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a b s t r a c t

Cu(In,Ga)Se2 (CIGS) technology is one of the best absorber materials with record efficiencies among
photovoltaic thin-film technologies (22.3% at lab scale and 16% at large commercial module). Although
research on this material was originally motivated by low-cost, glass-glass applications focusing to fixed
photovoltaic structures, the high efficiency values make CIGS an interesting alternative for low con-
centration systems. In this paper a 2D model for Cu(In,Ga)Se2 (CIGS) solar cells under low solar con-
centration is described and contrasted with experimental data. Using simulation, the effect of front
electric contact design parameters: finger width, finger separation, and number of buses are analyzed for
solar concentrations from 1 up to 10 suns. Efficiency maps allowing front contact grid optimization are
shown and analyzed for each concentration factor (Cx), assessing the viability of CIGS solar cells for low
concentration applications, where commercial CIGS solar cells may exhibit 35% of electrical power in-
creases with proper front grid optimization under low concentration respect to conventional grid design.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Nowadays CuIn1-xGaxSe2 (CIGS) is one of themost efficient thin
film technologies attracting great interest from the scientific and
industrial photovoltaic community [1e3]. Efficiencies exceeding
22% have been obtained at the laboratory scale [4] and the tech-
nology has reached an industrial maturity with efficiencies over
16% at the module level [5]. Nevertheless the scarcity of In and Ga
may limit the success of this technology and new alternatives are
being actively researched [6]. Among them, kesterites are candi-
dates of choice although the technological complexities raise
doubts about its industrial feasibility.

Optical concentration may be an interesting alternative for CIGS
technology because it allows the reduction of cell area whereas the
output power is maintained and consequently the use of rare and
expensive materials could be minimized. Very little work has been
done in concentration applications of CIGS solar cells. Some studies
about small surface CIGS solar cells under high concentration have
(J.-M. Delgado-Sanchez).
been performed [7e9], however in this range of dimensions
(<10�1 cm2 and 10�6 cm2) grid effects and, in general, series
resistance is negligible due to the small dimensions of the cells.
When solar cell is operating under concentration level for larger
cell areas, series resistance contribution from front grid is a critical
issue because photogenerated current density increases and elec-
trode conventional design becomes increasingly important in order
to avoid ohmic losses. This field is still largely unexplored due to
this limiting effect of series resistance in thin film solar cells.

The aim of this work is the optimization of the front grid design
through the exploration of the large surface CIGS solar cells in low
solar concentration (LCPV) installations. 2D device simulator
(ATLAS from SILVACO [10]) has been used. Firstly, and for tuning the
model, the simulation results are validated for a large area CIGS
based solar cell. Secondly, the capabilities of those cells under low
solar concentration (up to 10 suns) have been explored to optimize
the front contact grid design (finger width, separation between
fingers and number of buses) for each solar concentration factor.
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2. Material and methods

The scope of this work is described in this section. An accurate
simulation framework needs to consider the proper parameters of
the materials involved in the device. Different characterization
techniques have been used for this investigation and the results are
used when simulating the CIGS solar cell. Finally, simulations re-
sults are validated at different concentration levels through com-
parison with measured ones (section 3).

2.1. Experimental characterization

A reference solar cell based on CIGS thin-film technology was
used. Cross section and geometry parameters are shown in Fig. 1
and Fig. 2, respectively. Silver fingers are 385 mm width separated
2330 mm. Active solar cell layers thicknesses are respectively:
In2O3:SnO2 (ITO) 150 nm, Al:ZnO 200 nm, ZnO 50 nm, CdS 50 nm
and CIGS 1500 nm.

Material properties, in particular real Ga composition in the
absorbing layer, are fundamental to establish accurate physical
model of CIGS solar cell, for this reason XRD and Raman Spec-
troscopy experimental methods used are explained in detail.

XRD measurements using a PANalytical X'Pert PRO MPD (model
DY 3197) difractometer were performed on the absorber samples
(after etching of ITO and buffer layers using one HCl 10%wt solution
for 5 min). The analysis was made between 10� up to 75� 2q.

In-depth resolved Raman-AES (Auger Electron Spectroscopy)
measurements on the absorber were carried out aiming to identify
the chemical phases, using T64000 Horiba Jobin-Yvon spectrom-
eter. Excitationwas provided through the 514.5 nm emission line of
an Arþ laser and measurements were performed in backscattering
configuration. Combined in-depth Raman/AESmeasurements were
made by sequentially acquiring a series of Raman spectra after
sputtering the sample with the Arþ beam from Phi 670 scanning
Auger nanoprobe. To minimize damage in the sputtered region, the
energy of the Arþ beam during ion sputtering was below 5 keV.

Performance (I-V curve) of solar cells under different illumina-
tion levels were characterized using an in-house solar simulator
AAA class with spectral and temperature control. It is based on
multi-flash illumination system, able to reach concentration 1000
suns with the required light collimation by means of a large-area
parabolic mirror, which collimates the divergent light beam com-
ing from a small Xenon flash bulb.

2.2. Model description

1D CIGS solar cells simulations have been previously reported
[10]. However, in a pure 1D model, some aspects of the solar cell, in
particular those related with the collection of carriers at the front
grid, cannot be analyzed. In this work, we use a 2D simulator [11]
which allows the analysis of the device performance when the
front grid design is modified, obtaining optoelectronic devices
performance. Materials and device structure varies in the vertical
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Fig. 1. Conventional front-grid design for CIGS solar cells.
direction while the variation in the horizontal direction is going to
be defined by the finger/bus geometry and distribution.

Table 1 shows the parameters used for the different materials
within the cell required for the modeling: doping concentration
(ND/NA), relative dielectric constant (ε), gap (Eg), electronic affinity
(c), effective density of states both in conduction and valence bands
(Nc and Nv), recombination lifetimes (tn,eff and tp,eff), carrier mo-
bilities (mn and mp) and defect donor or acceptor like characteristics
(a mid-gap gaussian defect continuous model is used) [12], total
density of states (NGD or NGA), peak energy (EGD or EGA), charac-
teristic decay energy (uGD or uGA), electron capture cross-section
(seGD or seGA), and hole capture cross-section (shGD or shGA). All
these parameters are considered as input data to SILVACO software
simulation.

Some of the parameters of Table 1 were extracted from the
literature [13,14]. Other parameters like Ga composition in the
absorbing layer has been measured through XRD and Raman/AES
measurements. Ga content showed a gradient along the absorber
layer, approximately between 0.33 and 0.67 while the corre-
sponding gap varies between 1.24 and 1.46 eV. This value has deep
consequences in the quantum efficiencies for the high wavelength
region of the solar spectrum and consequently in the short circuit
current. Additionally, the average value of the CIGS layer gap affects
also the dark saturation current density and the open circuit
voltage [15,16]. The gap values within the CIGS layer and its
dependence with Ga composition is a controversial question
because some discrepancy exists between experimental and
theoretical values [17e21].

Complex refraction index for the semiconductor regions (ZnO,
CdS, CIGS) used in the simulation of the optical behavior of the solar
cell has spectral dependence [22]. In addition ITO layer is modeled
with refraction real index equal to 2. ITO is considered in the
simulation as a highly doped semiconductor with a 3.7 eV gap
[23,24] with a resistivity of 1000 mU cm (sheet resistance of 67 U/
sq), and a contact resistance with the metallic Ag fingers of
0.13 U cm2. Additionally, a surface recombination velocity at the
interface CdS/CIGS of 3$104 cm s�1 has been taken into account.
Since this work is mostly concerned with front grid optimization,
the back contact has been substituted by a single metallic contact
reproducing an effective contact resistance of 1.0 U cm2. The bidi-
mensional structure in Fig. 1 is completed with an external resis-
tance taking into account the experimentally measured resistivity
of the fingers (40 mU cm) and the resistance introduced by the
buses (60 mU).

3. Results

3.1. Solar cell microstructure

To obtain accurate simulation results it is necessary to have
detailed knowledge about microstructure, composition, optical and
electronic properties of involved materials. In particular, the Ga
content is critical for the photovoltaic performance of the CIGS solar
cell and needs to be known for a proper simulation. In order to
assess this value, XRD and in-depth resolved Raman Spectroscopy
were performed.

Fig. 3 corresponds to a detailed image of the (112) CIGS XRD
reflection measured on the CIGS solar cell used in this work. This
spectrum has a complex shape, resulting from the contribution of
regions with different Ga content and it can be fitted by means of
three contributions corresponding to CIGS with Ga/(In þ Ga) frac-
tion between 43% and 76%. These compositions approximately
agree with the range of values obtained from the in-depth resolved
Raman measurements, as will be described later. Estimation of the
relative Ga content is based on the assumption of the validity of



Fig. 2. Left, geometry and materials used for the solar cell modeling; right, SEM images of the solar cell used on the experimental characterization.

Table 1
Semiconductor Properties used in the modeling.

Parameter Units ITO ZnO:Al CdS CIGS

ND/NA cm�3 6.25 � 1019 1.00 � 1018 1.00 � 1017 1.00 � 1016

ε e 9 9 10 13.6
Eg eV 3.7 3.3 2.4 1.2e1.5
c eV 4.6 4.6 4.4 4.5
Nc cm�3 2.2 � 1018 2.2 � 1018 2.2 � 1018 2.2 � 1018

Nv cm�3 1.8 � 1019 1.8 � 1019 1.8 � 1019 1.8 � 1019

tn,eff S 1 � 10�7 1 � 10�7 1 � 10�7 1 � 10�7

tp,eff S 1 � 10�7 1 � 10�7 1 � 10�7 1 � 10�7

mn (cm2)/(V$s) 100 100 100 50
mp (cm2)/(V$s) 25 25 25 20
Def. type e donor donor acceptor donor
NGD/NGA cm�3 1 � 1017 1 � 1017 1 � 1018 1 � 1014

EGD/EGA eV 1.85 1.65 1.20 0.58
wGD/wGA eV 0.1 0.1 0.1 0.1
seGD/seGA cm2 1 � 10�12 1 � 10�12 1 � 10�17 5 � 10�13

shGD/shGA cm2 1 � 10�15 1 � 10�15 1 � 10�12 1 � 10�15

26,4 26,6 26,8 27,0 27,2 27,4 27,6

2 Theta [º]

CIGS (112)

1

2

3

Fig. 3. Detail of the XRD pattern of the solar cell used, showing the fitting of the CIGS
(112) reflection with three contributions related to the response of absorber regions
with different Ga/(In þ Ga) relative content (43% reflection 1, 61% reflection 2 and 76%
reflection 3 respectively).
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Vegard's law, which predicts a linear dependence of the average
lattice constant in the alloy with the relative Ga content. Then, in
the modeling of the solar cell a gradual increase in the Ga/(In þ Ga)
fraction content with thickness in the absorber will be used, from
values about 33% at the surface up to a value of the order of 67%.
For Raman characterization (Fig. 4), surface is etched with ion
bombarding, to get information from the surface to CIGS/Mo
interface. These spectra are characterized by a dominant peak
corresponding to the vibrational ground state A1 mode from the
CIGS phase. The main feature in these spectra is the existence of a
gradual blue shift of the A1 CIGS mode that increases with depth in
the absorber. This blue shift is not accompanied by a corresponding
increase of the Full Width at Half Maximum (FWHM) of the mode.
This allows ruling out a structural disorder related with the blue
shift of the mode. Then, the shift has been attributed to a gradual
increase in the relative Ga/(In þ Ga) content with the depth in the
absorber, from values in the surface region about 33% up to a value
around 67%. This agrees [25] with the Ga/(In þ Ga) relative content
values estimated at these regions from the XRD diffractogram.
3.2. Model validation

First step of the simulation consists to validate the model. It
means that data obtained from the modeling will be compared
with experimental results. For this purpose, one CIGS solar cell,
which is described on previous section, has been characterized (I-V
curve at different radiations level) using a solar simulator at
different levels of radiation concentration. Fig. 5 show the simu-
lated and experimental results under different levels of sun con-
centration, demonstrating good fitting between predicted and
experimental values.

A good agreement between experimental and simulated data
was observed. On the other hand a drastic reduction in efficiency
was predicted and experimentally observed when going from 1 to
10 suns. This is consequence of high serial resistance in the device
due to the intrinsic properties of the semiconductor. The effect of
this series resistance increases when solar cell is exposed to higher
levels of radiation. In order to overtake this drawback of CIGS
absorber the design of the front-grid has to be optimized to ensure
proper extraction of generated photocarriers. This result demon-
strates that a careful design of the front metallic grid is mandatory
for concentrated sunlight applications; otherwise, the capabilities
of the device will be severely degraded.
3.3. Front contact optimization

Once the solar cell simulation framework is properly validated
and its predictions compared with experimental results, it will be
used to optimize the front-grid design for low concentration con-
ditions. This section presents the effect on the solar cell efficiency of
the following design parameters of the front electric contact: Finger
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0,0 0,2 0,4 0,6 0,8
0,0

17,5

35,0

52,5

70,0

10 suns

5 suns

2 suns

C
ur

re
nt

 [A
]

Voltage [V]

1 sun

Fig. 5. I-V lighted results of simulated reference CIGS solar cell (lines) compared with
measured of three random CIGS experimental solar cells (A e square marks-, B ecircle
marks-, and C etriangle marks-), under four different levels of sun concentration (1�,
2�, 5�, and 10�).

1 2 3 4 5 6 7
0

4

8

12

1x
2x
5x
7x
10x

Ef
fic

ie
nc

y 
[%

]

Number of buses

Fig. 6. Influence on the efficiency due to number of buses employed on the front-grid,
simulated at different radiation concentration factors.

J.-M. Delgado-Sanchez et al. / Renewable Energy 101 (2017) 90e95 93
width a, finger separation s, number of buses nb, for 1�, 2�, 5�, 7�
and 10� sun concentrations. The rest of geometrical parameters
were fixed, W ¼ 10 cm, L ¼ 21 cm, Lb ¼ 0.2 cm, as they were
described at Fig. 1.

The current generated by the solar cell is collected through the
buses, so it is needed to take into account the effect of thermal
losses that can provoke a detrimental performance of the cell.
Basing on that, the first factor to consider on the modeling is the
number of buses used to collect the current in order to try to
minimize performance losses in the device, due to Joule effect and
moreover to optimize the cost design.

The performance of the device under concentration improves
when the number of buses employed increases from 1 to 3. How-
ever there is a clear plateau between 3 and 7 buses for all values of
concentration. Although the optimum value seems to be 5 buses
(Fig. 6), in order to compensate optimum value with cost optimi-
zation, the number of buses proposed as optimum designwas fixed
to 3.

Secondly, once the number of buses has been fixed to 3 (nb ¼ 3)
we optimized both finger width and finger separation for different
values of the concentration factor incident on the solar cell, in order
to ensure that any carrier generated on the semiconductor is
properly transported to the nearest bus avoiding excessive ohmic
losses; as it can be observed in Fig. 7, best recommendation is to use
maximum number of fingers as possible, but narrowest width to
minimize shadow losses.

Fig. 7 shows the simulated efficiency maps for �1 sun
(Fig. 7a), �2 suns (Fig. 7b), �5 suns (Fig. 7c) and �10 suns (Fig. 7d)
obtained as a function of finger width and separation, please note
that figures for�1 or�2 suns and for�1 or�10 suns have different
vertical axis scales in order to show clearly the different regions.
This theoretical analysis allows us to obtain the optimized front-
grid design to achieve the CIGS highest efficiency depending on
the concentration factor. Such results are summarized in Table 2.

On the other hand, these results also reveal that a significant
performance enhancement on the CIGS solar cell can be achieved
considering rather broad conditions for finger specifications. For
example: at �5 suns, a good efficiency (10.4%), near the optimum
value (10.5%), is achieved, for example, with s ¼ 1500 mm and
a ¼ 370 mm; and for �10 suns, a good efficiency (8.3%), near the
optimum value (8.4%), is achieved with s ¼ 1000 mm and
a ¼ 370 mm.

Finally, the optimized grid design is compared with the exper-
imental data (I-V curve presented in previous section) from the
reference CIGS cell (s ¼ 2330 mm and a ¼ 385 mm). As it can be seen
in Fig. 7, when no concentration or minor concentration factor is
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Table 2
Efficiency for different Concentration Factors, as function of metallic grid design.

Cx factor Efficiency with optimized solar cell Finger width [mm] Finger distance [mm]

1x 13.0 120 1500
2x 12.4 70 500
5x 10.5 120 500
10x 8.4 170 500
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considered there are no relevant differences between optimized
front-grid solar cell and conventional device. However it should be
noted that when concentration factor is higher than 5x, a correct
front grid design is crucial to achieve a high performance of the
solar cell.

Based on the results presented, conventional electrical front-
grid must be redesigned for low concentration radiation opera-
tion conditions. Otherwise, front grid will not be able to extract
charge carriers efficiently due to the high series resistance of the
solar cell and solar cell performance will be under expectation. This
work has demonstrated howelectrical power produced by the solar
cell can be enhanced (Fig. 8) when front-grid is optimized ac-
cording the incoming illumination level.
0 2 4 6 8 10

6

8

Concentration Factor [Cx]

 Optimized front-grid
 Conventional front-grid

Fig. 8. Efficiency and electrical power enhancement comparison with a conventional
electrical front-grid obtained from I-V curve at STC 1x, and optimized design for CIGS
solar cell under low concentration radiation (2x, 5x and 10x).
4. Conclusions

A physical 2D model for CIGS thin film solar cells has been
developed. Information about the microstructure and composition
was obtained by XRD and Raman Spectroscopy; in this way the
dependence of absorber band gap with Ga content can be properly
considered. The model developed is able to predict the solar cell
performance under different concentration factors.

Results demonstrate that by using optimized front contact grid,
CIGS thin-film solar cells may improve their r performance under
low concentration conditions: when concentration factor used is
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10x, efficiency goes from 5.5% to 8.4%, which also means a 35% in
electrical power generation. Although reference commercial solar
cell matched the optimum performance at 1x sun, narrowing the
finger spacing and fine tuning the finger size allow substantial gain
of efficiency at higher concentration factors.

These results, using reference industrial scale CIGS solar cells
open interesting perspectives for thin film solar cell use under
concentrated sunlight. Cost per watt may be reduced because un-
der concentration smaller area cells can be used and smaller
amounts of precursor materials are needed.

It has been also demonstrated that the polycristalline structure
of the CIGS technology and their inherent defects do not represent
one limitation to explore concentration concepts.
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