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We demonstrate an innovative CIGS-based solar cells model with a graded doping concentration absorber profile, capable of
achieving high efficiency values. In detail, we start with an in-depth discussion concerning the parametrical study of conventional
CIGS solar cells structures.We have used the wxAMPS software in order to numerically simulate cell electrical behaviour. Bymeans
of simulations, we have studied the variation of relevant physical and chemical parameters—characteristic of such devices—with
changing energy gap and doping density of the absorber layer. Our results show that, in uniform CIGS cell, the efficiency, the open
circuit voltage, and short circuit current heavily depend on CIGS band gap. Our numerical analysis highlights that the band gap
value of 1.40 eV is optimal, but both the presence ofMolybdenumback contact and the high carrier recombination near the junction
noticeably reduce the crucial electrical parameters. For the above-mentioned reasons, we have demonstrated that the efficiency
obtained by conventional CIGS cells is lower if compared to the values reached by our proposed graded carrier concentration
profile structures (up to 21%).

1. Introduction

Quaternary chalcopyrite semiconductor alloy Cu(In,Ga)Se
2

(CIGS) represents one of the most suitable materials to
produce low-cost and high-efficiency photovoltaic modules
and hence can be considered as an appropriate alternative
to the silicon technology. Recently, CIGS solar cells have
gathered a noteworthy attention, since they possess a direct
band gap falling within the range useful for several important
applications, such as solid state lighting and high-efficiency
photovoltaic modules [1]. Specifically, thin-film CIGS solar
cells have emerged as a technology that could challenge the
current dominance of silicon solar cells. This is possible
thanks to the peculiar optical and structural properties of
CIGS cells, which possess an extraordinary stability under a
wide range of operating conditions. Nowadays, CIGS tech-
nology is industrially well exploited and commercialmodules
are broadly available.

In detail, this semiconductor presents a band gap tunable
through the progressiveGallium incorporation, varying from

1.02 to 1.68 eV. Potentially, a wide band gap of the absorber
designed to match the solar spectrum represents an effective
way to increase the efficiency. Moreover, in this manner the
open-circuit voltage (𝑉OC) can be increased, thus allowing to
minimize the number of cells in series in the final assembled
panel, and hence the interconnection losses.

In the literature, several research groups have demon-
strated the realization of CIGS cells having conversion effi-
ciencies of over 20%, quite similar to the value obtained by
crystalline silicon cells, that is, around 25% [2]. A great deal
of research is devoted to improve the performance, and this
can only be achieved starting from a better understanding of
the basic properties and of the common challenges that can
limit the electrical parameters. For example, several papers
in the literature reported on CIGS solar cells presenting
lateral inhomogeneities on the 𝜇m scale that affect the main
parameters, in particular the local splitting of quasi-Fermi
levels obtained from photoluminescence measurements and
thus decrease the overall performance [3]. Reducing or
avoiding these problems is of great importance, since it is
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worth noting that the direct conversion of sunlight into
electricity, that is, photovoltaics, can be surely considered as
a fundamental alternative to fossil fuels and could become, as
experts say, “the biggest supplier of electricity by the end of
the century” [4]. For this reason, over the last decades, many
efforts have been made in this research field, in particular
to accurately control the composition of deposited absorbers
material. In addition, it is worth noting that the technological
requirements to obtain reproducible and controllable com-
positions are in common with optical applications previously
developed in different research environments [5–9].

Finally, it is worth mentioning that, from a broader per-
spective, interesting results can be expected from even more
complex materials, for example, those based on pentanary
Cu(In,Ga)(S,Se)

2
alloys [10] or comprising nanostructured

layers/contacts [11]. For example, in [11], the authors have
developedAl

2
O
3
rear surface passivated CIGS solar cells with

the local rear contacts consisting of Mo nanoparticles, in
order to improve the optical confinement and hence to obtain
an increased short circuit current density, if compared to
CIGS solar cells with a standard back contact.

In literature, it has been reported that nonuniform
Ga/In composition versus the absorber depth can improve
the device performance [12]. The Ga fraction [i.e., 𝑥 =
([Ga]/[Ga] + [In])] influences the CIGS electron affinity,
changing the value of 𝐸

𝑐
, while 𝐸V is almost independent

of 𝑥. [13]. The three most used typologies of grading are
(i) linear front grading, in which the Ga fraction content
increases in 𝑧 (i.e., the depth) towards the junction; (ii) back
grading, in which the increase is towards the back contact;
(iii) double grading, in which the Ga first decreases from
the front surface to a minimum position inside the absorber
(i.e., in the centre of the structure) and then increases again
towards the back contact [12]. The back grading causes the
band gap of the absorber to linearly increase towards the back
contact. Therefore, back grading creates an extra drift field
for theminority electrons that improves the carrier collection
and decreases bulk and surface recombination in the back
contact interface. The 𝑉OC of the cell is also augmented
due to a lower recombination current (saturation current)
[14]. However, a disadvantage consists in the Short-Circuit
Current Density (𝐽SC) which does not efficiently exploit the
solar spectrum. Instead, in a linear front grading, the gradual
reduction of the Ga content through the absorber layer
causes the band gap to linearly decrease with the depth.
In this way, 𝐽SC increases due to the augmented photon
absorption for lower band gaps (i.e., thermalization losses
are reduced). However, this increase can be negligible due to
a concurrent reduced probability of the electron collection
caused by the reverse quasielectrical field [14]. A double
graded profile allows increased performance since the front
grading improves the open-circuit voltage of the cell, while
the back grading favours the collection of photo generated
carriers, enhancing the photocurrent [12]. The maximum
band gap at the back contact should be optimized to achieve
the desired improved 𝐽SC [14].

In this paper, we show a simulative analysis aimed at
investigating the possible effects of both tailoring the ab-
sorber band gap and changing the carrier concentration

profile on the main electrical parameters of CIGS based solar
cells, in order to design graded absorber profiles that are
able to increase the efficiency. This has been performed to
simulate structures suitable to be realized within an ongoing
experimental activity. The technology of choice is single-step
electrodeposition [15–18], which allows to finely adjust Ga
content up to the found optimum band gap value of the
CIGS absorber. During our simulations, performed using the
wxAMPS software, we have first analysed five band gap values
at varying absorber thickness, and then we have focused on
a novel graded linear absorber profile, as will be illustrated in
the following sections.

2. Numerical Modelling and
Material Parameters

2.1. Numerical Analysis of CIGS Cells. CIGS polycrystalline
solar cells are quite complex structures. This is due to the
fact that they are composed of a large number of layers and,
moreover, the effects of some phenomena, mechanisms or
material parameters often cannot be directly derived from
theoretical laws. Conversely, an empirical approach has to
be followed. In order to understand and explain the results
obtained through experimental measurements and, further-
more, try to solve the problems, numerical simulations have
to be exploited. The latter are also carried out to clarify
the potential advantages of a certain cell structure or the
limits imposed by a specific technology. In particular, by
means of simulations, it is possible to quantitatively describe
the measurements carried out, thus providing an in-depth
analysis of the physical behaviour of the cell. Moreover, it is
possible to evaluate how the variation of some parameters
of the used material influences the solar cell [19]. In fact,
the variation of the considered properties in the ranges of
acceptable values can strongly change the efficiency of the
solar cell under study. By performing a parametric study, it
is thus possible to determine the best values that optimize the
efficiency, giving the experimental researcher some impor-
tant information about fabrication methods to use, in order
to improve device and product performances.

Several software solutions, such as Analysis of Microelec-
tronic and Photonic Structures (AMPS-1D) [20], wxAMPS
(Analysis ofMicroelectronic and Photonic Structure, wXwid-
gets provided) [21], Photovoltaic cell 1-Dimension (PC1D)
[22], and Solar Cell Capacitance Simulator in 1 Dimension
(SCAPS-1D) [23], have been developed to perform an in-
depth simulation study of the functioning of multilayer
structures, including those used for our thin film solar cells.

In this study, we have conducted our investigations
extensively using wxAMPS, a freeware solar-cell simulation
software. This program is an enhanced version, rewritten in
C++ by Rockett et al. at the University of Illinois, of the
previous AMPS-1D software, as developed by Fonash et al.
at Pennsylvania State University [21, 24]. wxAMPS allows
the simulation of optical and electronic behavior for multiple
designs of solar cell devices. By means of this software,
it is possible to easily design the solar cell structure and
to properly select the input parameters. Subsequently, the
computation of many parameters and characteristics, such
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as J-V curves, fill-factor, efficiency, energy band diagrams,
electric field, density carrier, generation, and recombination
velocity, can be easily and automatically carried out.

wxAMPS versatility has also allowed us to investigate,
in detail, the optical responses and the electrical transport
phenomena of envisioned structures in our solar cells. A very
large number of layers, with any kind of combination and
composition can be engineered, to simulate the cross section
of any feasible device. Sophisticated algorithms, such as the
combination of the Gummel and Newton methods, are used
in wxAMPS for the simulations. The advantages consist in
an increased stability and a more consistent convergence in
those instances in which intraband tunneling is critical to
calculate specific solutions [25]. Finally, wxAMPS allows to
setting, by means of a complete and user-friendly graphical
interface, the environmental conditions and the physical
properties of each layer. A good starting set of simulation
parameters is provided by the University of Illinois, Engi-
neering Wiki website [26], but it is also possible to freely
customize the database by means of worksheets.

2.2. Stacked Structure. In this paper, we refer to a solar cell of
the type ZnO:Al/ZnO/CdS/CIGS/Mo/substrate, as sketched
in Figure 1(a).

The most important layer of the abovementioned pho-
tovoltaic cell is the CIGS absorber. In our work, we have
first considered a single absorber layer with constant prop-
erties (i.e., doping concentrations, energy gap, etc.), as in
conventional CIGS solar cells. Afterwards, we have taken into
account a newly proposed absorber structure (Figure 1(b)),
consisting of several different layers having each one a differ-
ent doping concentration (𝑁

𝐴
). In detail, we have considered

a linearly increasing doping concentration profile, with the
maximum value of𝑁

𝐴
in the layer located near the absorber-

Molibdenum interface.
With regard to theCdS buffer layer, it is known that CdS is

a direct band gap semiconductor (band-gap = 2.4 eV) and its
use as a buffer layer improves the performance of the solar
cell, since it provides a lower interface recombination, the
prevention of undesirable shunt paths through the absorber
and less structural damage due to the subsequent deposition
of ZnO onto CIGS. Moreover, CdS layer also reduces reflec-
tion losses at the cell surface, since its refractive index falls
between those of ZnO and CIGS.

As evident in Figure 1(a) a p-n junction is formed by the
ZnO-CdS (n-type material) with p-type CIGS.The thickness
of CdS is usually chosen within the 50–100 nm range, since
this value represents the best compromise between the above-
mentioned advantages and losses due to optical absorption.
On the top of the buffer layer, an n-doped ZnO and an
aluminium-doped ZnO (ZnO:Al) layers are deposited.

These two layers form the so-called transparent conduc-
tive oxide (TCO), since they both possess a wider band-gap,
so being transparent to most of the solar spectrum.Themost
important layer in the photovoltaic cell is the absorber one,
represented by theCIGS layer. Cu(In,Ga)Se

2
is a semiconduc-

tor compound exhibiting a chalcopyrite crystal structure and
possessing a high absorption coefficient (𝛼 ∼105 cm−1) [27].

Window layer/TCO–ZnO:Al

ZnO n-doped
Buffer layer-CdS n-doped

Absorber layer-CIGS p-doped

Back contact-Mo

Substrate-glass

(a)

Buffer layer-CdS n-doped

Absorber layer-CIGS p-doped

Back contact-Mo

10 layers
(0.2 𝜇m each)

NA

(b)

Figure 1: (a) Structure of CIGS-based solar cells (drawing not to
scale); (b) graded absorber profile structure.

Table 1: Simulationmaterial parameters of the CIGS thin-film solar
cell.

Parameter ZnO:Al ZnO CdS CIGS
𝑑 (𝜇m) 0.2 0.2 0.05 Variable
𝜀
𝑅

9 9 10 13.6
𝐸
𝑔
(eV) 3.3 3.3 2.4 Variable
𝜒 (eV) 4.4 4.4 4.2 Variable
𝑁
𝐶
[cm−3] 2.2 × 10

18
2.2 × 10

18
2.2 × 10

18
2.2 × 10

18

𝑁
𝑉
[cm−3] 1.8 × 10

19
1.8 × 10

19
1.8 × 10

19
1.8 × 10

19

𝜇
𝑛
[cm2/(V⋅s)] 100 100 100 Variable
𝜇
𝑝
[cm2/(V⋅s)] 25 25 25 Variable
𝑁
𝐷
[cm−3] 1 × 10

20 Variable Variable 0
𝑁
𝐴
[cm−3] 0 0 0 Variable

Simulation of the device has been performed by setting,
for each layer, the optical and electrical parameters in Table 1,
as reported in literature [28–30].

We have analysed different band-gap values, with the cor-
responding absorption spectra taken from Paulson et al. [19].
The band gap of the absorber surges from 1.04 eV (pure CIS)
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Table 2: Simulation material Gaussian defect for the CIGS solar
layers.

Parameter ZnO:Al ZnO CdS CIGS
Defect type Donor Donor Acceptor Donor
Energy level [eV] 1.65 1.65 1.2 0.6
Deviation [eV] 0.1 0.1 0.1 0.1
𝜎
𝑛
[cm2] 1 × 10

−12
1 × 10

−12
1 × 10

−17
5 × 10

−13

𝜎
𝑝
[cm2] 1 × 10

−15
1 × 10

−15
1 × 10

−12
1 × 10

−15

𝑁
𝑡
[cm−3] 1 × 10

17
1 × 10

17
1 × 10

18
1 × 10

14

Table 3: Contact parameters applied in the simulations.

Parameter Back contact Front contact
Φ
𝐵
[eV] Variable 0
𝑆
𝑛
[cm/s] 2 × 10

7
1 × 10

7

𝑆
𝑝
[cm/s] 2 × 10

7
1 × 10

7

Reflectivity 0.8 0.05

Table 4: Explanation of the parameters used during the simulations.

Parameter Explanation
𝐷 Layer thickness
𝜀
𝑅 Permittivity constant
𝜒 Electron affinity

𝑁
𝐶
/𝑁
𝑉

Effective density of states in the conduction/valence
band

𝜇
𝑛
/𝜇
𝑝 Mobility of electrons/holes

𝜎
𝑛
/𝜎
𝑝 Capture cross section of electrons/holes

𝑁
𝐷
/𝑁
𝐴 Doping concentration

𝑁
𝑡 Defect concentration
Φ
𝐵 Potential barrier height
𝑆
𝑛
/𝑆
𝑝 Surface recombination velocity of electrons/holes

to 1.69 eV (pure CGS) according to the following relationship
[31]:

𝐸
𝑔
(𝑥) = 1.02 + 0.67𝑥 + 0.24𝑥 (𝑥 − 1) , (1)

where 𝑥 is the Ga fraction in the absorber layer.
Tables 2 and 3 summarize material Gaussian defect states

and contact parameters, respectively, while Table 4 provides
an explanation of the symbols used in the previous tables.
Finally, front and back contacts are defined by means of the
corresponding metal work function. Numerical simulations
have been performed by using the standard AM1.5G solar
spectrum, a reflection coefficient on the top of the cell equal
to 5% and a cell temperature of 300K.

It is worth noting that a stable and not considerably
rectifying back-contact is needed in a CIGS solar cell to
obtain good performance and stability. For this reason, the
development of a low barrier back-contact and, hence, a low
contact resistance is an ongoing challenge in the fabrication
of high performance CIGS based solar cells.

In general, metal-to-semiconductor contacts can act
either as a rectifying (Schottky) or as an ohmic contact, ac-
cording to the properties of the interface. In detail, in the case
of a p-type semiconductor having a band-gap 𝐸

𝑔
, electron

affinity 𝜒, and a metal with work function Φ
𝑚
, an ohmic

metal/semiconductor contact is obtained when

Φ
𝑚
> 𝐸
𝑔
+ 𝜒. (2)

On the other hand, a rectifying contact is formed when the
following relationship occurs:

Φ
𝑚
< 𝐸
𝑔
+ 𝜒. (3)

At the Schottky-contact interface, majority carriers (holes)
see a barrier Φ

𝐵
, as they travel from the semiconductor

towards themetal, but such a barrier is not present in the case
of an ohmic contact interface.

Most metals, however, do not have sufficiently high work
functions and therefore form Schottky-barrier contacts: this
is indeed the case for the p-CIGS absorber layers/Molyb-
denum interface.

In the case of an ideal contact between a metal and a p-
type semiconductor, and in the absence of surface states, it
is possible to express the contact barrier height for holes as
follows [32]:

Φ
𝐵
= 𝐸
𝑔
+ 𝜒 − Φ

𝑚
. (4)

For the simulations that we have carried out, at varying 𝐸
𝑔

we have assumed 𝐸
𝑔
+ 𝜒 constant and equal to 5.55 eV [33],

and also Φ
𝑚
(Mo) = 4.95 eV [34], obtaining Φ

𝐵
= 0.6 eV.

In other words, our simulations were performed keeping the
back-contact barrierΦ

𝐵
constant.

3. Results and Discussion

CIGS photovoltaic cells are typically composed of a
Cu(In,Ga)Se

2
layer having a thickness of about 2 ÷ 3 𝜇m.

Decreasing such a thickness without reducing the perform-
ance too much would allow to cutting the deposition time
of the CIGS thin-film and thus a considerable saving of
the raw materials employed, with a substantial decrease of
production costs. Moreover, decreasing the usage of Indium
and Gallium during the mass production of CIGS solar cells
would surely have positive ecological and environmental
impacts. Nonetheless, there are some drawbacks caused by
the reduction of the absorber layer thickness, reported in
detail in [35–37].

By means of the aforementioned software, we have first
performed some simulative campaigns of conventional CIGS
cells (herein called Uniform Carrier Concentration Profile,
UCCP). The simulations have been carried out at several
different energy gap values, keeping constant the properties
of the different layers while changing the absorber thickness,
as shown in Figure 2. In this manner, it has been possible to
investigate on the effect of the absorber layer thickness on the
electrical parameters of the solar cell.

As reported in Figure 2, with a thickness greater than
2 𝜇m, the solar cell absorbs most of the useful solar spectrum
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Figure 2: Efficiency versus CIGS absorber thickness at varying ab-
sorber energy gap values.
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Figure 3: Efficiency of solar cell versus CIGS energy gap for a 2𝜇m
thick absorber layer.

which it is sensitive to and, thus, the efficiency is practically
constant. In particular, we were able to obtain a value higher
than 95% of the maximum efficiency possible when the
absorber thickness is greater than 1 𝜇m, regardless of the
energy gap, that is, irrespective of the fraction of Ga in the
CIGS.

In Figure 3 the efficiency versus energy gap curve is
shown, going from a pure CIS composition (𝐸

𝑔
= 1.02 eV)

to a CGS (𝐸
𝑔
= 1.68 eV), for a 3 𝜇m thick absorber layer. As

reported, the absolute maximum efficiency is obtained for an
energy gap value (𝐸

𝑔
) of about 1.4 eV, which corresponds to a

Ga/(Ga + In) ratio of 0.66.
A similar behavior is observed for other thickness values,

not reported here for brevity, and thus this trend happens
regardless of the absorber thickness. Similarly, the maximum
fill factor (FF), around 75%, is obtained again for an 𝐸

𝑔
=

1.4 eV.
Figure 4 depicts the variation of both 𝐽SC and 𝑉OC when

increasing the energy gap from 1.02 to 1.68 eV. The obtained
results show that, in the range under investigation, 𝐽SC
decreases almost linearly whereas the 𝑉OC increases.

By using this simple structure of conventional CIGS cells,
it is possible to achieve a good efficiency only for high values
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Figure 4: Short-circuit current density 𝐽SC and open-circuit voltage
𝑉OC versus CIGS energy gap for a 2𝜇m thick absorber layer.
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Figure 5: Relative variation of the short-circuit current density 𝐽SC
and the open-circuit voltage 𝑉OC versus CIGS energy gap when
employing the Mo back-contact.

of energy gap, as expected. However, augmenting the 𝐸
𝑔

gap is not the ideal technological solution, since it causes
an increased defect density in the areas presenting high Ga
content [38]. Therefore, this high efficiency reported in the
simulations cannot be achieved in a real device.

In addition, another reason that can reduce the perfor-
mance in real devices consists in the presence of the back
contact barrier at CIGS/Mo interface. In order to quantify
this effect, we have performed some additional measurement
campaigns comparing the device performances in the pres-
ence both of a real back-contact (i.e., Molybdenum) and an
ideal back-contact. The ideal interface has been simulated
with a surface recombination speed equal to the carrier
thermal velocity and a barrier height equal to zero.The results
are shown in Figures 5 and 6. In detail, Figure 5 depicts
the relative variation of the short-circuit current density 𝐽SC
and the open-circuit voltage𝑉OC—at increasing energy gap—
when employing the real back-contact. The reference values
(𝐽SC and 𝑉OC) refers to the case with the Mo back-contact.
Similarly, Figure 6 illustrates the variation of the efficiency
and the fill factor. The results indicate that the open-circuit
voltage decreases of about 7% at higher 𝐸

𝑔
values, while the

difference is even more pronounced for lower 𝐸
𝑔
values (up

to 16%). With regard to the short circuit current, there are
no noticeable differences for the whole range of considered
energy gaps. The fill factor decreases of just 2% at higher
energy gaps, while the difference is more noticeable for lower
𝐸
𝑔
absorbers (about 9%).The same trend can be observed for

the efficiency: for absorbers with lower energy gaps the Mo
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Figure 6: Variation of the efficiency and the fill factor versus CIGS
energy gap when employing the Mo back-contact.
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real back-contact causes a decrease in efficiency of about 4%,
whereas this effect is less noticeable at increasing 𝐸

𝑔
.

From the above-mentioned results, it is clear that it would
be convenient to use high energy gap absorbers, but this
would cause an increase of density defects when augmenting
the Ga content, as already before-mentioned. In order to
overcome this limitation, in the literature other kinds of cells
have been realized [39] having a variable absorber composi-
tion with an increased energy gap only in the area near the
Mo back-contact. In particular, the above-mentioned cells
possess, in the CIGS layer, a Ga fraction increasing from
about 0.3 (𝐸

𝑔
∼1.2 eV) near the junction up to 0.5 (𝐸

𝑔
∼1.4 eV)

near the Mo contact. In this way, it is possible to reach an
efficiency slightly higher than 20%.

In order to reduce the overall effect of the Molybdenum
back-contact, acceptor doping concentration of absorber
CIGS layer𝑁

𝐴
must be augmented. For this reason, in the lit-

erature [40], high efficiency cells have been recently obtained
through an accurate control of the doping concentration of
the absorber during its growth.

Figure 7 shows both the 𝑉OC and the 𝐽SC versus the ratio
between the𝑁

𝐴
concentration and the donors concentration

𝑁
𝐷
, for a given fixed value of 𝑁

𝐷
= 10
17 cm−3. As reported,

𝑉OC increases with 𝑁
𝐴
, while 𝐽SC decreases due to an

increased recombination rate near the space charge region
(SCR). Similar trends have been obtained for𝑁

𝐷
in the range

between 1015 and 1018 cm−3 and are not reported here for
brevity.
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As a consequence, the efficiency has a maximum value, as
reported in Figure 8 that depicts the efficiency versus the ratio
between the𝑁

𝐴
concentration and the donors concentration

𝑁
𝐷
.
In detail, the maximum is obtained when 𝑁

𝐷
is almost

equal to 𝑁
𝐴
. Also in this case, similar trends have been

obtained for other values of𝑁
𝐷
in the range between 1015 and

1018 cm−3.
In order to improve both 𝑉OC and 𝐽SC, we propose the

innovative structure having a graded carrier concentration
absorber profile, already described in Section 2.2 and herein
called Graded Carrier Concentration Profile, GCCP.

In other words, we have simulated a CIGS solar cell with
the absorber consisting of 10 different 0.2 𝜇m-thick layers
each one having a different doping concentration (𝑁

𝐴
). The

overall CIGS absorber thickness (i.e., 2𝜇m) has been chosen
to make it an easy comparison possible with the above-
analysed conventional cell.

In detail, the doping concentration in the absorber is sup-
posed to linearly increase towards the back contact, with the
maximum value of𝑁

𝐴
in the layer located near the absorber-

Molibdenum interface. In our simulations, the minimum
value of 𝑁

𝐴
is supposed to be in the layer near the junction

(𝑁
𝐴 LJ) and varies from 1014 cm−3 to 1019 cm−3, while the

maximum value of 𝑁
𝐴

is in the layer placed near the
absorber-Molibdenum interface (𝑁

𝐴 Mo) and it is assumed
constant to 𝑁

𝐴 Mo = 10
19 cm−3. This upper bound has been

chosen since it is very difficult, from a technological point
of view, to realize higher𝑁

𝐴
concentrations. In addition, we

want to underline that we will focus on an absorber having a
Ga fraction equal to 0.31, which can be easily realized with a
better quality, contrarily to absorbers with higher Ga content.

In order to reveal more information on the working prin-
ciple of such structures, we have first carried out a depth-
dependent investigation of our CIGS cells. In particular, in
Figure 9, we depict the energy-band diagram versus depth
for a GCCP cell, with 𝑁

𝐷
= 𝑁
𝐴 LJ = 10

17 cm−3, compared
to a conventional uniform CIGS absorber profile, with𝑁

𝐷
=

𝑁
𝐴
= 10
17 cm−3. As reported, the GCCP structure causes the

energy band of the absorber to linearly increase towards the
back contact.
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Figure 9: The schematic energy-band diagram versus depth of a
GCCP (𝑁

𝐷
= 𝑁

𝐴 LJ = 10
17 cm−3) and UCCP ZnO:Al/ZnO/

CdS/CIGS/Mo solar cell under standard AM1.5G solar spectrum
condition.

Therefore, similarly to what happens inside a CIGS cell
having a Ga back graded profile, a quasielectrical field
directed towards the back-contact is induced through the
absorber. For the case shown in Figure 9 the value of the
generated quasielectrical field is about 600V/cm. This field
causes the drift of the photogenerated electrons and of the
holes, the first towards the SCR and the latter towards the
back-contact, respectively. Therefore, the minority-carrier
“drift-diffusion length” is increased, and thus an efficient
collection of the carrier at the junction can be achieved in
GCCP CIGS cells. This effect reduces both bulk and back
surface recombination at the contact, and thus 𝐽SC, 𝑉OC, FF,
and the efficiency are enhanced.

However, an important difference compared to Ga back
graded profile consists in the fact that in our structure both
𝐸
𝐶
and 𝐸

𝑉
increase towards the back-contact, and thus the

energy gap keeps constant along the absorber depth. Thanks
to this behaviour, the generation process is more efficient in
the proposed cells if compared to Ga back-graded structures
that present higher thermalization losses.

As depicted in Figure 10, due to the above-mentioned
quasielectrical field, the minority carrier current direction
changes just before the back-contact in a GCCP cell, when
the back surface field at the CIGS/Mo interface becomes
dominant. Instead, in an UCCP cell this change happens
near the junction, and thus all the carriers photogenerated
deeper inside the absorber contribute to reduce the cell per-
formances. Hence, in our proposed GCCP solar cell the total
current density increases compared to a conventional cell.

Using the above-mentioned GCCP structure, we have
performed several simulation campaigns aimed at analysing
how the main parameters (i.e., efficiency, short circuit cur-
rent, and open circuit voltage) are improved if compared to
the conventional structure.

The results are depicted in Figure 11, in which we show
the efficiency versus the 𝑁

𝐴 LJ/𝑁𝐷 ratio. In detail, 𝑁
𝐴 LJ is

the concentration near the junction, while 𝑁
𝐷
is the donors

concentration of the two n-type junction layers (i.e., CdS and
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Figure 10: Current density versus depth of a GCCP (𝑁
𝐷
= 𝑁
𝐴 LJ =

10
17 cm−3) and UCCP ZnO/CdS/CIGS solar cell under solar cell

under standard AM1.5G solar spectrum condition.
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Figure 11: Efficiency versus the ratio between the𝑁
𝐴
concentration

near the junction and the donors concentration 𝑁
𝐷

at several
different values of𝑁

𝐷
.

ZnO) composing the structure. Several different 𝑁
𝐷
values

were taken into account, ranging from 1015 cm−3 to 1018 cm−3.
As reported, by using the proposed cell structure and

properly choosing the value of 𝑁
𝐴

near the junction, it
is possible to achieve high efficiency (up to about 22%),
regardless of the 𝑁

𝐷
concentration. Comparing these values

with the conventional CIGS structure, see Figure 3 at the
corresponding 𝐸

𝑔
= 1.2 eV, a strong surge in efficiency (more

than 4%) can be observed. It is worth noting that this is true
only if we have an 𝑁

𝐴
near the junction less or equal to the

𝑁
𝐷
concentration (i.e.,𝑁

𝐴 LJ ≤ 𝑁𝐷); otherwise, the efficiency
noticeably decreases due to the already mentioned photo
carrier recombination effect close to the junction, which
decreases the 𝐽SC, as reported in Figure 12. A similar trend is
observed for the fill factor, not reported here for brevity.

Lastly, Figure 13 shows the𝑉OC versus𝑁𝐴 LJ/𝑁𝐷 ratio, for
𝑁
𝐷
in the range between 1015 and 1018 cm−3. As reported, the
𝑉OC increases with the doping concentration.
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4. Conclusions

In this study, we have performed some simulative campaigns
by means of the wxAMPS software, to investigate on the
effects of the absorber band gap on themain electrical param-
eters in conventional CIGS solar cells. In detail, our results
show that the efficiency increases with energy gap, up to a
maximum peak around 1.40 eV. In addition, the Ga content
also influences 𝑉OC e 𝐽SC: in detail, 𝑉OC increases linearly
with 𝐸

𝑔
, while 𝐽SC decreases considerably. Furthermore, we

have shown that all the electrical parameters remain almost
constant when the absorber thickness is greater than 2𝜇m.
Moreover, we have investigated on the effects of the molyb-
denum back-contact on the above-mentioned parameters,
showing a decrease in efficiency of about 3–5% in presence
of the back-contact, especially at lower values of Ga content.

However, the obtained efficiency is quite lower if com-
pared to other kinds of cell already reported in the literature.
For this reason, we have proposed a novel structure with
a graded doping concentration absorber profile. A depth-
dependent investigation has shown that, in GCCP structures,
a quasielectrical field directed towards the back-contact is

induced through the absorber, 𝐸
𝐶
and 𝐸

𝑉
increase towards

the back-contact, and thus the energy gap keeps constant
along the depth. Therefore, the generation process is more
efficient in GCCP cells compared to Ga back-graded struc-
tures. Close to the Mo back contact, the 𝑁

𝐴
concentration

should be the highest technologically feasible, while the 𝑁
𝐴

concentration near the junction should be lower than𝑁
𝐷
to

avoid an excessive photo carrier recombination effect. In this
way, we were able to increase the efficiency up to over 21%.

These results are of great importance to allow technolog-
ical optimization during future experimental work.
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