crystalline silicon modules and better tolerance for shadows,
only the covered part will be affected, the uncovered part will
perform normally. In the same conditions c-Si modules almost
stop working. CIGS solar cells feature some challenges, that
will be discussed.

The transparent conducting oxide (TCO) and CIGS layers
require long processing time. It should be reduced in order to
meet the requires industrial production time.

It is often used cadmium in the buffer layer which is toxic,
making it an environmental concern and an issue for human
health.

Scarcity of indium is a concern, since it can escalate the
price of indium, making it difficult to CIGS cost competitive-
ness in the PV market.

C. CIGS Structure

The CIGS solar cell is composed by 6 layers, from the
bottom to top: a substrate of soda-lime glass, a metallic
molybdenum (Mo) back contact, a p-type absorbing layer
consisting of CIGS, a n-type buffer layer of cadmium sulphide
(CdS) or zinc oxy sulphide (Zn(O,S)), a thin layer of high
resistive zinc oxide undoped (i-ZnO) and a transparent front
contact of aluminum doped zinc oxide (ZnO:Al) [4]. The usual
structure of the CIGS cell can be seen in figure 1, with the
typical thickness of each layer.

Fig. 1. CIGS solar cell structure.

The absorber layer consists of CuIn(1−x)GaxSe2 and is
a p-type polycristalline semiconductor with a direct band
gap and a high optical absorption coefficient. The light is
absorbed and electron-hole pairs are generated in this layer.
The variation of the indium and gallium ratio, can change the
band gap of the material, in the case of pure CuInSe2 the

band gap is 1.04 eV, in the case of pure CuGaSe2 the band
gap is 1.67 eV. Higher band gaps result from high gallium
content, however doesn’t lead to big increase in Voc [5].

II. PHOTOVOLTAIC TECHNOLOGIES

A. Propertie Analysis

When comparing photovoltaic cells beyond the efficiency
that is one of the most important property,other properties must
also be taken into account, for example, temperature effect,
degradation, absorption of light when there is shadow, area of
the module, price of the module, among others.

For a single-junction cell the efficiency of the CIGS cell is
approximately 0.6 higher than the poly-Si cell and only has
a 3.8 difference from the mono-Si cell. The CIGS cell have
high fill factor and very close to the fill factor of crystalline
silicon cell, which means it produces almost the same amount
of power but with a smaller area [6]. Taking into account that
produces almost the same power with similar efficiency with a
smaller area, makes the CIGS cell a better option in terms of
environmental sustainability since it is necessary less material
to produce the CIGS module and cell [6]. Also it requires less
area when installing the CIGS modules outdoors, for example.

Photovoltaic modules performance is affected by temper-
ature, with increasing temperature the semiconductor band
gap narrows, resulting in a lower output energy. Slawomir
Gulkowski et al. verified that CIGS modules showed a higher
resistance to temperature rise, which is reasonable taking into
account the low temperature coefficient [7]. During summer
months the temperature in the module can go up to 60◦C,
the CIGS modules installation produced more energy than the
poly-Si one. With this results the CIGS thin-film technology
is a beneficial alternative to poly-Si in environments with high
temperatures. Poly-Si modules showed higher energy output
during the colder months when compared with the CIGS
modules, although in January and February the CIGS modules
presented higher energy output when compared to the poly-Si
[7]. During January and February it was verified a decrease in
the energy since it snow, which caused the cover of the panels
causing the shading effect.

Spectrum is one of the other factors that affect the cell and
module efficiency. Photovoltaic cells are sensitive to light from
the entire spectrum, in order to excite an electron to jump
to the conduction band it is necessary that the wavelength is
above the band gap of the semiconductor of the respective cell
[8]. Photovoltaic modules can only use irradiance in specific
wavelength regions, each photvoltaic module has it’s own
range of wavelength, the wider the range the less sensitive it
is the efficiency to the spectral distribution of the irradiance.
Daniela Dirnberger et al. investigated the impact of the solar
spectral irradiance on the yield of different PV technologies
in Germany [8]. The CIGS module used in the investigation
has a small band gap, which may be due to having more
indium Indium in the composition of the absorber layer. CIGS
modules with higher band gaps have the same normalized
spectral response as the crystalline silicon. CIGS module
has a wavelength range of [350-1300]nm , the crystalline
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silicon has a wavelength range of [350-1200]nm, the CdTe
has a wavelength range of [380-900] nm and the a-Si has
a wavelength range of [300-850]nm. Altough the wavelength
range of CIGS and crystalline silicon be similar, the CIGS
module has higher spectral response in the infrared region of
the light spectrum [8].

B. Environmental Impact

There are a lot of studies concerning the environmental
impact of fossil fuel and although renewable energy sources
present little operational greenhouse gas (GHG) emissions,
during the manufacture of the parts required for the renewable
energy system, a large amount of energy it is required resulting
in GHG emissions during the process. M.M. Rahman et al.
conducted a study to evaluate the environmental impact of
different renewable energies and comparing with the impact of
the traditional energy sources, in which different photovoltaic
technologies are approached [9]. The lifetime of each PV
module despite the location it is about 30 years, except in
CIS module when is at south of Europe where the lifetime
decreases 10 years. This decrease may result of the high
temperatures that are made in south of Europe, where in
Switzerland the temperatures are much lower. Two different
indicators to assess the environmental impact of PV modules
were used, which were: energy payback time (EPBT) and
GHG emission from the manufacture of each PV system
component , installation, transportation, recycling, and so
on. The EPBT calculation is performed using the following
formula [9]:

EPBT =
Einput

Eoutput
, (1)

where Einput is the total amount of primary energy required
to produce each compoment of the PV system, as the mainte-
nance, installation and through its lifetime. The Eoutput is the
energy produced by the PV module in a year, both E must be
in the same units. The GHG emission calculation is performed
using the following formula [9]:

GHGemission =
GHGemission

Etotal
, (2)

where GHGemission is the total amount of GHG emission
throughout the lifetime of the PV system from the manufac-
turing, installation and so on. The Etotal is the total amount
of electricity produced during the lifetime of the PV system.

The CIS and a-Si are the PV modules that require less
energy as can be seen in table (I).

TABLE I
ENERGY REQUIRED DURING THE PRODUCTION OF EACH PV MODULE.

mono-Si multi-Si a-Si CdTe CIS
Energy

Requirement
[MJ/m2]

2860
-

5253

2699
-

5150

710
-

1990

1069
-

1684

790
-

1803

CIS is the PV module that produces more GHG emissions,
however in Switzerland has a lower EPBT than mono-Si which

is the PV module that produces less GHG emisisons. The
CdTe PV module presents the lowest EPBT in south of Europe
with low GHG emissions when compared with copper indium
selenide (CIS). The CdTe modules present the lowest EPBT
amongst a-Si, poly-Si, mono-Si and CIS, however they present
low efficiency. Therefore CIS and modules based on crystalline
silicon present a good EPBT, with good values of efficiency,
however CIS produces more GHG emissions than mono-Si
and poly-Si. This information can be seen in table (II).

TABLE II
EPBT AND GHG EMISSIONS OF EACH PV MODULE AT DIFFERENT

LOCATIONS.

Module Technology Location EPBT [years] GHG Emissions
[gCO2eq/kWh]

mono-Si South European 2.6 41
mono-Si Switzerland 3.3 -
multi-Si South European 3.2 60
multi-Si Switzerland 2.9 -

a-Si South European 2.7 50
a-Si Switzerland 3.1 -

CdTe South European 1.5 48
CdTe Switzerland 2.5 -
CIS South European 2.8 95
CIS Switzerland 2.9 -

M.M. Rahman et al. indicate that the GHG emissions of PV
modules are very less when compared to conventional sources
of power generation [9].

III. SIMULATIONS

A. Current-Voltage Characteristic Curve

The current-voltage (I-V) characteristic curve for the CIGS
cell was obtained with the implementation of the 1-diode
model in the program Pspice. The I-V curve for the silicon
cells was also simulated in order to make a comparative
analysis between the two cells. For this simulation it was
considered a cell area of 0.410cm2 for both cells, an irradiance
of 1000W/m2 and at a temperature of 25◦C. The difference
between the models were in the values of RSH , RS and in
the diode current I0, the respective values for the parameters
of CIGS ans Si cells can be seen in table (III):

TABLE III
VALUES OF THE PARAMATERS USED IN THE 1 DIODE MODEL FOR THE

SILICON (SI) AND CIGS CELLS (SOURCED FROM [1], [10]).

Silicon CIGS
I0 [A] 5.986 × 10−8 1.353 × 10−11

RSH [Ω] 33.24 × 103 329.27
RS [Ω] 0.341 29.27

The I-V characteristic curves obtained in the schematics of
Pspice for the Si and CIGS cells are illustrated in figure 2.

The I-V characteristic curves show different shapes, this
happens because they have different values for RSH and RS .
The RSH is higher in the silicon cell, resulting in a I-V
characteristic curve less curved in the CIGS cell. The RS is
higher in the CIGS cell, the enormous increase in RS causes
the ISC to drop.
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Fig. 2. I-V characteristic curve from top to bottom of crystalline silicon and
CIGS.
B. Power Curve

To obtain the fill factor (FF) and the efficiency (η) of each
cell it is needed the maximum current Imp, the maximum
voltage Vmp, the short-circuit current ISC and the open-circuit
voltage VOC . The ISC and VOC values are obtained from the
I-V curve, in order to seize the values of Imp and Vmp, it is
necessary to simulate the power curve for each cell as it is
illustrated in figure 3.

Fig. 3. Power curve from top to bottom of crystalline silicon and CIGS.

Since it is only possible to obtain the values of Vmp and
Pmax from the power curve, the value of Imp was obtained
from the following expression:

Imp =
Pmax

Vmp
. (3)

By using the tool toggle cursor of the Pspice, the following
values were obtained for the currents and voltages necessary
for the computation of the FF and η:

According to the values obtained from the table (IV) the
values computed for FF and η can be seen in table (V).

The decrease in RSH and the increase in RS from the Si cell
to CIGS cell will decrease the FF and the Pmax. The decrease

TABLE IV
VALUES FROM THE I-V AND POWER CURVES.

Silicon CIGS
ISC [mA] 15.7 10.32
VOC [mV] 481 686
Imp [mA] 13.94 7.86
Vmp [mV] 374 396
Pmax [mW] 5.212 3.112

TABLE V
VALUES OBTAINED FOR FF AND η FOR SI AND CIGS CELL.

Silicon CIGS
FF 0.69 0.44
η [%] 12.72 7.59

in the Pmax can be observed when comparing the curves in
figure 3 and by the values in table (IV) for the Pmax and the
values in table (V) for the FF. The FF in the Si cell is higher
than in the CIGS cell, being more closer to 1, which indicates
that the cell can provide more power than the CIGS cell.It was
expected that the FF in Si was higher taking into account that
the Pmax was 5.212 mW and in the CIGS was 3.112 mW.
The efficiency of the Si cell is almost the double of the CIGS
cell efficiency.

C. Optical Simulation of Light Management

The study of the light propagation in the solar cell was
conducted in the program Finite Element TO. The wave prop-
agation in a solid can be simulated using the Finite Element
Method(FEM), which is used to compute the approximations
of the real solution to the partial differential equations(PDE)
in which usually the problems of physics for space and
time dependent are expressed. In the case of the simulations
performed in this paper they were based in the FEM using
a 2D model. The radio frequency (RF) module of Finite
Element Tool was used to perform the simulation, since from
this model studies are carried out on the electromagnetic
wave propagation effects in the frequency domain. The RF
module computes the reflection and transmission coefficients
and compares to the Fresnel equations. For this study, it was
necessary to take into account the optical constants n and k of
each material present in the structure of the studied solar cells,
where n is the refractive index and k the extinction coefficient.
They are related to the interaction between a material and
incident light, where n is associated with refraction and k
with absorption. The optical constants models were compiled
in an online database [11], which are also available in Finite
Element Tool.

Regarding the choice of the geometry of the 2D models for
CIGS, crystalline silicon and perovskite cells, their structures
with their typical thickness for each layer were taken into ac-
count. During the simulations of these three solar cell models,
the same width and length for each cell was considered, in
order to compare the results with the cells subjected to the
same situations. The geometries of each cell are illustrated in
the following figure 4:

Although the Molybdenum is represented in figure 4 it was
not considered during the simulation since it is a metal and
it would have increased the parasitic absorption in the Mo
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Fig. 4. Geometry of each cell used in the 2D model. From left to right:
crystalline silicon, CIGS, perovskite.

back-eletrode. During the simulations of perovskite solar cell,
the FTO layer was not considered since there is no data in the
online database about the optical constants n and k.

1) Absorption Study: Scattering parameters were taken into
account since they describe the electrical behavior of linear
electrical networks. A network is a device with one or more
ports, each port can pass, absorb and reflect RF energy. It is
possible to measure the level of RF appearing at the port where
the RF was injected or at other ports, usually it is measured
over a range of frequencies. Scattering parameters are the most
common way of representing these measurements. In the Finite
Element Tool 2D model of the solar cell it was considered
two ports, the port 1 which is the input power port with wave
excitation and the port 2 was the output port where the energy
emerges. As can be seen in figure 5.

Fig. 5. 2D COMSOL model for crystalline silicon cell with the two ports.

With the scattering parameters we can assume the solar
cell as a device with two ports. In a two port device there
are four scattering parameters: S11, S12, S21 and S22. In the
interest to obtain the power that was retained in the solar cell to
evaluate the absorption, it was created in Finite Element Tool
a boundary probe at port 2 that measured the S21 parameter.
A study was carried out at Finite Element Tool for a range
of frequencies from which the S21 parameter was obtained
for each frequency. However the S21 parameter quantifies the

power that passes from port 1 to port 2, in order to obtain the
retained power which corresponds to the solar cell absorption
the following calculation was made in MATLAB: 1− |S21|.

The absorption curve for the crystalline silicon solar cell is
illustrated in figure 6.

Fig. 6. Absorption curves of the crystalline silicon solar cell for different
thicknesses of the intrinsic layer at a temperature of 295K.

It can be seen from figure 6 that the absorption for the
same wavelength increases with the increasing of the intrinsic
layer thickness. Taking into account that crystalline silicon
has a band gap of 1.1eV, which corresponds to 1127nm. By
observing the curves in figure 6 the crystalline silicon cell
only absorbs for wavelengths lower than 1127 which was
expected taking into account the value of the band gap and the
maximum absorption corresponds to the visible region of the
electromagnetic spectrum. The photons with an energy content
above the band gap will be wasted surplus re-emitted as light
and the energy is dissipated in the form of heat. It is possible
to observe that the crystalline silicon do not absorb in the IR
zone.

The absorption curve for the perovskite solar cell is illus-
trated in figure 7.

Fig. 7. Absorption curves of the perovskite solar cell for different thicknesses
of the perovskite layer.
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As previously seen with the absorption curves of crystalline
silicon, it is also possible to see in the perovskite absorption
curves that the absorption increases with the increase in the
thickness of the perovskite layer. The perovskite solar cell
has a band gap of 1.6eV which corresponds to 774.90nm,
by observing the curves in figure 7 from around 700 nm the
absorption decreases almost to 0.

In the case of the CIGS cell, as it is possible to vary the
percentages of Gallium and Indium, an absorption study was
carried out in order to evaluate the impact of the percentage
of Indium and Gallium. Considering that CIGS is nominated
by CuIn(1−x)GaxSe2 with x being defined by the following
equation:

x =
Ga

Ga+ In
. (4)

In the case where x = 0 it means that there is no Gallium
present in the CIGS cell and when x = 1 it is the case where
there is no Indium present in the CIGS cell.

P. D. Paulson et al. determined the value of the band gap
Eg for each value of x, which can be seen in table (VI) [12].

TABLE VI
BAND GAP VALUES AND THE CORRESPONDING WAVELENGTH FOR EACH

PERCENTAGE OF GALLIUM IN CIGS (SOURCED FROM. [12]).

Band Gap [eV ] Wavelength [nm]
x = 0 1.023 1211.966
x = 0.31 1.208 1026.359
x = 0.45 1.351 917.721
x = 0.66 1.457 850.955
x = 1 1.771 700.080

The absorption curves obtained for each value of x are
illustrated in figure 8.

Fig. 8. Absorption curves of CIGS solar cell with varying x.

Based on the analysis of figure 8, it appears that for the
same wavelength the absorption is greater when there is more
Indium than Gallium. As the percentage of x increases, that
is, the percentage of Gallium is increased it is noticeable the
decrease in absorption along the wavelength.

In order to study the absorption difference in the CIGS cell
with only indium or only with gallium in its composition, a

percentage difference graph was performed for each wave-
length. The graph is illustrated in figure 9.

Fig. 9. Percentage difference in absorption between the situations in which
there is only indium or only gallium present in the composition of CIGS.

Through the analysis of the graph in figure 9, it is notable
the difference in the absorption near the IR, in the visible light
the difference in the absorption it is not significant. In the
situation where the CIGS composition does not have gallium,
it absorbs more in the infrared region with a difference of
60%. The CIGS cell with a higher percentage of indium in
its composition reveals greater absorption in a wider range of
wavelength.

In figure 10 is illustrated the absorption curves of CIGS,
crystalline silicon and perovskite:

Fig. 10. Absorption curves of different photovoltaic technologies.

Through analysis of figure 10 the CIGS solar cell despite
of the percentage of gallium or the used buffer, it is the solar
cell that absorbs more in the IR zone. It is a photovoltaic
technology that absorbs a wide range of wavelength. The
perovskite and crystalline silicon absorb more in the visible
zone of the electromagnetic spectrum, however in the infra-red
zone it appears that perovskite can absorb a minimal amount
of light while crystalline silicon does not absorb anything.
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2) Power Flow: In the power flow study, Poynting vector
was taken into account, since it represents the directional
energy flux of an electromagnetic field. To asses the flow
of power generated by an electromagnetic wave, the time
averaged complex Poynting vector was computed with an E
and H at each point on and in the electromagnetic wave,
according to the equation:

−→
S =

−→
E ×

−→
H ∗ = (EyH

∗
z − EzH

∗
y , EzH

∗
x−

ExH
∗
z , ExH

∗
y − EyH

∗
x) = (Sx, Sy, Sz),

(5)

The module used in Finite Element Tool, has a tool that
computes the Poynting vector at each point of the electromag-
netic wave, the result of the Poynting vector at each point
in the program is represented by the following components:
Poavx, Poavy and Poavy. In order to obtain the absolute
value of power flow trough the cell, it was implemented two
boundary probes at the top and at the end of the absorption
layer of each cell. Since it is in the absorption layer where the
power is produced, each boundary computes the power flow
with the following equation:

Poav =
√
Poavx2 + Poavy2 + Poavz2. (6)

The power flow curve obtained for crystalline silicon, CIGS
and perovskite with an input power of 352.9 W/m2 is repre-
sented in the following figure 11.

Fig. 11. Power Flow of different photovoltaic technologies with an input
power of 352.9 W/m2.

It is notable that crystalline silicon has more power flow
in the visible zone of the light spectrum and the power flow
starts to decrease has the wavelength gets near the IR zone
of the light spectrum. Perovskite has more power flow than
crystalline silicon in the visible zone of the light spectrum but
less power flow when comparing with the three different CIGS
cells. CGS has less power flow for the same wavelength when
comparing with the others CIGS cells, whereby a CIGS cell
with 100% of gallium and 0% of indium in its composition
it has not a higher power flow as a CIGS cell with indium in
its composition has. It is notable that CIS is the photovoltaic
technology that produces more power flow over a wider

wavelength range, considering the scarcity of indium, CIS cell
might need an alternative in the future, CIGS with an x of 0.45
seems like a possible alternative. CIGS ( x = 0.45) has a higher
power flow for the same wavelengths when compared to other
cells, other than CIS. From 800 nm to 950 nm CIGS(x = 0.45)
has a higher power flow when compared to CIS, however in
the other wavelengths CIS power flow surpass CIGS (x = 0.45)
power flow.

IV. EXPERIMENTAL RESULTS

A. Experimental tests with no optical filters

In an initial phase the three modules were exposed in equal
conditions to the incandescent light with the structure open. In
order to trace the characteristic IV curve that best adapts to the
experimental data obtained in this experimental test, the two
models developed in MATLAB were used. One of the models
developed on MATLAB was based on the equation of the 1-
diode model, it was considered the ideal case in which RSH

is infinity and the RS is equal to zero, the resulting equation
(7) can be described as:

IS = I − I0 × (e
V

n×Vt − 1), (7)

where I represents the maximum value of current, which in
this case corresponds to the short circuit current, I0 represents
the diode reverse saturation current, n is the ideality factor and
VT is the thermal voltage. The second model developed was
based on the simple linear regression with a negative slope as
can be described in the equation (8):

y =
Imax

Vmax
× x+ Imax, (8)

where Imax
Vmax represents the slope, x is the voltage to a

certain value of current represented by y. In both models
was used the fittype function of MATLAB that creates fit types
for custom nonlinear models, designating problem-dependent
parameters and independent variables. The results obtained
with the models are shown in the following figures 12, 13
and 14.

Fig. 12. Experimental characteristic IV curve of crystalline silicon module.
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Regarding the experimental data obtained from the crys-
talline silicon cell, by observing figure 12 it is notable that for
the crystalline silicon the experimental data obtained to trace
the characteristic IV curve best adapts to the 1-diode model.

Fig. 13. Experimental characteristic IV curve of CIGS module.

From figure 13 it is notable that most of the experimental
data points follow and some intercept the 1-diode model curve,
which leads to conclude that for CIGS cells the 1-diode model
is the most suitable to trace the characteristic IV curve.

Fig. 14. Experimental characteristic IV curve of organic perovskite module.

Although the 1-diode model is the one that best adapts to
the experimental data points obtained for CIGS and crystalline
silicon modules, in the case of organic perovskite module it
is the linear regression model that is the most appropriate to
trace the characteristic IV curve , as seen in figure 14. The
efficiency of each module in this conditions was calculated,
the values obtained are presented in table (VII).

TABLE VII
EFFICIENCY VALUES OF EACH MODULE FOR AN IRRADIANCE OF

300[W/m2].

Crystalline Silicon CIGS Perovskite
η [%] 9 2.03 0.47

The crystalline silicon has an efficiency of 9% which in this
experimental test conditions it is the module with the highest
efficiency, followed by CIGS with an efficiency of 2.03%. The
organic perovskite module has the lowest efficiency.

B. Experimental tests with optical filters

Optical filters were used to restrain the light spectrum that
the solar cell received. The optical filters have very small
dimensions compared to the dimensions of the solar cells
studied.To restrain the light spectrum to a specific zone that
the solar cell received it was necessary to build a structure that
allows the cell to be directed towards the light and support the
optical filters used. In the structure it was cutted an opening
with the same dimensions as the optical filters. The maximum
power of the crystalline silicon decreased when the structure
was closed without any filter, which was expected since the
active area it is much smaller when the structure is closed and
has a similar effect as the shadding effect. To validate this
experimental test with the COMSOL 2D model it was traced
power curves of the crystalline silicon module for each optical
filter as can be seen in figure 15.

Fig. 15. Experimental P-V curves of crystalline silicon module for each
optical filter.

The maximum power increases as the wavelength increases,
except for the 1000nm optical filter where the maximum
power decreases when compared with the 700nm optical filter.
From figure 15 it was obtained the maximum power of each
wavelength and they were divided by the area of the optical
filters, which was considered equal to the active area of the
crystalline silicon under these conditions. In Finite Element
Tool a crystalline silicon model with the same active area as
the experimental model was considered. For each wavelength
of the optical filters it was considered the specific input power
taking into the account the spectrum data of the incandescent
lamp, in order to obtain the maximum power flow at each
wavelength. The experimental data has associated errors due to
the accuracy of the multimeter used which was a GWINSTEK
GDM-8135 [13], the accuracy has been taken into account and
the experimental points have error bars in order to see the error
range.
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Fig. 16. Comparison of power flow maximum of each wavelength from the
Finite Element Tool and experimental test.

Experimental data approximates simulation data over most
of the wavelength, in some points it coincides with the
simulation data. Considering the results in figure 16 the Finite
Element Tool model is validated with the experimental results.

C. Experimental tests for different irradiances

To reach high values of incident irradiance it was used
the halogen projector light in these experimental tests. The
I-V characteristic and power curves of CIGS and crystalline
silicon modules were traced in order to analyze the impact of
increasing the incident irradiance in each module. It is worth
mentioning that with the increase in the incident irradiance,
the temperature at the surface of the modules also increases.
The ISC increases slightly with the increase of the incident
irradiance ,as well as the increase in the temperature, in both
modules CIGS nad crystalline silicon since the band gap
energy decreases and more photons have enough energy to
create electron-hole pairs. However the VOC in CIGS module
remains equal without being affected by the incident irradiance
and in the crystalline silicon module decreases slightly with
the increasing of the incident irradiance. The crystalline silicon
module ISC is higher than CIGS module ISC in every value
of incident irradiance from the experimental tests, however
the VOC of CIGS as seen above remains the same despite the
value of the incident irradiance.

The efficiency of each module in this conditions was cal-
culated, the values obtained are presented in table (VIII).

TABLE VIII
EFFICIENCY VALUES OF EACH MODULE FOR DIFFERENT INCIDENT

IRRADIANCES.

Crystalline Silicon CIGS
η [%] at G = 800 W/m2 5.68 2.29
η [%] at G = 1200 W/m2 3.959 2.038
η [%] at G = 1400 W/m2 3.457 1.71

The efficiency of the crystalline silicon module decreases
from 5.68% to 3.959% when the incident irradiance increases
from 800 W/m2 to 1200 W/m2, however for the same situation
the CIGS module efficiency decreases from 2.29% to 2.038%.
With the increase in the incident irradiance the efficiency of

the CIGS module is less affected than the crystalline silicon.
From 1200 W/m2 to 1400 W/m2 the crystalline silicon module
efficiency decreases but not as drastically as before, however
for the same situation the CIGS module efficiency decreases
but with a minor difference between the efficiency values.

Nonetheless the crystalline silicon module presents higher
efficiency than CIGS module for the same situations. With a
significant difference at G = 800 W/m2 and when the incident
irradiance starts to increase the crystalline silicon module
efficiency decreases and gets closer to the CIGS module
efficiency.

V. CONCLUSIONS

The main goal of this paper is the comparative study
of CIGS photovoltaic technology with others technologies,
mainly the conventional photovoltaic technologies, which are
the monocrystalline and polycrystalline silicon. The CIGS
cells promise to be the future of photovoltaic modules, since
they waste less material during the production process, achieve
almost the same efficiencies and produce the same output
power as the conventional silicon based solar modules.

It was studied the structure of the CIGS cell in order to fully
understand it. With the study of the structure it was possible to
understand that the absorber layer plays an important role in
the band gap variation, which is a unique characteristic of this
cell. When comparing the CIGS, perovskite and crystalline
silicon cells the main properties analyzed were, the efficiency,
output power produced in cell, the effect of temperature, the
spectral response, lifetime and the environmental impact of
different photovoltaic technologies. In locations where the
temperatures are higher the CIS module presented a lower
lifetime than other PV modules in the same situation. Re-
garding the GHG emissions the CIS module presented high
emissions of GHG, however had a EPBT lower than mono-Si,
multi-Si and a-Si, except for the south of europe where the
CdTe module presented the lowest EPBT with lower GHG
emissions. Resulting that CIS module present better lifetime
and EPBT for locations with low temperatures rather than
locations with high temperatures. Nevertheless in locations
like Switzerland there is usually less sun hours than in the
south of Europe, which will result in more infrared radiation
and a decrease in the visible radiation. In this situations CIGS
modules present a better spectral response than CdTe, c-Si and
a-Si.

With the Pspice simulations it was possible to compare
the maximum power output of each other, which was higher
in the crystalline silicon resulting in a higher efficiency.
Subsequently, simulations were carried out in Finite Element
Tool to study the absorption and the power flow. As expected
the crystalline silicon cell had the maximum absorption in the
visible region of the electromagnetic spectrum. The perovskite
cell presented high absorption in the visible region and more
absorption in the IR region of the electromagnetic spectrum
than the crystalline silicon cell, which is due to the band gap
of the perovskite being greater than the crystalline silicon
band gap. Regarding the CIGS cell, it is possible to vary
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the percentages of Ga and Indium, simulations with different
percentages of Ga and In were carried out to analyze the
impact on the absorption. It was observed that with the in-
creasing of Ga and the decrease of In in the CIGS composition,
there was a decrease in absorption along the wavelength.
Therefore a percentage difference in absorption between the
situations where there is 100% of In or there is 100% of Ga
was analyzed, in the visible region there was no significant
difference, the major difference was in the IR region where
the CIGS cell with 100% of In absorbs more with a difference
of 60% to the CIGS cell with 100% of Ga. There is also the
possibility of changing the buffer on the CIGS cell, simulations
with CdS and ZnS were carried out. It was observed that the
absorption is superior when ZnS is used as a buffer for all
different cases of In and Ga percentages. When comparing
the absorption of perovskite, crystalline silicon and the CIGS
cells, despite of the percentage of Ga or the buffer used, CIGS
is the solar cell that absorbs more in the IR region of the
electromagnetic spectrum. It was noticeable that the crystalline
silicon cell had more power flow in the visible region and less
in the IR region of the light spectrum.

With the simulations carried out in Finite Element Tool it
was possible to observe that CIGS cell has more absorption
and power flow in the IR region amongst the other two
cells. Regarding these two CIGS cell challenges that were,
the concern with the scarcity of indium and the toxicity of
Cadmium used in the buffer, it was possible to conclude that
ZnS is a great alternative of CdS, it even presents better
absorption along the wavelength. However the CIGS cell
present higher power flow and absorption with 100% of In, a
good alternative would be the situation when there is 45% of
Ga in CIGS composition, however there would still be required
In in this situation. The scarcity of In it is still a concern, since
CIGS cell present better results with the increasing of In in
the composition.

Regarding the experimental tests amongst organic per-
ovskite, crystalline silicon and CIGS modules. In the first
phase the CIGS module presented a higher VOC per active
area and the crystalline silicon a higher ISC per active area.
In the same situation the crystalline silicon had the highest
maximum power per active area and a higher efficiency. The
organic perovskite presented a very low efficiency of 0.47%.

It was used a halogen projector to reach high values of
incident irradiance, the organic perovskite module created
bubbles when subjected to the halogen light projector since
it reaches high values of temperature. Which in situations of
high temperatures the organic perovskite module it is not an
option. The efficiency of the crystalline silicon module it is
more affected when the incident irradiance increases from 800
W/m2 to 1200 W/m2 than the CIGS module, resulting in
CIGS module being less affected by the increase of incident
irradiance and temperature. Nevertheless the crystalline silicon
module presents higher efficiency than CIGS module for the
same situations.

During the development of this research work it was possi-
ble to conclude that although the CIGS present better results

in some issues, they are still very new in mass production
and need to improve in order to replace the conventional solar
modules.
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