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Abstract

Solar photovoltaic (PV) is empowering, reliable, and ecofriendly technology for harvesting energy which can be assessed
from the fact that PV panels with total electricity generation capacity of 505 GW have been installed by the end of 2018.
Thin-film solar cells based on copper indium gallium selenide (CIGSe) are promising photovoltaic absorber material owing
to an alternative to crystalline silicon (c-Si)-based solar cells because of the huge potential for low-cost solar electricity
production with minimal usage of raw materials. The efficiency record of 23.4% was achieved recently in CIGSe solar cells,
which was comparable to c-Si solar cells (27.6%). The manufacturing cost of $0.34/W is expected for 15% efficient CIGSe
module. The present review article discusses the perspectives of CISe/CIGSe-based thin-film solar cells with the focus on
absorber material. Different vacuum and non-vacuum techniques for fabricating these materials are discussed along with
the operation of solar cells and their manufacturability. The working mechanism of CIGSe solar cells with the characteristic
features of the open-circuit voltage and current density as well as the factors influencing the efficiency in different fabrication
techniques are reviewed. Moreover, some strategies toward the improvement of solar cells performance contemplating modi-
fied deposition are reviewed. Furthermore, how these strategies can be executed in order to make it cost effective methods
is also discussed in detail. Prevailing constrictions for the commercial maturity are deliberated, and future perspectives for

improvement at lab as well as industrial scalabilities are outlined.

1 Introduction

Energy is an essential part of techno-socio-economic
development all over the world. The improvement in the
life expectancy, electrification level, infant mortality rate,
mean years of schooling, water access, etc., which are the
characteristics of the modern society has a high correlation
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with the consumption and production of energy [1]. The
human civilization has an indication factor for energy har-
ness and its consumption since its inception for the wel-
fare of society. The use of available energy sources enabled
humans to improve the quality of life [2]. With the advance-
ment of science and technology for the evolution of energy
resources, the subsequence advancement of human society
has contributed toward the progressive modern society. The
statistics reveal how the quality of life increases with energy
consumption, highlighting the importance of energy pro-
duction, and distribution to an always increasing popula-
tion [3]. The increase in energy consumption is also related
to global population growth. Henceforth, the necessity to
enhance the rate of energy production to fulfill the basic
requirement needs becomes one of the most challenging
tasks that our civilization must face. To balance the energy
consumption with its production, different available as well
as alternative sources must be explored, which consequently
increases the harmful collateral effects. Another aspect of
energy balance is the fair distribution of energy that must
be taken into insight given many people are still away from
the access of basic energy consumption [1-4]. Nowadays,
the way the researchers obtain the primary energy is mainly
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through non-renewable sources namely oil, coal, and natural
gas which are exhaustible [5], this is because of the reason-
ably low price for converting fossil fuel to energy. Never-
theless, severe environmental issues are arising out of the
use of fossil fuels in the current scenario. The main issue is
that fossil fuel, a natural resource of energy, is limited and
non-renewable. It underlines the impracticability of the use
of fossil fuel energy as if there is an unlimited amount for a
much longer time to meet the increasing energy demand. So,
it is necessary to remember that, at a certain moment, these
resources will start to run out leaving behind not only the
hole in energy production but also a high increase of prices
which will directly affect the quality of the entire population.
Global warming and the emission of greenhouse gas are
mainly the cause of the utilization of non-renewable fos-
sil fuels through combustion during energy consumption
[6]. Burning of fossil fuels causes emission of long-lived
greenhouse gases (GHG), such as CO,, SO,, and NO,, which
act to trap heat, radiated from earth’s surface, and cause an
increase in the surface temperature of the earth. Nowadays,
the global warming phenomenon has become a front-page
issue since the consequences of increasing earth temperature
might cause catastrophic natural disasters, such as inundat-
ing, desertification, ice melting, extinction of many species,
and deforestation. Different international policy commit-
ments have been adopted for the reduction of greenhouse
gas emissions through the reform of our energy consumption
and production habitudes based on energy savings and the
development of new energy sources [7]. Hence, the depend-
ence on fossil fuels to meet the increased energy demand
could have adverse effects on global climatic changes. In
this context, the promotion of alternative, environmentally
friendly, and renewable energy sources, which generate less
or no carbon to the environment, pays much attention as
decarbonizing energy is the quickest way to decarbonize
the world. Different sources of energy, like hydroelectric,
nuclear, and renewables, have been utilized as an alter-
native source. Renewable energy resources have pivotal
importance in the world’s future energy sector. To have a
scenario of constant growth in population with an equilib-
rium between factors of high quality of life, the utilization
of clean renewable energy sources is necessary as a forward
step that humanity must take in the energy production. The
most important sources of renewable energy are wind, solar
photovoltaic (PV), bioenergy, tidal, geothermal, etc. These
energy sources exist virtually everywhere, in contrast to
other energy sources, which are concentrated in a limited
number of countries. Based on the report of Renewable
Energy Policy Network for the twenty-first century, renew-
able resources shared 20.3% and 26.2% to global energy
consumption in 2017 and 2018, respectively. Among these
energy consumptions, 15.8% comes from hydropower, 5.5%
from wind, 2.4% from solar PV, 2.2% from bio-power, and

0.4% electricity is from the geothermal, concentrated solar
power (CSP), and ocean power [8]. The contribution of
renewable energy is expected to increase significantly in the
upcoming years. Rapid implementation of renewable energy
resources can result in remarkable energy security, climate
change mitigation, and economic benefits. Besides, renew-
able energy technology has the potential to lift rural and
remote areas, developing countries and underdeveloped to
new levels of prosperity. Renewable electricity generation is
estimated to increase by 45% during the period 2013-2020,
reaching 7310 TWh [8, 9].

Amidst the different renewable energies, solar energy is
the most abundant and widely distributed energy source. The
sun radiates energy at the rate of 3.8 x 10** kW, of which
1.8 x 10" kW is captured by the earth. This indicates that in
one second, the sun gives off more energy than people have
used since the beginning of the time [8, 10]. Furthermore,
solar energy is one of the cleanest sources of energy, creat-
ing no harm toward natural resources, such as water, air,
and soil. It positively addresses the global warming issue
(no emission of greenhouse gases) and does not produce
solid or liquid waste materials [11-18]. Other advantages
of solar energy that make it as the backbone of serious
sustainable development programs include restoration of
degraded land, reduction of transmission lines from electric-
ity grids, enhancing the quality of water resources, progress
of national energy independence, diversification and security
of energy supply, and steady growth of rural electrification
in developing countries [19-21]. Hence, it is often referred
to as “green energy’’ to conventional fossil fuel energy
sources.[22, 23]. PV has made magnificent growth in the
past decades, and definitely it will play a vital role in global
electricity production in the future. Cumulative global PV
capacity has increased from 404 GW in 2017 to 505.5 GW
in 2018 with more than 100 GW (direct current) of annual
installation in 2018 [8]. Thus, 2018 is marked as a record
year for the growth of PV capacity.

According to the Shockley--Queisser theory, there are
certain requirements for a material to be used as an absorber
material in a solar cell [23, 24]. They are as follows: (i)
band gap between 1.1 and 1.7 eV, (ii) consisting of readily
available, non-toxic materials, (iii) easy, reproducible depo-
sition technique, suitable for large-area production, (iv) good
photovoltaic conversion efficiency, (v) long-term stability,
(vi) control of conduction type and resistivity, and (vii) high
carrier lifetime [25]. The PV market can be divided into dif-
ferent technologies depending on the use of semiconducting
absorber material for device fabrication. The bulk crystalline
silicon (c-Si)-based solar cells belong to the first generation
solar cells which grab the PV market over 90% and have a
conversion efficiency of around 27.6% (cell) and 24% (mod-
ule). Although Si has a near-optimum energy band gap to
provide good conversion efficiency being an indirect band
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gap material, it has a low absorption coefficient (100 cm™)
which is detrimental from the photovoltaic material point of
view. The diffusion length of the photogenerated electrons/
holes should be twice the thickness of Si for them to be
available at the heterostructure [26]. This will be possible
by ensuring a high crystalline quality of Si that demands a
complicated manufacturing process and increasing the cost
of photovoltaic devices. Thin-film solar cells are expected to
grow as new generation solar cells and belong to second gen-
eration consisting of amorphous Si (a-Si), cadmium telluride
(CdTe), copper zinc tin sulfide (CZTS), gallium arsenide
(GaAs), copper indium aluminum selenide (CIASe), and
copper indium gallium selenide (CIGSe), which reduce the
production cost through the development of new growth and
deposition methods of material with few micrometers range
of thickness as shown in Table 1. A variety of deposition
techniques, including physical, chemical, electrochemical,
mechano-chemical, plasma-based, hybrid, can be utilized
for growing amorphous to highly oriented films on different
substrate configurations. Compositional grading across the
thickness of the films can be effortlessly carried out during
the growth process even by doping and alloying to obtain
high-quality optoelectronic properties [27]. Surface passi-
vation is an important tool to alter the characteristics of the
film, which can be performed after the deposition. Further-
more, a flexible thin-film PV module can be installed on
the non-rigid and curved surface, which indeed broadens its
applicability. The third generation includes dye-sensitized
nanocrystalline or Gratzel solar cells, organic polymer-based
photovoltaics, multi-band and thermo-photovoltaic solar
cells, multi-junction cell, and hot carriers’ solar cells, which
have emerged to provide higher efficiency while maintain-
ing the low cost offered by second-generation solar cells.
The PV electricity needs to be cheaper to take an impor-
tant share in the energy production for fulfilling the global
population’s energy needs. The PV market dominated by Si-
based solar cells has limitations concerning cost reductions.
Silicon is an indirect gap semiconducting material, which is
obtained in the form of ingots. Around 200 pm thickness is
required for the solar cell application due to indirect band
gap nature, homojunction, wafer manufacture complexity,
etc. In contrast to Si-based solar cells, CIGSe and CdTe are

direct band gap materials with a high optical absorption
coefficient allowing to absorb the sunlight completely by
2 pm thickness on rigid as well as flexible substrates [26,
27]. Moreover, the energy payback time (EPBT) of thin-
film-based solar cells is 2-3 times lesser than c-Si-based
solar cells [28]. The EPBT of thin-film-based solar cell is
around 1-1.5 year, revealing the conclusion that the solar
cell would contribute to clean usage for more than 23 years,
given the assumption of a 25-year operation period. Mono-
lithic integration of thin-film technology allows connecting
devices from the front of one cell to the back of the next
one in the same plane. Another advantage of a thin film is
long-term stability which plays a major factor to achieve
commercialization.

Among the thin-film technologies, chalcopyrite-based
CISe and CIGSe have been considered promising technolo-
gies to facilitate today’s PV energy production challenge
having the best device conversion efficiency of 23.4% (cells),
17.4% (module) [24, 29]. The CIGSe technology has some
competitive characteristics, such as (i) low-cost manufac-
turing process (vacuum/non-vacuum), (ii) high efficiency
on different substrates, (iii) low use of toxic cadmium com-
pared to CdTe, (iv) high radiation tolerance, (v) direct band
gap for maximum absorption of photons, and (vi) simplicity
for processing steps [30]. In recent years, there has been
an immense improvement in efficiency based on an alkali
post-deposition treatment. Even higher efficiencies are tar-
geted using tandem solar cells based on thin-film solar cells.
Further progress has been made to reduce the thickness of
the film by the design of ultrathin solar cells with enhanced
properties, which leads to the usage of less materials. In
specific, tandem configuration of thin films are considered
to dodge the power loss mechanism which occurs in the con-
ventional single-band gap cells due to the incapability to
absorb photons beyond the energy band gap and thermaliza-
tion of photons surpassing their band gap. By the implement
of different band gap materials as a stack, tandem configu-
rations are realized with exceeding efficiencies under the
Shockley—Queisser theory.

In this article, the perspectives of chalcopyrite-based
CISe/CIGSe thin-film solar cells reported in last ten
years with the elaboration of different methods for device

Table 1 Physical properties

- - . Material Absorption coef-  Band gap (eV) Toxicity Sufficient thick- Maximum
1E(1)r9 dlzfierzeéltztl;ﬁn—ﬁlm maerials ficient (cm™) ness (um) reported effi-
i ciency (%)
a-Si 10° 1.75 None 1 14.0
CdTe 108 1.44 Cd 4-5 22.1
CZTS >10* 1.5 None 2-3 10.0
CZTSe >10* 1-1.5 None 2-3 12.6
CIGSe >10° 1-1.7 None 1.5-2 234
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fabrication and strategies to improve the efficiency and
cost by implementing different deposition processes are
reviewed. The review has been categorized into different
sections which provide some of the important facets of the
research area on CISe/CIGSe thin film: (1) theoretical back-
ground of thin-film solar cells and its operation; (2) material
properties of chalcopyrite-based CISe/CIGSe; (3) state-of-
the-art CISe/CIGSe solar cells; (4) review on different depo-
sition techniques to form absorber material; and (5) future
perspective and the discussion on the challenges.

2 Theoretical background and operation
of solar cells

The solar cell is a photovoltaic device that converts solar
energy directly into electricity based on the photogenerated
charge carriers in an absorbing semiconductor. The generation
of charge carriers by absorption of photons, separation, and
collection of those carriers are mainly three steps involved in
the operation of solar cells. A semiconducting material always
absorbs the photon with energy (E),) greater than its band gap
(Ey). The absorbed photons excite an electron from the valence
band to the conduction band in the absorbing material, i.e.,
creation of electron—hole pairs (see Fig. 1). The generated
charge carrier pairs can either recombine or be separated and
then collected (contributing to photogenerated pairs). The
number of absorbed photons depends on the thickness and
absorption coefficient of the absorber material. The crucial
part of a solar cell is the formation of p—n junction, which con-
sists of two semiconductor materials in contact, one n-doped
(excess of electrons) and another p-doped (excess of holes)
[31]. In a CIGSe-based solar cell, various semiconductor
materials are used for the p—n junction formation; hence, the
structure is called heterojunction, while in c-Si-based solar

(a) m——ep  Built- in electric field
CB
P-type
photon
Carrier
.generation Fermi
___———--o—---_—-_——-_-- level
VB

(b)1

cells it is homojunction, i.e., the p—n junction is formed with
boron (p side) and phosphorous (n side) doped in the same Si
material. The utilization of heterojunction permits the use of
a wide-band-gap window layer and hence reduction in surface
recombination. The valence and conduction band have discon-
tinuities along with the device structure which can be seen in
the energy band diagram of p--n heterojunction (see Fig. 1b).
This junction represents the formation possibility of energetic
barriers for the charge carrier transport phenomenon. The con-
version of minority carriers in p-type absorber layer become
majority carriers at the adjacent interface zone by decoupling
the physical and electronic junction by the formation of buried
junction, hence decreasing the recombination probability [32].

In this study of solar cells by considering a simple single-
diode model, where one charge carrier flows the external
circuit per each absorber photon, two different currents are
considered are follows:

(i) A photocurrent [, in the reverse direction;
(i) A forward current I, corresponding to the diode.

The flow of the current is affected by two resistances: one
is series resistance (R,) and another is shunt resistance (Ry,) of
the solar cells (see Fig. 2). The total current of an ideal diode
(considering series and shunt resistance to be zero and infinity,
respectively) can be written as [33]

I(V) =lgyuc + Ly, (D

\%4
I(V)y=1, [exp (%) - 1] =1y, )

where I, is the reverse saturation current of the diode, A is
the diode ideality factor, K is the Boltzmann constant, T is

, E

Ec
N

pp—————————— L L L L b L L Ll kb - - - - E[

Ev
Eg-win
-type
n-type p
Window layer absorber layer
Position X

Fig.1 a Schematic diagram of the working principle of a solar cell, b energy band diagram of CIGSe-based solar cell
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Fig.2 Equivalent circuit of a thin-film solar cell

the absolute temperature, ¢ is the elementary charge, and V
is the applied voltage to the diode.

The current density J in terms of short-circuit current
is given by [33]

J=- ph = ‘Isc’ 3

where J. is the short-circuit current density, which is con-
trolled by the current generation and recombination process.

If the flow of current is zero (J=0), then the expression
of open-circuit voltage can be written as

J
()]

where V. is the open-circuit voltage, controlled by the diode
current. Therefore, the relation between J, and V,, can be
written as (ideal condition)

Fig.3 Unit cell of CIGSe and zinc blende
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For non-ideal condition (R # 0 and R, # 0), the relation
between J . and V is given by [33]

q(V-R,) VR
J(V)=J, |exp AT -1+ R, —Jon- (6)

The Cu(In, Ga)Se, is an I-III-VI, semiconductor mate-
rial, which crystallizes in a tetragonal chalcopyrite structure.
The quaternary system Cu-In-Ga-Se is based on the
Cu—In—Se and Cu—Ga-Se ternary systems [34, 35]. CIGSe
and CGSe have the same crystal structure, except as a matter
of fact that some In atoms are superseded by Ga atoms. The
chalcopyrite structure of CISe is obtained from the zinc
blende structure with the introduction of an additional order-
ing of the cation sub-lattice, requiring a doubled primitive
cell (tetragonal structure) (see Fig. 3) [36]. The structure can
be visualized as two interpenetrating face-centered cubic
(fce) lattices: the first anion lattice consisting of group VI
atoms (Se*”) and the other being an ordered array of group
(Cu™) and (In**) cations [37]. Each of the Cu or In atoms is
bonded tetragonally with four Se anion atoms, whereas each
of the Se atoms is coordinated with two Cu and two In
atoms. The transition from CISe to CIGSe is achieved by the
partial aleatory substitution of indium for gallium atoms.
One of the most noticeable effects on the CISe structure with
the addition of gallium is the decrease of the lattice param-
eters. This decrease represents a distortion of the crystal
structure and is directly related to the size difference of

indium and gallium atoms (atomic radii ratio Ga R 3/4).
n

The value of tetragonal distortion is given by A=2 — c/a and
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is depending linearly on Ga content in Cu(In;_,Ga,)Se,. The
value A is negative for x < 0.23 and positive for x> 0.23. It
could be due to the change in electronegativities of In and
Ga [38-43]. For a pure CISe, the c/a ratio is close to 2.
However, the c/a ratio deviates toward lower values along
with grain refinement due to the substitution of In by Ga
atoms. Considering the band structure, the valence band of
CIGSe is derived from the weak Cu—Se bond group (I-VI)
due to the hybridization of Cu-d and Se-p orbitals. The bot-
tom of the conduction band is mainly contributed from the
In and Ga atoms (group III-s orbitals).

The chalcopyrite CISe phase lies on or near the
Cu,Se—In,Se; tie line as shown in Fig. 4. The order defect
compound (ODC) phases, such as Culn;Ses, Cu,In,Se,, and
Cu;InsSeq, lie on the same tie line. ODC phases are formed
due to the regular arrangement of point defects in the chal-
copyrite crystal structure [44, 45].

The elementary compositional diagram of CISe varies
as a function of formation temperature of different second-
ary and ternary phases along with Cu,Se-In,Se; tie line as
shown in Fig. 5. According to the phase diagram, there exist
a, B, and  phases of CISe. The desired a-phase of CISe
has a chalcopyrite crystal structure, and it exists in a very
narrow range of Cu content (24 to 24.5%) at room tempera-
ture and higher temperature [46]. On the Cu-rich side, the
a-CISe phase exists with the CuSe phase. On the Cu-poor
side, CISe exists with #-Culn;Se; ODC phases [47]. A spe-
cific defect cluster 2V, +Ing, (two copper vacancies with
indium at copper antisite) also has low formation energy
and is responsible for the formation of ODC phases. Moreo-
ver, V¢, defect acts as a shallow acceptor. This defect pair
has low formation energy and is responsible for the p-type
self-doping. On the other hand, Se vacancies (Vg.) and Ing,
defects act as compensating donors and diminish the p-type
conductivity of absorber material. The defects Cuy, acts
as recombination centers. The 8 phase of CISe, which has

Se

Culn;Ses

In,Se;

Cu,lIn,Se,
CuslnsSeq

Inse

Fig.4 Ternary elementary compositional diagram of CISe
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Fig.5 Pseudo binary Cu,Se-In,Se; equilibrium phase diagram (
reproduced from PhD thesis entitled “Deposition and characteriza-
tion of Cu(In,_,Ga,)Se, films by multiple deposition techniques”
presented by Pablo Itzam Reyes Figueroa and supervised by Prof.
Velumani Subramaniam and Dr. Nicolas B.) [47]

sphalerite crystal structure exists at high temperature and
is unstable at room temperature with a zinc blende unit cell
in which metallic cations (Cu™ and In**) are randomly dis-
tributed. The sphalerite phase differs from the chalcopyrite
phase in the random distribution of Cu and In atoms. The
introduction of Ga into the CISe system widens the chalco-
pyrite region toward the lower concentration of Cu content
(20.7%). This is believed to be due to the higher formation
energy of Vi, + Gag, defect pair than V,+ In, pair [44,
48-50]. The stoichiometric composition of CISe absorber
material consists of Cu: 25 at.%, In: 25 at.%, and Se: 50
at.%. However, for making p-type material, slightly copper-
poor (formation of V) composition is always preferred.
Figure 5 shows that the a-CISe phase contains less than 25%
Cu, although the a-CISe phase field is very narrow at low
temperature and it widens at higher temperature.

3 State-of-the-art CIGSe solar cell

Among the different thin-film solar cell materials, one of
the highest efficiency devices have been obtained employing
CIGSe absorber layers. The record efficiency for a CIGSe-
based solar cell has been recently obtained by Solar Frontier
with 23.4% (for a cell area of 1 cm?) [24]. Before this, for a
cell area of 0.5 cm?, the efficiency of 21.7% was recorded
by ZSW, and it was touted for the possibilities for mass
production, with ZSW claiming it to be reproducible with
achievable efficiencies of over 20% on 40 separate cells in
its labs [48].
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The state-of-the-art CIGSe solar cell in a substrate con-
figuration is depicted in Fig. 6a, which consists of a mul-
tilayered structure of thin-film layers deposited onto the
soda--lime glass substrate. Molybdenum (~0.5 pm) as an
electrical back contact is generally formed on SLG via DC
sputtering. For the p—n junction formation, p-type CIGSe
absorber layer and n-type CdS buffer layer are deposited
by co-evaporation and chemical bath deposition techniques,
respectively. The front contact is formed by a bilayer of
i-ZnO and AZO (Al-doped ZnO) with the approximate
thicknesses 50—100 nm and 150-200 nm, respectively, as
the barrier and conductive layer, deposited by RF sputtering.
Ultimately, Nickel-Aluminum (Ni—Al) grids as top metal
contacts are deposited onto transparent conducting oxide
(TCO) to enhance the charge collection. An anti-reflective
(AR) coating onto the full solar cell structure is then evapo-
rated (MgF,, 105-115 nm) to avoid optical reflection losses.
Collectively the top-most 3 layers are hence referred as the
“window layer,” as the cell is illuminated from ZnO side.
The cross-sectional view of the CIGSe-based solar cell
structure is depicted in Fig. 6b.

Understanding the contributory roles of each layers in
the functioning of solar cell device is crucial factor. The
substrate widely used for solar cells (chalcopyrite-based) is
soda--lime glass (SLG) as it offers many advantages, such
as exhibiting similar coefficient of expansion as CISe in
the particular temperature for the growth of the material.
The elimination of internal stress can be effected easily by
annealing upto 500 °C [51, 52]; SLG itself is a source of
sodium to grow chalcopyrite, and its interdiffusion from the
glass to absorber improves the grain growth and the solar
cell performance by reducing the metal diffusion and sup-
porting the growth of MoSe, at the back contact [40, 42, 53,
54]. It is also known to dissociate molecular oxygen into
atomic oxygen leading to the passivation of Se vacancies. On
the other hand, CIGSe formation on borosilicate glass with

(a) photon

Metal grid

v v v v v

]

window layer

CdS n-type buffer layer

Qe o -

Mo back contact

SLG substrate

Fig.6 a Standard configuration of a CIGSe solar cell depicting a
multilayered structure, b Cross-sectional view of CIGSe-based thin-
film solar cell ( reproduced from PhD thesis entitled “Deposition and
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a lower thermal expansion results in tensile stress (voids
and micro-cracks) during cooling process. Similarly, CIGSe
formation on a substrate with higher thermal expansion coef-
ficient such as polyimide results in compressive stress which
may lead to adhesion failures. SLG has a similar coefficient
of thermal expansion (9 X 107%/K) as that of CISe/CIGSe,
so there are no stress/strain issues. However, for alternate
substrates, stress/strain at the interface should be passivated
by Na doping (larger grain size, preferred orientation, etc.).
Besides, the use of a lightweight and flexible substrates,
such as plastic, metal foils, Kapton and Upilex polymeric
substrates, at low temperature (<450 °C) for roll-to-roll pro-
cessing could lower production costs [40, 42].

3.1 Back contact

The preferred back contact is sputtered molybdenum (Mo)
owing to its stability under high temperature required for
the chalcopyrite deposition [55], and no addition of any
n-type doping comes to the picture to recompense p-type
doping of CIGSe [56]. Ohmic contact has been established
with CIGSe via the formation of an intermediate MoSe,
layer. Lower holes contact resistance (by intermediate layer)
helps to reduce the recombination rate. The optimum thick-
ness of Mo is also necessary for the proper functioning as
Ohmic contact. For a thick MoSe, layer, it may induce an
excessively high series resistance within the device [54,
57]. Molybdenum Mo, at least for typical cell structures and
methods of preparation, seems to be nearly a perfect contact
material. However, one of the fewer known issues associ-
ated with Mo is its susceptibility to corrosion that reportedly
contributes to degradation in the module in accelerated life-
time testing [58]. Poor optical reflection is the other disad-
vantage of molybdenum, which may become relevant issue
to reduce the absorber thickness. It is very thoughtful that
the use of Mo-based alloys could enhance stability instead

(b) —_—
/;-znom;o.u (window layer}

characterization of Cu(In,_,Ga,)Se, films by multiple deposition tech-
niques” presented by Pablo Itzam Reyes Figueroa and supervised by
Prof. Velumani Subramaniam and Dr. Nicolas B.) [47]
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of pure Mo. There are various other alternatives for back
contact as well, to mention a few: Tungsten appears to yield
a good ohmic contact; however, the poor optical properties
are one of the main hurdles, while Tantalum and Niobium
have slightly higher reflections. Also, preliminary studies
indicate the good feasibility in terms of contact performance
[50]. TCO-coated metal contacts may become an alternative
solution for stability achievement, and good optical as well
as electrical performance for solar cells [58—60].

3.2 Buffer layer

Chalcopyrite photovoltaics is formed by the p-type CIGSe
absorber layer with a wide-band gap semiconducting n-type
window layer. The deposition of an n-type semiconductor
window layer (i.e., wide-band-gap material) on the p-type
absorber film forms the p—n junction of a solar cell. The win-
dow buffer material must have comparatively a larger band
gap with respect to the absorber material, which allows the
incident photons to reach the absorber layer. Also, the buffer
layer has a higher carrier density (around 10'7 cm™) com-
pared to the absorber film. In this way, the extension of SCR
is wider into the absorber material, thus maximizing the col-
lection of photogenerated carriers. In high-efficiency CIGSe-
based solar cells, the buffer layer is a cadmium sulfide (CdS)
film deposited by low-cost chemical bath deposition (CBD)
method [61-63]. CdS is an n-type semiconductor with a
direct band gap value varying from 2.38 to 2.58 eV, hav-
ing its wurtzite hexagonal (stable, E,=2.58 eV) or cubic
(metastable, E,=2.38) crystal structure [64-66]. The CdS
thin film deposited by chemical bath deposition has a mixed
hexagonal/cubic or only hexagonal structure depending on
the growth conditions [66]. For high-efficiency CIGSe-
based solar cells, a buffer layer with hexagonal structure
is preferred over the cubic one, because of its stability and
higher optical band gap. Another important parameter for a
buffer film is the lattice mismatch with the absorber layer,
which impacts the number of interface states. Wada et al.
[66] reported a space between planes (d-spacing) of 3.36 A
corresponding to the (111) plane of cubic CdS or (002) plane
of hexagonal CdS. The d-spacing of CdS corresponded to
the ones related to the (112) plane of CIGSe (d=3.34 A).
It is also observed that those planes of CdS are parallel to
the (112) plane of CIGSe. It is important to highlight that
the mismatch increases with increasing Ga content [66].
The CdS buffer layer (50-80 nm thick) couples the CIGSe
absorber and ZnO window layer in three main aspects: (i)
electronically (band alignment), (ii) structurally (lattice
match), and (iii) chemically (interdiffusion) [67, 68]. The
CdS film grown by CBD participates not only in the forma-
tion of the p—n junction but also in the passivation of surface
states of CIGSe layer, elimination of surface oxides and pro-
tection of the absorber surface from potential damage during

the deposition of ZnO window layer [69]. Although many
attempts have been carried out to use different CdS growth
techniques (e.g., evaporation and sputtering), lower perfor-
mance has been obtained as compared to CBD [70]. Even
though CdS prepared by CBD technique is the best buffer
layer for highly efficient CIGSe-based solar cells, it has two
main disadvantages: (i) there are concerns about environ-
mental issues and waste disposal because of its toxic nature
and (ii) CBD process are not compatible with the in-line
vacuum deposition of CIGSe modules. For these reasons,
the CIGSe community is trying to replace the CdS buffer
layer by different alternative materials, such as In,S; [71]
and Zn(OH, S) [72], among others.

3.3 Transparent conducting oxide (TCO)

There are mainly two requirements to be a front contact in
chalcopyrite-based thin-film solar cell device: highly trans-
parent in order to allow enough light through the underlying
parts of the device, and sufficient conductivity to be able to
transport the photogenerated current to the external circuit
without dropping too much resistance [35, 58]. Undoped and
doped CdS thin film were utilized as a buffer and front con-
tact, respectively, during the early days of CISe and CIGSe
solar cell device fabrication [73]. Enough conductivity in
doped CdS was obtained by intrinsic doping with Al or In.
Spectral losses in conducting CdS were replaced later by
TCOs with band gaps of above 3 eV. Various TCOs, such as
ITO, SnO,:F, ZnSe, ZnS, In,S;, and ZnO, have been widely
used in solar cell fabrication. Nowadays, CIGSe solar cells
employ either tin-doped In,O5 or, more frequently, RF-sput-
tered Al-doped ZnO. A transparent conducting ZnO window
layer is deposited on top of the buffer layer, which consists of
an i-ZnO/Zn0O:Al bilayer [74-78]. Al doping in ZnO results
in high carrier concentration (in the order of 10*° cm™).
TCO, a wide-band gap layer, provides low-resistive contact
for the cell [79]. The highly resistive intrinsic zinc oxide
(i-ZnO) thin film is deposited directly on the buffer layer
(thickness ~50 nm) [80]. For the quality improvement of
junction and for interface protection from sputter damage
while depositing TCO layer, i-ZnO thin layer is deposited
[81-83]. Both ZnO layers are deposited by RF sputtering
from ceramic targets.

3.4 Ni/Al/Ni grids

Generally, on top of TCO, a current collection grid is fab-
ricated as a metal contact in laboratory test cells. This trio
of Ni/AI/Ni is highly conductive and thus minimizes the
series resistance of the device [61]. To allow as much maxi-
mum light to reach the device, grids should have a minimum
shadow area. These grids consist of a stack layer structure
with 2 pm in thickness. Firstly, the direct contact of nickel
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to the ZnO:Al prevents the oxidation of aluminum present
in the window layer. Secondly, the aluminum (Al) layer rep-
resents the front ohmic contact of the solar cell. Finally, the
second Ni layer avoids oxidation of the Al ohmic contact and
allows contacting the top of the grids.

3.5 Nadoping

The beneficial effects of Na incorporation could be realized
with p-type conductivity improvement due to the increment
in hole carrier mobility and open-circuit (V) values as well
as the intense preferential orientation of prominent (112)
reflection plane due to the modification in crystal lattice
structure [62, 63, 84]. However, a mechanism for Na acquir-
ing by any of the crystal lattice sites is still unknown, and
thus, passivation of grain boundaries is one such explanation
which one could predict to have an idea of Na incorpora-
tion in CIGSe thin film. Fabrication of CIGSe thin film with
simultaneous Na incorporation is a crucial task as sustain-
ment of Na and the further role played till the fabrication of
full device structure as well as the film uniformity.

Solution-processed methods in such a questionable sce-
nario for Na incorporation is an approach where the tuning
of material along with reduced costs is a boon to explore
much in CIGSe. Recently, Colombara and co-workers have
explained accidental and deliberate Na doping that occurs
all the time during a gas-phase reaction where the vapor
pressure of sodium delivery and selenium atmosphere plays
a major role and efficiency as high as 8% has been achieved
[85]. Incorporating Na to the CIGSe thin film is a complex
step and a relatively smaller amount serves as a trigger for
obtaining higher efficiency devices. But the question arises
that whether the lower/room temperature would favor inter-
diffusion of Na or the process can only occur at a higher
temperature. Another scenario that needs to be discussed
is, if a higher temperature is required, would the properties
obtained be good enough keeping all the existing elements
intact? It has also been reported that the incorporation of Na
can take place using the non-vacuum process through in-situ
as well as ex-situ mechanisms. An optimum concentration
of ~ 1 wt% of Na, for in-situ doping, has been realized, result-
ing in defect-free formation in device quality CIGSe films
which could play a pivotal role in low-cost photovoltaics. In
ex-situ doping, annealing as-coated CIGSe on SLG at vari-
ous temperatures resulted in interdiffusion of Na at a higher
temperature of ~550 °C. For the same effects realized at a
higher temperature in ex-situ doped CIGSe (~ 550 °C),~ 1%
Na-doped CIGSe at a lower temperature (~ 150 °C) proves
to be beneficial that could prevent Se effusion at higher tem-
perature. Therefore, the ~ 1% Na-doped CIGSe at~ 150 °C is
an alternative for Mo-coated SLG which can reduce further
costs.
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3.6 Compositional grading

The state-of-the-art CIGSe thin-film absorber layers are
grown by different deposition processes, especially three-
stage or multistage co-evaporation, showing a varying [Ga]/
([Ga] + [In]) (GGI) ratios across the thickness. The rela-
tive elemental composition of Ga determines the band gap
energy of CIGSe, which can range from 1.04 eV for pure
CulnSe, to 1.68 eV for pure CuGaSe,, primarily due to a
shift in the position of the conduction band maximum [17].
Generally, GGI ratios of around 0.3 are used in record effi-
ciency CIGSe devices which correspond to the average band
gap values of approximately 1.15 eV. The concept of the Ga
grading profile was first investigated by Contreras et al. and
later continued as a three-stage deposition process by co-
evaporation [26]. This process leads to better crystallinity of
the absorber layer which is based on the interdiffusion of the
different metallic precursors and consequently results in the
formation of a double grading profile with higher Ga content
at the back and the front interfaces, and lower Ga contents
in the middle region. The reason behind this is the occur-
rence of more favorable reaction kinetics between Cu and In
than between Cu and Ga. Moreover, this can be explained
by the different potential barriers for the diffusion of In and
Ga through Cu vacancy defects. As a result, there is strong
chemistry between the overall amount of Cu and the shape
of Ga grading profile [20]. The formation of grading Ga
profile can be influenced by the amount of excess Cu dur-
ing the second stage of co-evaporation process. Addition-
ally, the formation of the Ga grading can also be affected by
other factors such as the presence and amount of alkali metal
treatment during the growth of CIGSe thin film, and the
deposition parameters (mostly temperature). The elemental
grading profile can be controlled precisely by adjusting the
growth rate of In and Ga during the deposition of CIGSe
thin film. One of the advantages of Ga grading in CIGSe
thin film is the presence of a back surface field (BSF) in a
gradually decreasing conduction band position, which sup-
ports the drift of free electrons toward the front side. This
improves the collection of charge carriers at near-infrared
region (NIR), as photons having low value of energy are
absorbed far from the SCR [25]. Another advantage consists
in a front surface grading aiming at a specific alignment of
the CBs at the buffer/absorber interface, to prevent a large
potential barrier for electrons at the junction and by reach-
ing a small favorable (< 0.3 eV) positive CB offset (CBO)
between CdS buffer layer and the CIGSe absorber layer.
Besides, the presence of a low band gap region (“notch”)
close to the front of the absorber for the absorption of low-
energy photons. Larger Ga content at the front interface of
CIGSe thin film is crucial for improved junction quality in
comparison to that in the notch. Jackson et al. reported the
improvement in the performance of the CIGSe device from
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20. to 21.7% PCE with the engineering of more pronounced
front grading [48]. If the amount of Ga is high in the CIGSe
film, the notch becomes deep and minority carrier collection
from the CIGSe thin film is reduced. The amount of Ga must
be varied precisely to obtain a wider band gap > 1.14 eV
for high V_. and PCE. However, there are some problems
associated with the high band gap CIGSe materials. The cell
efficiency decreases due to mid-gap defects/dangling bonds/
recombination and band discontinuities at the absorber/
buffer interfaces. Moreover, the donor-type defect level is
located at 0.8 eV above the valence band edge which affects
deep levels associated with donors.

Recrystallization of the CIGSe-based chalcopyrite phase
during the co-evaporation process might occur shortly before
the segregation of Cu-Se secondary phase on the surface.
High-quality Cu-poor films could, therefore, be achieved
without reaching a Cu-rich phase [35]. The amount of
Cu-excess impacts the position and height of the Ga notch
even in two-stage selenization process during the growth
of CIGSe thin film. Ga accumulation at the back, near the
Mo back contact interface, is undesirable for high-efficiency
cells. Therefore, metallic precursor and selenization condi-
tions are optimized for appropriately homogenized Ga pro-
file in two-stage selenization process. Highly efficient CIGSe
thin films are typically grown as a slightly Cu-poor material,
with [Cu]/([In] 4+ [Ga]) (CGI) ratios of 0.88 to 0.94. CIGSe
demonstrates a significant tolerance under stoichiometric
amounts of Cu, because of the formation of stable Cu-
deficient defect complexes. However, Cu-rich composition
shows the better semiconductor properties with improved
transport properties and lower defect concentrations. It has
also been shown that there should be the phase transition
between the Cu-poor and Cu-rich compositions for the stress
release during the growth of CIGSe thin film. The reduc-
tion in the performance of CIGSe device is mainly due to
recombination at or near the interface by limiting the V_
values [46].

4 Deposition methods

Growth conditions of the CIGSe thin film have a critical role
in the structural, optical, and electrical properties. Thus, the
choice of the growth method, as well as the growth process,
is a key factor for the achievement of high-performance PV
devices. On the other hand, one of the most important diffi-
culties for thin-film photovoltaic technology to become glob-
ally adopted is closely related to the cost of energy produced
(cost per Watt). The reduction of this cost could be achieved
either by improving conversion efficiencies of solar cells or
by the optimization of fabrication processes (e.g., material
utilization) or development of new fabrication/deposition
methods (e.g., implying the use of low-cost techniques, less

pure precursors, and the inclusion of sulfur). Nowadays, the
thin-film deposition methods are mainly divided into two
groups, namely, non-vacuum and vacuum. Electrochemical
[86, 87], nanoparticle (doctor blade and spin coating) [88,
89], and spray-based deposition [90-93] are among the non-
vacuum techniques. Amidst the existing vacuum techniques,
the co-evaporation [94, 95], sputtering [96], and selenization
[97] are the most important ones.

High-efficiency devices are achieved mostly by those
techniques performed under vacuum conditions. Co-
evaporation of elemental precursors [48, 94] and reactive
annealing of precursor films under selenium atmosphere
(elemental Se or H,Se vapor) [98] are the techniques allow-
ing the achievement of highest efficiencies. Although these
techniques offer the best performances, they also involve
high capital investments in specialized equipment that have
issues with the material utilization efficiency (depending on
the vacuum deposition technique). In comparison, non-vac-
uum deposition techniques represent a low production cost
through the utilization of low-cost equipment, high mate-
rial utilization efficiency, and easy scale-up. Nevertheless,
solar cells prepared by non-vacuum methods exhibit lower
conversion efficiencies in comparison to those achieved
with vacuum processes. Considering large-scale produc-
tions of CIGSe, a simple example to elucidate one differ-
ence between the deposition cost of films with vacuum and
non-vacuum methods, rather than the deposition itself, is the
storage of the precursor chemicals. On one hand, the storage
of Ga trace metals basis (Ga source used in vacuum co-evap-
oration) must be done at 2—8 °C in low-humidity atmosphere
to prevent melting and harmful oxidation of the material. On
the other hand, the gallium (IIT) chloride (Ga source used in
non-vacuum chemical spray pyrolysis) could be stored as an
aqueous precursor solution at room temperature. Stockpiling
of precursors in less controlled environments could repre-
sent a reduction in cost. This section gives a brief review of
the different thin-film deposition techniques, giving special
attention to co-evaporation, sputtering (vacuum), and dif-
ferent non-vacuum deposition techniques. Concerning co-
evaporation deposition, the different processes (e.g., Boe-
ing, CURO, CUPRO, 3-stage), as well as the importance of
the presence of a copper-rich phase during the formation of
CIGSe, will be reviewed.

4.1 Co-evaporation process

The co-evaporation is the most used technique for the depo-
sition of high-quality CIGSe thin film, resulting in the best
solar cell efficiencies. In this technique, the vapors of dif-
ferent elemental materials are generated simultaneously
from evaporation sources. These vapors condense together
to form the absorber layer on a heated substrate at a certain
distance from sources. The co-evaporation process consists
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of multiple steps (or stages) sequentially linked, each one
characterized by fixed evaporation rates of individual ele-
ments and a set time. The total flux (i.e., atoms per unit time)
of each element depends on its vapor pressure in the source
and the temperature of the melting point. The temperature
of the melted material controls the evaporation rate (R) of
the sources as observed in the approximation:
A
ln(R)—B+T, (7)

S

where T is the surface temperature; A and B are constants.
This equation works in the small interval of evaporation
rates used for CIGSe growth. Each evaporation source has A
and B constants determined by the measurement of the evap-
oration rate (quartz crystal monitor) or the thickness of the
evaporated film. The arrival rate of the atoms to the substrate
mainly depends on the distance from the evaporation source
and the shape of the flux beam (®). When an evaporated
atom reaches the substrate, this could be adsorbed (stick to
the substrate) or re-evaporated. The sticking coefficient (S,)
[99] is the ratio between the atoms used in the formation of
the CIGSe layer (absorbed) and all the atoms that reach the
substrate. In the co-evaporation process of CIGSe, sources
containing elemental copper, indium, gallium, and selenium
are used. The sticking coefficients of copper, gallium, and
indium are close to one. In this case, the deposition rate of
each material could be equal to the arrival rate. Furthermore,
the sticking coefficient of selenium is lower than that of the
other metals (i.e., Cu, In, Ga). For this reason, selenium is
evaporated in excess (compared to the necessary to form
a stoichiometric CIGSe film) to form an absorber without
deficiency of selenium [100-107].

4.1.1 One-step process

One of the most simple co-evaporation processes is the one-
stage process (see Fig. 7), proposed by Shafarman et al.
CIGSe films fabricated by this method with uniform flux
have a columnar grain structure, and efficiencies up to 15.9%
have been demonstrated with 650 mV of V,_, 33 mA/cm? of

oc?

J.» and 74% of FF at 550 °C of substrate temperature. 11.3%
of efficiency was reported by the same process processed at
400 °C of substrate temperature with V. 560 mV, J 29 mA/
cm?, and FF 69%. This process consists of the simultaneous
evaporation of all elements at fixed evaporation rates at a
constant substrate temperature [104]. Evaporation rates are
set to nominal values that result in a final composition, i.e.,
slightly Cu-poor ([Cu]/ ([Ga] + [In]) = 0.85) which has a
Ga content of [Ga]/([Ga] + [In]) = 0.35 for the highest solar
cell efficiencies. The morphology of the growth layers is

distinguished by relatively small (< 1 um) columnar grains
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Fig.7 Schematic diagram of the CIGSe deposition by one-step pro-
cess
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Fig.8 Schematic diagram of the CIGSe deposition by Boeing process

[103]. The conversion efficiencies of CIGSe devices using
the absorbers obtained by this process are around 16% [104].

4.1.2 Bilayer or Boeing process

Bilayer process (see Fig. 8) was first proposed by Mickelsen
et al. [101], which is based on two steps:

(i) The first step is the deposition of a copper-rich
CIGSe layer (y> 1, y=[Cu]/ [In+ Ga]) at relatively
low substrate temperature (350 °C—450 °C).

(ii)) The second step consists in the decrease of Cu flux
along with the increase of indium and gallium fluxes
at a high substrate temperature (550 °C—600 °C).
This variation in fluxes will lessen the final composi-
tion to a sub-stoichiometric in copper (y < 1) [107].

Tuttle et al. [105] proposed a growth model of the two-
step bilayer process. During the first step (y> 1), a separation
of CuSe (liquid)-CulnSe, (solid) phases arise in the form
of islands. When the CISe islands coalesce, a thin layer of
liquid Cu,Se (1 <x<2) is formed on the CISe surface. In the
second step, the transformation of the “residual” Cu,Se layer
into CulnSe, is performed with an indium excess (copper
flux off) consuming the Cu,Se phase. The liquid Cu,Se phase
encourages the film growth through a vapor-liquid--solid
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mechanism, which progresses the mechanism of diffusion,
transport, and reaction kinetics. With this improvement, an
epitaxial-like CISe growth is achieved at the liquid—solid
interface [105]. The presence of the Cu,Se phase has an
important impact on the observed enhanced grain size
(> 1 pm), in comparison to the one-step process (< 1 pum)
[101, 105]. Wada et al. [108] proposed another growth
model with the formation of a CuSe (liquid)/Cu,Se (solid)
interface. A chemical solid-state reaction takes place from
Cu,Se to CISe through the replacement of copper atoms (in
Cu,Se) by indium atoms diffused through the liquid CuSe
phase. Concerning the conversion efficiency of devices, this
deposition process allows obtaining around 13% [105].

4.1.3 CURO (Cu-rich/off) process

This process is grounded on the Boeing process, which can
be considered as an extreme Boeing co-evaporation process
and consists of fixing the substrate temperature along with
the indium and gallium fluxes during the whole deposi-
tion process. At certain deposition time, the copper flux is
stopped in order to obtain a final CIGSe with slightly Cu-
poor composition (y < 1) (see Fig. 9) [109]. The morphology
of the growth layers is formed by columnar grains with sizes
of more than 1 um [39]. The conversion efficiency of devices
using absorbers deposited by this process is around 15-16%
from the deposition duration shorter than 15 min using a
2-um-thick film [104, 109].

4.1.4 Inverted process

The growth of absorber layers is based on an inverse Boeing
process in which the deposition of a Cu-free (In, Ga),Se;
(at low substrate temperature) is followed by the deposition
of Cu and Se (at same substrate temperature). Immediately,
heat treatment of the film is performed under selenium flux
at high substrate temperature (> 500 °C) (see Fig. 10). Dur-
ing this process, the “y” ratio does not exceed the value of 1
[102, 110]. The observed grain sizes of the films grown by
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Fig.9 Schematic diagram of the CIGSe deposition by CURO process
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Fig. 10 Schematic diagram of the CIGSe deposition by inverted pro-
cess

this deposition process are in the range of 1-2 um and the
reported efficiencies vary from 13 to 17% [48, 110, 111].

4.1.5 Three-stage process

The CIGSe-based solar cells attain the best conversion effi-
ciencies [112] by the so-called three-stage process which
has been optimized in the 1990s as foremost by the National
Renewable Energy Laboratory (NREL) (see Fig. 11). This
process has the following steps:

e Step 1 The growth of a 1-pm-thick (In, Ga),Se; thin
film is obtained at rather low substrate temperature
(250 °C—400 °C).

e Step 2 The (In, Ga),Se; layers are used as a precursor
during the co-evaporation of copper and selenium at high
substrate temperature (550 °C—600 °C), where a Cu-rich
film is yielded (y=[Cu]/([In] +[Ga]) > 1).

e Step 3 The indium, gallium, and selenium are co-evapo-
rated, and the film evolves gradually to Cu-poor (y< 1)
until the final composition is reached to nominal scale
(r<0.9) [102, 112].

The (In, Ga),Se; is altered via y-Cu(In, Ga);Seg fol-
lowed by $-Cu(In, Ga);Ses (both Cu-poor phases) to a final

A
Se

Cu
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In +Ga In+Ga

>

Time (a.u.)

Fig. 11 Schematic diagram of the CIGSe deposition by three-stage
process
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a-Cu(In, Ga)Se,. During this alteration process, the Cu,Se
and (In, Ga),Se; materials are brought together to form
Cu(In, Ga)Se,. To accomplish this, a solid-state interdif-
fusion of In, Ga, and Cu atoms is essential. This diffusion
could be carried out via (i) atom—atom replacement, (ii)
interstitial migration, or (iii) vacant lattice sites. Among
them, the diffusion through vacant lattice sites is the most
probable phenomenon [113, 114]. The diffusion rate of cop-
per (diffusion coefficient at 400 °C~ 10~ cm?/s) is higher
than those of indium and gallium (~ 1073 to 107 2 cm?%/s)
[113, 115]. Thus, the most probable mechanism for CIGSe
formation is the diffusion of Cu atoms into the (In, Ga),Se;
along with the corresponding counter diffusion of vacancies
into Cu,Se, which is a characteristic of atomic transport via
vacancies [116]. These diffused vacancies gather beyond the
solid solubility threshold and promote the formation of voids
in the solid [116]. The selenium flux is constant through all
the three-stage growth process. Even though each laboratory
uses different selenium fluxes, the inclusive purpose is the
use of In, Ga, and Se general flux containing an excess of Se.
Gabor et al. reported the growth of (In, Ga),Se; films using
a [Se]/([In] + [Ga]) flux ratio of approximately 3 [102]. His
group also reported the deposition of CIGSe with the use of
a [Se]/[Cu] flux ratio of ~3 [102]. Mise et al. reported the
growth of (In, Ga),Se; with [Se]/([In] + [Ga]) flux ratio of
10 [117]. Although the Se flux is fixed, it has an important
role in the deposition process. The Se flux used during the
growth of both (In, Ga),Se; and Cu(In, Ga)Se, thin films
has been reported to affect their morphological, structural,
and electrical properties [118—120]. Ishizuka et al. [118]
reported the change in surface morphology of (In, Ga),Se;
films from triangular to granular grains with the increase in
Se flux. One effect of Se flux on CIGSe films is the increase
in film porosity with the increase in [Se]/[Cu] flux ratio,
probably related to a modification of the Cu-Se phase and
the growth dynamics during the third stage of the deposition
process [103]. Another effect in CIGSe films is the decrease
of hole density with the decrease of Se flux, probably related
to the formation of donor-like point defects [118]. Because
of all the changes in morphological, structural, and electrical
properties of CIGSe films, an impact on the solar cell param-
eters is also observed, with a substantial change in V,_ and
FF [119, 120]. More than 22% of photovoltaic conversion
efficiency on CIGSe has been achieved by this deposition
technique.

4.2 Sequential process

The well-established technology for fabricating the good
device grade CIGSe absorber layer for efficient solar cells
(>22%) is a 3-stage co-evaporation process. This technique
can achieve high efficiency by the intentional formation of
Cu-rich middle layer and a double graded band structure,
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where the band gap tends to increase toward either side of
the middle layer to facilitate high absorption of incident
photons and hence separation of photogenerated electrons
and hole pairs. However, the high, unwanted cost is associ-
ated due to compositional complexity, loss in costly metal
sources, the need for an expensive high-vacuum system, etc.,
for competing to PV market [121]. A potential alternative
that can lower the cost of production is a sequential process
which is considered as a two-step process, i.e., the deposi-
tion of a metallic precursor layer followed by chalcogeniza-
tion with elemental Se vapor or H,Se gas. There are various
reasons for expecting the lowest production cost: First, the
requirement of thermal energy for recrystallization during
selenization/sulfurization in a sequential process has a lower
thermal budget than the three-stage co-evaporation process
[122]. Second, the loss of expensive metal sources, espe-
cially In and Ga, can be minimized in a sequential process
[123, 124]. Third, the budget for the high-vacuum system
is higher in a three-stage co-evaporation process than a
sequential deposition process. Moreover, selenization and
sulfurization both can be done in a sequential process, but
the co-evaporation process only allows selenization. Solar
cell manufacturing companies have already demonstrated
the high efficiency of up to 22.3% by the sequential pro-
cess [125]. One of the important reasons for getting lower
efficiency from a sequential process is an accumulation of
Ga toward the bottom, which lowers V.. Mitchell and Liu
fabricated the CISe/CdS heterojunction solar cell in 1988
with a tremendously high value of J,. of 40.6 mA/cm?, but
the value of V. was 455 mV, which led to 12.2% efficiency
[126]. The insertion of Ga to CISe absorber layer raises the
band gap, which enhances the V,, thereby increasing the
efficiency of solar cells despite the loss of long-wavelength
absorption of light. The high-efficient CIGSe solar cell gen-
erally has a Ga/(In+ Ga) ratio of 0.3. Moreover, Ga allevi-
ates the back contact and the absorber layer adhesion by
preventing the de-wetting due to the low melting point and
high surface mobility of In [127-130].

Sputtering is a widely used deposition technique for the
deposition of a metallic precursor layer which is based on
the PVD system. This technique has some merits in terms
of rate of production and material minimization owing to
better growth rate and long life of targets [124]. Generally,
the Cu—Ga alloy target is used instead of using Ga and Cu
separately to avoid oxidation of Ga. However, In target is
used separately to prevent low-temperature Ga—In eutectic
reactions [131]. Various stacking approaches to the deposi-
tion of different metallic sources have been attempted to
improve the efficiency of solar cells. Pinholes can be pre-
vented by Mo/CuGa/lIn structure resulting from droplets
of In; however, this assembly has some malefic results that
lead to the lower the efficiency of solar cells [132—135]. The
roughness increases while depositing In on the top of the



Journal of Materials Science: Materials in Electronics (2020) 31:7286-7314

7299

stack due to the heating effect during selenization that leads
to a reduction in shunt resistance. The In droplets forma-
tion can be decreased by multiple stacking (In/CuGa/In *
x) approach of metallic precursor rather than a single-stack
(CuGa/In) approach [130]. An investigation has shown that
the multiple stack approach led to improved efficiency than
bilayer (In/CuGa or CuGa/In) and triple-layer (In/CuGa/In)
structure. The roughness of the absorber fabricated from
multiple stacks was lower than that of a bilayer and triple-
layer structure which lowers the shunt density. Moreover,
the wettability of the metal precursor layer can be improved
by the multiple stack structure. A single Cu—Ga-In ternary
target has been utilized to obtain a metallic precursor layer
considering an improvement on the uniformity of film as
well as simplifying the process with the attention of nominal
composition required for high-efficiency solar cells. In addi-
tion to the sequence of metallic precursor layer deposition,
the chemical composition of the film highly influences the
formation of voids. Ga poor composition favors the forma-
tion of In droplets; meantime, Ga-rich composition impedes
the rate of reaction for the formation of complete chalcopy-
rite phase by the establishment of Ga rich y-Cuy(Ga, In),
phase. Compositional changes should be considered during
the two-step selenization process, due to high-mobility and
favorable Se reaction with Indium, which tend to form Ga-
rich phase at the rear surface.

An adhesion issue based on one-pot co-evaporation and
the sequential process has compared on solar cells and found
that the sequential process had the worst adhesion between
Mo and the absorber fabricated on CISe than CIGSe fabri-
cated from the co-evaporation process, probably due to the
formation of void at back contact/absorber interface [136,
137]. The thermal expansion of different metals during sele-
nization also causes adhesion problems. Researchers have
already investigated to solve the problem of delamination
by the incorporation of Ag metal rather than Cu because
of having lower melting points of AgInSe, and AgGaSe,
[138]. Furthermore, the formation of MoSe, intermediate
layer also affects the back contact and the absorber adhesion
along with the enhancement of electrical properties of solar
cells [139, 140]. The formation of MoSe, can be influenced
by selenization temperature, time, Na supply, quantity of
Se, and precursor layer conditions. Another issue of single-
stack structure is the formation of In-rich composition at the
surface, which degrades the efficiency of the solar cell due
to reduced band gap at SCR [141]. Multiple-stack approach
favors the lowering of In at surface besides inhibiting the for-
mation of In droplets, which increases V. [133, 142]. Sup-
ply of low Se vapor pressure (by the adjustment of source
temperature of Se) and a multiple-stack approach assuage
the problem of Ga segregation during selenization because
Ga segregation rate is so high under Se vapor condition. A
CIGSe thin film fabricated from a Mo/In/CuGa precursor

approach has a uniform Ga distribution throughout the entire
film with the penalty of pinhole formation compared to the
film fabricated from Mo/CulnGa-sputtered single ternary
target. So, the combination of very thin Indium layer (80 nm)
on the bottom and thin Gallium layer on the surface leads to
resolve the problem of pinholes formation by enhancing the
V.. and J values [143-145]. Ga-rich layer on the bottom
side of the film may also lessen the segregation of Ga dur-
ing the process of selenization, which defines that the total
amount of Ga in the precursor layer affects the result of Ga
segregation whether to occur or not. The value of V. and
J. is influenced by the quantity of Ga. Ga inside the SCR
impacts the V., whereas Ga outside the SCR impacts the
J.. 1.e., back grading of Ga should be formed to have a high
value of J.. Wu et al. investigated the effect of Ga-rich layer
by varying the thickness near the surface maintaining the
constant composition of Ga in the entire metallic precursor
layer. The value of V. was increased while increasing the
thickness of Ga near the surface with the penalty of J. To
have a good efficiency of solar cells, there should be a bal-
ance between V_and J . [134, 146-150].

The formation of surface stable CISe phase rather than
CIGSe phase creates another issue of segregating Ga in the
bottom of the film in the sequential process, which pushes
out Ga and ultimately causes Ga to diffuse from the surface
to the bottom. Segregation of Ga toward the bottom can be
minimized by avoiding the formation of selenium vacancy
(V,.) by the adjustment of Se supply before selenization as
the diffusion of Ga occurs during selenization through grain
boundaries and V.. Selenium can be supplied to the pre-
cursor layer as interlayer which gives the structure of Mo/
In/Culn/Se/CuGa structure [151-153]. Low-temperature
pre-heat treatment on pre-deposited Se onto precursor layer
before selenization was effective for suppressing the segre-
gation of Ga. The Ga content in the SCR after selenization
was 20% when subjected to the pre-heat treatment of 130 °C,
but the content of Ga falls to 12% when the pre-heat temper-
ature was 200 °C. It means the segregation process already
proceeds during pre-heat treatment. The pre-heat treatment
at 130 °C has enhanced efficiency from 5.35 to 8.27%, which
was mainly ascribed to the increase in V. (360-450 mV)
from alleviated Ga segregation toward the Mo [134]. The
pre-heating approach at 330 °C without the pre-deposition
of Se also mitigated the Ga segregation by forming a binary
phase, which impedes the formation of CISe chalcopyrite
structure responsible for pushing out Ga toward the bottom.
Another challenge of the sequential process is the distribu-
tion of selenium to the deepest part of the absorber layer. In
one-pot co-evaporation process, Se is deposited through-
out all the deposition, whereas in a sequential process, Se
is supplied to the metallic precursor layer from the surface
during selenization so that it is a bit complicated to fed sele-
nium into the deepest part of the absorber layer. To solve the
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problem of uniformity to the deepest part the film, Se should
be supplied before the crystallization which can be achieved
through pure Se or binary compounds (Cu,Se or InSe). The
beneficial effect of InSe phase is to prevent droplet formation
of In and leads to the flattening of CIGSe surface. Proper
pre-annealing not only allows the sufficient distribution of
Se inside the graphite box where a sample is putting but also
removes the fine grains of the bottom layer caused by the
deficiency of Se, which gives the positive effect, like exter-
nal quantum efficiency enhancement in long-wavelength
range and the decrement in shunt conductance. Accumu-
lated Ga can be infused throughout the entire absorber layer
by a proper annealing temperature during the selenization
process in the presence of inert gas (see Fig. 12). The final
stage of selenization proceeds generally at high tempera-
ture (> 500 °C) to obtain a higher crystallinity of CIGSe.
Homogenization of Ga should keep in an inert atmosphere
instead of under reactive Se because it is thought that V,
occurs due to the interdiffusion of Ga and In, because of
the higher diffusion rate of Ga and In. The ternary phases,
like CulnSe, and CuGaSe,, should be transformed to single
chalcopyrite CIGSe phase by higher recrystallization tem-
perature (in an inert gas atmosphere).

The low value of V. often results from the sequential
process due to the segregation of Ga during the selenization
process. Post-sulfurization is a viable way to increase V,
by annealing the CIGSe thin film in the presence of H,S
gas atmosphere, either by evaporating sulfur directly onto
CIGSe or by dipping chemically where substitution of Se by
S (sulfur) takes place and hence transforming the CIGSe into
CIGSSe. This process increases the band gap, increasing V.
maintaining the J .. Since sulfur atoms are likely to diffuse
through the grain boundary from CIGSe surface, it diffuses
toward more depth and becomes shallower as the crystal-
linity and the grain size of CIGSe film increases. It should
be remembered to note that the Ga incorporation generally
reacts with S and Se reacts with In.

4.3 Non-vacuum Cu(In, Ga)(Se, S), formation

The semiconducting material deposited mainly by a non-
vacuum process is at low temperature (room temperature
to 400 °C) in atmospheric conditions and has advantages
of simplicity, low cost, applicable in a large area, and high
material utilization efficiency. Non-vacuum methods are

Fig. 12 Growth model mecha-
nism of Ga accumulation and
void formation
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divided into three different categories depending upon the
scale of mixing starting precursors: (1) particulate-based
approach, (2) electrodeposition, and (3) solution-based
approach. For large-scale manufacturing, these approaches
are attractive due to their effectiveness in large-area deposi-
tion, such as ink-jet printing and roll-to-roll processing, in
particular, industry-compatible methods [154]. The follow-
ing discussion will further investigate the different low-cost
techniques in detail with their due comparison among them-
selves to realize the superiority over other methods.

4.3.1 Particulate-based approach

Coating a substrate (flexible, corning glass) with particu-
late ink offers an efficient method for chalcopyrite thin-film
precursor deposition. It requires that the particles should
be formed into slurry or ink by dispersal into liquid. This
approach constitutes the formation of elemental/precursor
submicron powders. The powder obtained is dispersed in a
compatible solvent with sonication. The pictorially modeled
steps essential for CIGSe film formation have been demon-
strated by ZSW [94] (see Fig. 13).

The choice of solvent-cum-capping agent necessitates
the consideration of volatility of the solvent used. The sus-
tainment of capping agent during the reaction is crucial for
obtaining phase purity in nanocrystals formed. Addition-
ally, it is essential to obtain large-sized nanocrystals for PV
applications. It was reported that the formation of single-
phase, nearly stoichiometric and mono-dispersive, stable
and well-passivated colloidal ternary CISe nanocrystals
(band gap (E,)~1.16 eV) takes place using a novel com-
bination of ligands, viz non-volatile and volatile solvent,
1-octadecene and arylamine aniline, respectively [155].
The synthesis, growth conditions were maneuvered using
the colligative properties of the mixture, and thus, higher
growth temperature (~250 °C) was achieved with the growth
of larger grains (see Fig. 14). In a similar report, the mecha-
nism behind attainment of the temperature favored for large-
sized nanocrystals has been explained [156]. Considering
elevation in boiling point based on vapor pressures of the
two solvents used, i.e., aniline and 1-octadecene, the vapor
consisted more of aniline in the vapor phase (~82%) and
1-octadecene (~ 18%) in liquid phase, contributing to the
increment in the boiling point of the mixture [156]. The
resulting solutions after successful washing steps are then

Low Ga content

¥® High Ga content
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Fig. 13 Schematic diagram demonstrating the coating of a chalcopy-
rite absorber layer ink; the process explains the dispersion of nano-
particles in a suitable solvent to form an ink-like solution with the
addition of binders’/capping agent for stronger adhesion followed by
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Fig. 14 Schematic diagram depicting the choice of novel ligands and
their combination for CISe nanocrystals, wherein combination serves
as an effective solvent-cum-agent to obtain phase-pure and large-
sized nanocrystals along with the attainment of suitable temperature
(~250 °C)

deposited onto the substrate for the formation of the absorber
layer.

After deposition, the films are subjected to annealing
that eliminates the porosity and favors large grain growth,
resulting in the formation of a dense film. Synthesis of par-
ticles with, phase purity, a well-defined structure and with
optimum optical and electrical properties is a crucial task
to obtain better film uniformity and in turn the performance
of the device [157]. The synthesis of these particles or the
nanoparticles is complicated as stoichiometry control with
uniform size and composition are the must-have for this
method [155, 157].

However, one cannot forsake the layer’s porosity while
considering other limitations as porous films can lead to
shorting of the device and all the efforts in vain. Thus,

Doctor blading,
spin-coating

Sintering/
reduction

selenization

ink deposition using either doctor blade or spin coating technique.
Post-deposition treatment is done in Se atmosphere so that the result-
ing film is not devoid of Se

post-deposition annealing is a mandatory factor that can
help overcome the porosity issue. This post-deposition
annealing is usually done at higher temperature owing a
high melting point for CIGSe that can work in restructuring
of bonds, thereby resulting in a dense film with negligible
porosity. Particulate-based methods also involve utilization
of organic ligands as capping agents as well as imparting
stability to the material that even leads to a densification of
the material on the substrate as they possess binding abili-
ties and can form molecular structures with intermingled
long chains that can bind to each other while coating and
further annealing of the films. The organic ligands, such as
TOPO, oleylamine, and hexadecylamine, are typically used
ligands for the colloidal-based synthesis of CIGSe [158].
The bulky ligands employed are insulating in nature and
must be removed to avoid hindrance for charge carriers. To
allow carrier transport within the layer, these bulky organic
ligands should, therefore, be removed. However, removal of
ligands causes cracking up in the film, resulting in porosity.
One of the research groups shows the optoelectronic and
structural properties of quaternary/ternary (CIGSe/CZTSe/
CISe) chalcopyrite nanocrystallites surface-passivated
TOPO/TOP ligands and compared their charge transfer
characteristic properties in their respective polymer: chal-
copyrite nanocomposites by dispersing them in a polymer
(3-hexylthiophene). The interaction of the polymer with
each of the nanocrystals has been envisaged through the
non-ligand exchange without the utilization of toxic ligands,
such as pyridine. The charge transfer characteristics show
a better charge in CZTSe as compared to CIGSe and CISe
owing to high crystallinity in CZTSe (see Fig. 15). However,
the weaker binding of TOPO/TOP to nanocrystal surface
permitted interaction of nanocrystals to polymer matrix of
P;HT without using any ligand exchange process [159].
Utilization of ternary or quaternary particles solution can
provide a greater degree of control as the composition of the
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Fig. 15 Schematic diagram demonstrating the mechanism of charge
transfer for the ternary (CISe) and quaternary chalcopyrite (CIGSe,
CZTSe) in interaction with the regioregular polymer P;HT. Among
the set of chalcogenides, CZTSe has been found to have acquired the
most stable stannite/kesterite phase. CZTSe nanocrystals owing to its
higher crystallinity show a higher rate of quenching owing to the effi-
cient charge transfer between P;HT and CZTSe as compared to the
corresponding CISe/CIGSe counterparts

solution can be directly transferred to the substrate [160]
with their inhomogeneities on the film with constant stoi-
chiometry. While only CIGSe precursor is used for thin-film
fabrication, no additional method is required for the removal
of by-products. Researchers at NREL deposited CIGSe by
spray pyrolysis followed by selenization [161]. However,
this could not result in higher PCE values (only ~4.6%) due
to the inefficacy of sintering methods to a major extent.
Higher efficiency (~12.5%), as well as successful fabrica-
tion of CIGSe nanoparticles, has been achieved through
the utilization of oleylamine (OLA) as a capping agent
and alkanethiol, such as dodecanethiol, as a solvent [162].
Additional efforts were also made to substitute OLA with
other capping agents as this long-chain amine can hinder
the charge transport. It has been reported that the binding
capabilities of different ligands, like OLA (oleic acid) and
oleylamine + oleic acid, in contrast to TOPO/TOP are differ-
ent and OLA-capped CIGSe acts as a better capping agent
for the synthesis of quaternary CIGSe nanocrystals owing to
difference in binding capabilities. This study also unveils the
green chemical approach for CIGSe nanocrystals in replace-
ment to highly toxic TOPO/TOP [163, 164]. Slightly weaker
binding in amines (due to single mode of attachment) is
beneficial for the charge transport properties while strong
hindrance if offered by three binding modes in case of oleic
acid. The combination of oleylamine and oleic acid together
further leads to inefficient charge transport due to the pres-
ence of two strong ligands (see Fig. 16) [163-165].
Another particulate-based method is using binary phase
particles and then converting them to the ternary or quater-
nary phase via annealing them in Se vapor [166]. However,
films obtained with selenides and metal oxides precursors
exhibit voids and micro-cracks due to the presence of O
impurities. In comparison, metal particles have led to better
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Fig. 16 Illustration of binding modes in oleylamine (OLA) and oleic
acid (OA) capping ligands. These ligands show that oleylamine
exhibits only one binding mode through lone pair on oxygen, while
oleic acid exhibits three different binding modes, viz monodentate,
bridged, and chelating. All the three binding modes provide a better
orientation of carboxylate anion on nanocrystals surface; thus, CIGSe
capped with OA is extremely stable and removal of capping ligand is
extremely difficult. However, the combination would bind so strongly
with the nanocrystals that interparticle interactions would be almost
impossible and hence the charge transport. Using the ligand-exchange
process with metal chalcogenide complexes-capped particles could
not result in the improvement of properties further

film formation, but the tendency of oxidizing in ambient
conditions resulted in impurity phase In,0O5 that was even
detected after selenization [167]. The oxides precursor is
reduced by H,/N, to form an alloy of metals (Cu, Ga, and In)
and followed by selenization process with selenium powder
or H,Se to form complete chalcopyrite absorber material. A
modified method by employing mixed oxide nanoparticles
followed by two-stage reduction treatment was attempted
by the International Solar Electric Technology, Inc. (ISET)
(see Fig. 17) and resulted in success with the obtainment
of devices exhibiting PCE of 13.6%.[168]. The detrimen-
tal factors in this method are the utilization of toxic H,Se,
whose handling is extremely difficult, and the use of aqueous
solvent which can lead to early oxidation of the compound
formed. Also, for CIGSe, Nano solar was a leader in the
development of particle-based techniques, and it utilized
an approach involving mixed selenide nanoparticles and a
single-step first-stage annealing treatment, thereby resulting
aPCE of 17.1% [169, 170].

4.3.2 Electrodeposition

Electrodeposition (ED) is the process of electroreduction of
precursor ions onto an electrode/substrate from an appro-
priate electrolyte by the utilization of electric current or
potential between two electrodes (see Fig. 18). Also, it is a
good method for nanomaterials and nanocoating of metals,
alloy, and semiconductors. The three-electrode system, such
as the substrate on which film grows (working electrode),
the inert counter electrode (Pt wire/plate), and the reference
electrode (SCE or Ag/AgCl) is applied for electrodeposition.
The utilization of flexible metal foils as the substrate can be
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Fig. 18 Schematic diagram of electrodeposition technique

beneficial because the metal foil itself can be used as the
working electrode. So that extra layer of material deposition,
like Mo, is not necessary for back contact. The properties
of the deposited films depend on several parameters, includ-
ing ionic concentrations, the electrodes used, the pH of the
electrolyte, the temperature, the type of substrate, the stir-
ring rate, the deposition voltage, and the time of deposition.
Electrodeposition is a promising technology as it allows the
deposition of CIGSe thin film cost effectively with no use of
expensive vacuum technology and thanks to high deposition
rate on larger areas with lateral uniformity [171]. The use
of low-cost starting materials, low temperature for deposi-
tion, the different substrate on a variety of shapes, effective
utilization of precursors with minimum waste generation,
controlling deposition parameters, facilitation of extrinsic
doping, and band gap engineering are some of the unique
features of electrodeposition technique. Owing to these
advantages, electrodeposition satisfies all the necessary cri-
teria for the research and development of CIGSe-based solar

solution of Cu, In and Ga

-8-8-8

Metallic precursors Oxide powder of

. Precursor Ink
nanoparticles

Step 1
Hydrogen reduction reaction

Step 2
Selenization reaction

cells. Table 2 shows the reported CIGSe solar cell efficiency
based on electrodeposition technique.

Electrodeposition of CIGSe thin film is possible via a
one-step or two-step process. In a simultaneous one-step
deposition technique, the electrode potential of all individual
elements is closer to each other by adjusting the concentra-
tion and pH of the electrolyte used. In the two-step process,
stacked-layer structure of metallic precursors can be depos-
ited, followed by a selenization/sulfurization treatment. A
one-step deposition is often preferred in comparison to the
two-step process as it simplifies the deposition process and
reduces harmful emissions. Moreover, electrodeposition
involves two fundamental approaches, namely, direct current
(DC) ED and pulse ED. A conventional DC electrodeposi-
tion based on a constant current or potential which is applied
continuously during the growth of materials. DC ED tech-
nique effectively has two variables, namely, applied poten-
tial/current and time of deposition standing pH of electro-
lyte and concentration of precursors as a common variable
which determines the quality of the deposited material. In
this approach, the continuous use of constant potential/cur-
rent results in the deposition of films without any relaxation
leading to the growth of existing nuclei rather than generat-
ing new nucleation sites leading to rough and porous film. In
pulse electrodeposition (PED), current/potential is applied
in the form of sinusoidal waves which offers more control-
lability of the deposition parameters. The electrochemical
deposition has been widely investigated for CIGSe-based
deposition since the pioneering work by Bhattacharya et al.
in 1983 wherein Cu, In, and Se were simultaneously depos-
ited from an acidic solution [171]. One-step electrodeposi-
tion of CISe is usually performed in an aqueous solution
often containing chloride/sulfate precursors of Cu** or Cu™,
In**, and SeO,/H,Se0;. The deposition solution often con-
tains a complexing agent to shift the reduction potentials
of Cu and In closer together to improve the film quality.
Complexing agents, such as citric acid/citrate, ammonia,
triethanolamine, and thiocyanate, are commonly used during
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Table 2 Electrodeposited CIGSe-based solar cells with reported efficiency

Absorber material Preparation method Reported efficiency ~ Refs.

CIGSe Cu/In/Ga oxide precursor followed by thermochemical reduction and selenization treatment ~ 12.4% [176]

CIGSe & CIGSSe Four-step electrodepositions of the precursor followed by selenization/sulfurization 15.3% for CIGSe [206]
13.4% for CIGSSe

CIGSe & CIGSSe Electrodeposited CIG layers annealed using RTP under S and Se vapors 14.1% for CIGSe [204]
15.8% for CIGSSe

CIGSe Electrodeposited CIGSe layers followed by PVD of In, Ga, Se and selenized 15.4% for ED CIGSe [174]
12.4% for EL CIGSe

CIGSe Stacked Cu/In/Ga followed by selenization 11.7% [171]

CIGSSe Electrodeposition of CIG metal precursors followed by annealing with H,Se, followed by 9.8% [179]

thermal treatment (Ar) and annealing with H,S

CIGSe Stacked Cu/In/Ga by DC and PC electrodeposition methods followed by selenization 11.0% [173]

CIGSe Step by step pulse electrodeposition of Cu/In/Ga films followed by selenization 10.4% [207]

CIGSe Pulse reverse electrodeposition of CISe followed by selenization 1.4% [208]

CIGSSe Electrodeposition of Cu/In/Ga stack followed by thermal treatment at atmospheric pressure 17.3% [203]

with selenium and sulfur

the one-step electrodeposition of CISe thin films. Besides,
a supporting electrolyte, such as NaCl, LiCl, and K,SO, is
added to improve the conductivity of the electrolyte leading
to easier mobility of the precursor ions. There was a neces-
sity annealing the electrodeposited CISe film due to the for-
mation of Cu,_,Se secondary phase which is detrimental to
the device performance. Incorporation of Ga into the CISe
was a challenging task transforming to quaternary CIGSe
compound semiconductor. Bhattacharya et al. reported
firstly the inclusion of Ga from a chloride bath with a very
low content of Ga/In =~ 0.1 using 20 kHz of superimposed
alternating voltage [172]. But the breakthrough has been
realized little later for the incorporation of Ga to CISe using
Hydrion buffer (pH 3) consisting of sulfamic acid and potas-
sium hydrogen phthalate with the ratio Ga/In varied from 0.3
to 0.7. CIGSe thin films are generally deposited from one-
step electrodeposition technique often used an additional
PVD approach to achieve the required composition to form
stoichiometric films to be high-efficient solar cells. To over-
come the complexity of In and Ga incorporation, alterna-
tive strategies have been developed as co-electrodeposition,
often involving the deposition of stacked elemental layers,
followed by a selenization or sulfurization. Bi et al. success-
fully utilized the parameters in pulsed electrodeposition to
demonstrate CIGSe solar cells with conversion efficiencies
up to 10.39% and 11.04%. Cu/In/Ga metallic precursors
were electrodeposited by pulse current method wherein the
charge density was chosen to achieve the desired thickness
of each layer [173].

43.2.1 CIGSe-based electrodeposition using an aqueous
electrolyte The phenomenon in which electroreduction of
ions at a particular reduction potential takes place onto a
substrate to form thin films by the effect of an applied electric
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field in electrodeposition technique. The equilibrium reduc-
tion potentials of Cu, In, Ga, and Se ions in the EMF series
are+0.337/SHE, —0.342/SHE, — 0.529/SHE, and+0.741/
SHE, respectively. The considerably differing potentials
often cause the preferential deposition of a single element,
and the complex reaction occurs due to the composite elec-
trochemical behavior of selenium, which exhibiting various
oxidation states (+6,+4, 0, — 2). Several works on elec-
trodeposition of CIGSe-based absorbers using triethanola-
mine (TEA) as a complexing agent have been reported after
the work from Bhattacharya et al., thereby forming a strong
complex with Cu?* and HSeO”~ ions and weak complexing
with the In** ions [174]. Liu et al. reported that increas-
ing sodium sulfamate concentration decreases (Cu+ Se)/
(In+ Ga), while gallium content increases and the composi-
tion of the CIGSe film transforms from Cu rich to Cu poor
[175]. The reduction potential difference between Cu?* and
Ga>* was only 80 mV using KCN™ as a complexing agent.
Moreover, the reduction of Ga can get catalyzed in the pres-
ence of a suitable complexing agent thiocyanate (CNS™)
ions. Duchatelet et al. reported the alternative way for the
incorporation of In(Il) and Ga(Ill) in the form of oxides/
hydroxides using respective nitrate salts whereby the reduc-
tion of In and Ga takes place as two simultaneous mecha-
nisms called nitrate reduction and oxide precipitation [176].
The change in pH of the electrolyte takes place by the con-
sumption of proton during nitrate reduction followed by the
deposition of In and Ga in the form of precipitated oxides or
hydroxides at very low cathodic potential compared to the
electrodeposition of Cu/In/Ga by conventional electrolytes
based on sulfates/chlorides. The subsequent H, reduction
and selenization treatment on electrodeposited CIGSe thin
film demonstrated a PCE of 9.4%. Yang et al. reported the
controlled introduction of Ga in the form of Ga(Ill) using
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hydrogen peroxide (H,0,) as the oxygen precursor [177].
The deposition of In and Ga took place by a controlled mass
transfer of the hydroxide species at a relatively higher con-
centration of H,O, (20 mM). The difficulties encountered in
Ga incorporation in conventional Cu/In/Ga electrodeposi-
tion can also be easily overcome by the metal oxide/hydrox-
ide approach.

43.2.2 CIGSe-based electrodeposition using a non-aque-
ous electrolyte The formation of pinholes and dendritic
morphology due to hydrogen evolution reaction (HER) can
be overcome using non-aqueous electrolytes without com-
plexing agents, such as ionic liquids, ethylene glycol, and
alcohol/ionic liquid combinations. This approach allows
the electrodeposition of In(III) and Ga(IIl) ions in a more
convenient way. Especially, choline chloride (ChCl)-based
ionic liquids and aprotic deep eutectic solvents (DES) have
selected as an efficient replacement for conventional ionic
liquids and volatile organic solvents owing to the advan-
tages, like biocompatibility, non-toxic, cost-effective-
ness, and wide electrochemical potential window. In this
approach, the high ligand concentrations guarantee more
control on the metal speciation in the electrolyte. Steichen
et al. reported the electrodeposition of Cu/Ga thin films
using reline (a mixture of choline chloride/urea) at 60 °C
[178]. The selenized CuGaSe2 PV devices (processed at
550 °C in Se atmosphere) achieved PCE of 4.1%. Malaquias
et al. showed the possibility to alter the (Ga/In) ratio from
0 to 1 by modifying the electrolyte flux ratio of (Ga>*/In>*)
ions [179].

4.3.2.3 Electrochemical formation mechanism
of CIGSe-based absorber layer The formation mechanism
of CIGSe-based absorber layer from the electrodeposition
technique is complex due to the involvement of electro-
chemical and chemical reaction that takes place simultane-
ously. The formation of CuSe binary phase occurs in the first
place through underpotential deposition onto the previously
reduced Cu from Cu?* ions. The initial formation of Cu is
necessary for the direct reduction of Se(IV) to Se(0). The
growth of Cu nano-nuclei over Mo-coated substrate permits
the inclusion of Se(0) to form Cu,Se binary phase even at
the open-circuit potential. The direct reduction of Se(IV) to
elemental Se takes place for increased overpotential. CuSe,
phase could form if the concentration of Se is increased over
CuSe which can further reduce to form Cu,Se at the higher
cathodic potential in the presence of H,Se. Several works of
the literature have reported that CuSe phase facilitates the
inclusion of In** ions by the induced co-deposition process
when (Se/Cu) ratio is greater than one to form stoichiomet-
ric CISe. Excess selenium over CuSe phase is a benefit of
the In incorporation at lower cathodic potential during the
growth of CISe absorber. Unlike indium, surface-induced

reactions of In(IIl) ions with Cu,Se phase are not favorable
for Ga incorporation to form CIGSe thin film. The intro-
duction of Ga takes place either in the form of Ga(OH),
(due to the local change in pH) or in the form of Ga,Se;
(reaction with H,Se) at lower or higher cathodic potential,
respectively. The incorporation of In and Ga to the growing
CIGSe thin film is well suited at a higher cathodic poten-
tial. A careful bath preparation and deposition potential are
necessary to have controlled inclusion of Ga with minimal
oxygen content.

4.3.2.4 Effect of deposition parameters on electrodeposited
CIGSe-based absorber layer Good quality of the CIGSe thin
film can be achieved by adjusting the deposition parameters
in the electrodeposition technique. The use of appropriate
additive/supporting chemicals, complexing agents, pH of
the electrolyte, deposition potential, bath temperature, etc.,
determines the quality of CIGSe thin film. The nature of the
supporting electrolytes (sodium/lithium-chloride/sulfates)
to control the pH and ionic conductivity of the bath influ-
ences the quality of the CIGSe film, especially, the mor-
phology. The use of buffering agents, such as sulfamic acid,
potassium hydrogen phthalate, and ethylenediamine, helps
in bringing the deposition potential of precursors along with
the stabilization of the bath. Complexing agent (trisodium
citrate) helps in increasing the viscosity of the salt solutions,
preventing from oxide formation, enhancing the crystallin-
ity and morphology by reducing the number of cracks, and
bringing the reduction potential of Cu, In, and Ga closer to
that of Se. Moreover, the composition and the morphology
of the film is dependent on the applied potential. CIGSe film
with Cu-rich content is known to have larger grain sizes.
A Cu-rich composition is preferable if large grain sizes via
recrystallization are needed due to active recombination
at grain boundaries. Several reports have shown that grain
size and grain boundaries of CIGSe layers decrease with
increasing Ga contents. The higher annealing temperature
helps decrease the roughness by making the grains flat. The
interdiffusion of sodium from the substrate helps increase
the size of grains and texture at higher annealing tempera-
ture which directly enhances the performance of the device.
The characteristic features, like the suspension of the freshly
deposited metal atoms and the absorption of metal hydrox-
ide, are favored at low pH value. Also, a low value of pH
dominates the In deposition. Moreover, it results in hydro-
gen evolution at a lower cathodic potential. The thickness
of the CIGSe thin film was decreased with increasing pH as
shown by Rohom et al. They also reported that the electro-
deposition potential was found to be shifted toward higher
cathodic potential [180].

4.3.2.5 Electroless deposition of CIGSe-based thin
film Electroless deposition method is based on short-cir-
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cuiting the conducting substrate or a noble metal to an easily
oxidizable redox component, like Al or Cd, in the electro-
lyte bath. To create an electrochemical potential difference
between the two electrodes without applying an external
voltage, a conducting glass with an easily oxidizable metal
is used. This method has the advantage of simplicity as it
does not require instrumentation for potentiostatic or gal-
vanostatic control, low-cost process with high deposition
rate, and multi-component low-temperature process, and is
therefore considered as a promising technology for CIGSe
thin-film solar cell fabrication. Bhattacharya et al. reported
the co-depositions of Cu/In/Ga/Se by the electroless pro-
cess from a bath containing 0.02-0.05 M CuCl,, 0.04—
0.06 M InCl;, 0.01-0.03 M H,SeO;, 0.08-0.1 M GaCl,,
and 0.7-1 M LiCl dissolved in deionized water [174]. The
films were deposited in a vertical cell in which both working
and counter electrodes were suspended from the top of the
cell. The combination of both electrochemical and chemical
reactions is involved in the electroless process. The depo-
sition potential is composed of the equilibrium reduction
potential (E,,), the overpotential, and the ohmic potential
drop (iR,) in the solution. A chemical displacement reaction
occurs in this deposition technique, leading to the dissolu-
tion of the reactive counter electrode and the reduction of
the electroactive species on the substrate.

4.3.2.6 Cyclic volumetric studies on electrodeposited
CIGSe The deposition of metal adatoms on a substrate at
potentials more positive than that predicted by Nernst equa-
tion is known as underpotential deposition. The Nernst
equation relates the potential of electrochemical series to the
standard potential of a species with the concentrations of
analytes in the equilibrium system which can be expressed
as follows [181]:

RT Y
E=E"+— +In|=2
=t n[R], 8)

()

where E represents electrochemical cell, E° standard poten-
tial of a species, O, concentrations of the oxidized analytes
(0,), R, concentrations of reduced analytes, F' Faraday’s
constant, R universal gas constant, n number of electrons,
and T represents temperature.

The most important factors determining the formation
of electrochemical metal phase on substrate are binding
energy between the metal adatoms and substrate, as well
as the crystallographic mismatch between them. When the
binding energy between the deposited metal adatoms and
the atoms of the substrate exceeds that between the atoms of
the deposited metal, underpotential deposition takes place.
The topic of the underpotential deposition has been studied
extensively because the monolayer amount of metal adatoms
obtained by this technique alters the electronic properties
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of the substrate material itself by changing the interfacial
activity in terms of fundamental aspects of electrochemi-
cal phenomenon. Saji et al. reported the cyclic volumetric
studies of unitary, binary, ternary, and quaternary composi-
tions of copper, indium, gallium, and selenium with different
concentrations. In the cyclic voltammograms, the first two
peaks were copper reduction peaks, the third was the sur-
face oxide’s reduction peak, and the fourth corresponded to
the hydrogen evolution process. Most of the reported works
suggest that a deposition potential in the range of — 0.6 V
to — 0.9 V vs standard calomel electrode (SCE) is suitable
to achieve a stoichiometric CIGSe film [182]. Kang et al.
suggested that the potential below — 1 V is not preferable
due to the hydrogen charging [183]. Sang et al. studied the
effect of electrodeposition potential on CIGSe thin film by
the cyclic voltammetry [184]. It was observed the pres-
ence of one weak peak at about 0.15 V, one peak at about
— 0.4V, and one peak at — 0.9 V vs Ag/AgCl. The peak
at—0.9 V was found due to the H* reduction to H, process.
The reduction of In** to In was observed at — 0.8 V. Simi-
larly, the reduction of Ga®* to Ga was achieved at — 0.9 V
from voltammograms of the solution containing Ga(NO3);.
The underpotential deposition mechanism of Cu/Se and In/
Se binary phases was studied in voltammograms of binary
and quaternary systems.

4.3.3 Solution-based methods

The solution-based methods firstly involve the ink depo-
sition, followed by annealing. However, this method does
not use suspensions and instead utilizes true solutions that
restrain the use of additives, and a homogeneous composi-
tion is obtained with lesser number of defects [185]. The
factors that need to be considered for solution-based meth-
ods are solvent’s polarity, reactivity, and toxicity [186].
Polar solvents like water are cost effective and environment
friendly, but they introduce oxygen impurities in the film,
while the non-polar organic solvents lead to the introduc-
tion of carbon impurity that deteriorates the device’s per-
formance. Precursor elements, their ratios, deposition tech-
nique, choice of solvents, etc., are a few of the crucial factors
required to be considered on priority before attempting the
research.

Solution-based methods involve utilization of any of the
following precursors’ materials:

(1) Metal salt precursors
(2) Organometallic precursors
(3) Molecular precursors

4.3.3.1 Metal salt precursors Non-vacuum processing of
CIGSe involves the utilization of metal salt precursors that
directly introduce elements into the solution owing to their
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high solubility in a range of solvents [186]. The metal salts
have a good solubility mainly in water and alcohol so that
the deposition of CIGSe using metal salt precursor solution
is considered as the simplest as well as the easiest way. A
broad-range technique of deposition can be selected as per
the solution viscosity. If the viscosity is low, spraying tech-
niques can be used. If the solution has high viscosity due
to the presence of binders, one can use spin coating, doc-
tor blading, etc. Diagrams for these techniques are shown in
Fig. 19. In a doctor blading technique depicted in Fig. 19a,
a, blade moves over the surface of the substrate, maintain-
ing a proper distance from the surface. The screen printing
process (Fig. 19b) demonstrates the utilization of a screen
filled with ink. Before the filling of ink, the screen filled by
the emulsion that is impervious to the coating ink and some
of the open areas allows ink to deposit. Figure 19c shows
the spin coating process, i.e., spinning of solution liquid on
the surface of the substrate at a high rotational speed. Out of
the three methods involved, a spin coating cannot be used to
deposit large-area substrates and lead to material wastages.
The doctor blading technique is applied to the deposition
of ink precursors over the substrate where binder solution is
generally used to adjust the viscosity of the solution [181].
However, binder addition results in the introduction of car-
bon impurities (in the form of a carbon layer) to the device
between CIGSe and Mo back contact [187]. Dissolution of
metal nitrates in methanol and addition of ethyl cellulose
as a binder was done, and PCE obtained after selenization
was 6.7%.[188]. Polymethyl methacrylate (PMMA) was also
used as a binder that is known to decompose at low tempera-
ture [189]. This resulted in the avoidance of the formation of
an intermediate layer, but more inhomogeneities and oxide
phase formation were leading to porosity in the film [185].
One of the approaches also performed the coating without
binder addition but using an alcoholic solvent and carboxylic
chelate complex that results in PCE of 7.7% [190]. However,
the method could not prevent the carbon layer formation.
The spin coating technique for CIGSe solar cells with the
utilization of nitrate salts and PVA as a binder has resulted in
cells with PCEs of over 8% [191]. While spraying of CIGSe

Fig. 19 Schematic diagram
of the (a) doctor blading, (b)

solution requires low viscosity solutions, the need for binder
was eliminated [185].

The deposition of CIGSe thin film by spray pyroly-
sis method is a simple, cost effective since no vacuum is
required, and low-temperature process in relatively larger
areas can be coated where pyrolytic small droplets of precur-
sor solution decomposed onto heated substrate. This method
involves various steps, such as small droplets of precursor
solution, solvent evaporation, solute condensation, the reac-
tion of solute, decomposition, and sintering of films. The
atomization of the precursor solution, aerosol transportation,
and precursor decomposition on the heated substrate are the
main three steps involved in spray pyrolysis. Depending on
the atomizer used for the atomization process, spray pyroly-
sis can be defined into electrostatic, ultrasonic, and air blast
(pneumatic) spray pyrolysis. The pneumatic spray pyroly-
sis equipment consists of the atomizer (nozzle), a substrate
heater, carrier gas, temperature controller, and a solution
container as shown in Fig. 20. The parameters, such as tem-
perature nozzle-to-substrate distance, the concentration of
precursor material, carrier flow rate, pressure time, and types
of carrier gas, are most important because film quality can
be improved by understanding these parameters.

Normally, metal chlorides or nitrides (CuCl,, InClj;,
GaCl;) and thiourea or N,N-dimethyl selenourea (sulfur
and selenium source) are used for the deposition of CIGSe
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by spray pyrolysis because these precursor materials can
easily be dissolved in water and alcohol that helps deposit
film nicely. In the spray pyrolysis technique, the precursor is
deposited onto the substrate (preheated to ~300 to 400 °C),
allowing its decomposition. Due to this rapid decomposi-
tion, the formation of impurity phases, such as secondary
chalcogenides, binary oxides, and by-products like C and
Cl, is favored [188]. One cannot choose to have a lower tem-
perature in the spray pyrolysis technique, as the extent of
impurities formed is limitless and persists even after further
treatment as well [192]. While opting for higher tempera-
ture can lead to Se or S effusion, which results in higher
porosity in the film. Nevertheless, along-with a temperature
range of 300—400 °C, after the deposition annealing is done
in Se atmosphere, often required, which results in higher
PCEs for sprayed CIGSe. The 10.5% of PCE was obtained
by spray depositing the aqueous solutions of thiourea and
metal chlorides followed by selenizing the film in a furnace
tube [193]. CIGSe-based solar cell with PCE of 10.7% using
an aqueous solution of metal nitrates and thiourea with sele-
nization treatment in a glass ampule with Se powder was
also reported [194].

4.3.3.2 Organo-metallic precursors Organo-metallic pre-
cursors used often for depositing semiconductors using the
MOCVD technique with pyrophoric/toxic metal alkyls or
hydrides. There could be a variation in thermal reactivity
and volatility, and therefore, the composition of product is
complicated [195]. Single-source precursor materials have
been tried, to overcome these challenges, for ternary CulnS,
and CulnSe, thin films [196]. The metal-organic molecules
are ideal for the growth of CIGSe as they make the process
more controllable and the deposition can take place in low-
temperature conditions, rendering the material for flexible
substrate.

One of the advantages of using a single-source precursor
lies in the fact that the method allows for preventing binary
phases formation due to the molecular level synthesis [197].
The synthesis of the compound (PPh;),Culn (SEt), was
reported for the ternary CulnX, (X=S or Se) semiconduc-
tors preparation [192], but the small grain size and the non-
uniformity of the as-grown material limit this device per-
formance [197]. An efficiency of 6.7% was obtained when a
single-source precursor was used in the PVD method, while
only PCE of 1% was obtained by a low-cost non-vacuum
technique [198].

4.3.3.3 Molecular precursors The preparation of a soluble
molecular complex is the part of this growth approach, via
thermally degradable precursors. To convert the precursor
into the desired phase, a mild thermal treatment is used
which also removes any residual organic species. However,
ligands must be wisely chosen for obtaining highly crystal-
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line, crack-free films. The process is generally followed by
annealing treatment in a chalcogen atmosphere. Smaller
chain ligands are particularly desirable to have smooth
film morphology. For example, when hydrazine was used
as the solvent, a record PCE for solution deposited CIGSe
was obtained. High-quality chalcogenide thin films were
obtained by the use of hydrazine, as metal chalcogenides get
easily dissolved, such as Cu,S and In,Se;, which are oth-
erwise insoluble in common solvents [199]. The preferred
precursors for this method are metal chalcogenides that aid
in obtaining high-efficiency devices [200]. Also, hydra-
zine is a small and volatile material that acts as a strong
reducing agent due to its melting point and boiling point
temperatures, like water, which are 1.4 °C and 113.5 °C,
respectively [196]. Since the single source consists of all the
desired elements, a clean step for annealing is enough for
final film formation opposed to other CIGSe solution-based
deposition techniques [199].

Hydrazine precursors resulting in 12.2% PCE for CISe
[197] and 15.2% [186] for CIGSe device fabrication. This
methodology, however, is difficult to be implemented in
industries since hydrazine is extremely explosive, toxic, and
carcinogenic. The approach where processing and handling
of precursors is too complicated is not viable for industrial
production, and it does not meet up the criteria of cost-
effectiveness [199]. To get rid of the issues, there has been
active research going on, but a similar approach proposed
using alternative solvents, used hydrazine during the step
of precursor preparation [201]. Initially, the hydrazinium
precursors were prepared by dissolving Cu,S and In,Se; in
hydrazine, dried, and then again dissolved in ethanolamine
(EA) and dimethyl sulfoxide (DMSO). But the PCE obtained
via this method (3.8%) was limited by small grain size and
the lower crystallinity in the films [201].

Pan et al. reported a non-hydrazine molecular-based
approach for the deposition of CIGSe, involving a butyl-dith-
iocarbamic acid-based ethanol solution of metallic oxides.
A PCE of 10.1% with high-quality Culn(S, Se), is the result
of selenizing these films [202]. Interestingly, most of the
work, despite the limitations of this deposition technique,
such as wastage of material, is incompatible with roll-to-
roll processing, published on molecular-based techniques for
CIGSe involves spin coating; hence, other viable alternatives
are needed. Spray deposition, which is a high-throughput
technique, can make the process much more applicable to
large-scale manufacturing.

5 Commercial status

Renewable energy accounted for more than 26% of world-
wide electricity generation by the end of 2018. Strong policy
and rapid development in new technologies made it possible
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contributing one-fourth of global energy generation. Devel-
oping and emerging economy strategy has been employed
to increase the distribution of renewable energy systems to
households in remote areas. The equal contribution goes
to the private sector which is playing a key role in driving
renewable energy development through its investment and
enthusiasm. Global renewable power capacity grew to 2.3
TW in 2018. The annual global market for solar PV slightly
exceeded 100 GW for the first time in the year 2018 itself.
Evolving market, especially in Europe, compensated for a
significant decline in China’s PV dominancy resulted from
changes in policies, although Asia still overshadowed other
regions for fresh installations. Supporting schemes under
the policy of government are still needed for solar PV in
most countries to drive quickly. China’s decision to restrain
domestic demand led to global upheaval as Chinese mod-
ules inundated the global PV market, and trade gainsays the
industrial production in some countries. At least 32 coun-
tries had a cumulative capacity of 1 GW or more in solar PV,
signifying passionate opinion on renewable energy through
the sun.

CIGSe-based solar cell technology has already developed
enough to reach industrial-scale production for a commer-
cialization purpose (see Table 3). A fistful of well-estab-
lished companies is already producing a bulk capacity of
CIGSe modules on a glass substrate. These heavy and rigid
substrates are mainly used for rooftop and land-mounted
installation in utility grid-connected as well as standalone
off-grid systems. CIGSe modules are also produced on a
flexible substrate like polymer and metal (stainless steel).
Apart from rooftop installation and building-integrated PV,
CIGSe modules on flexible substrates are used in the trans-
portation system and charging applications. Roll-to-roll pro-
cessing techniques allow the flexible substrate to enhance
production potential as well as a reduction in equipment
size for different graded layers. However, so far, standard-
ized roll-to-roll deposition systems are still lagging behind
for CIGSe-based solar modules and this is one of the most
important reasons why flexible CIGSe modules fall behind
their rigid counterparts.

6 Future perspectives and discussion

Various techniques including vacuum as well as non-vac-
uum approaches for absorber deposition have been dem-
onstrated from R & D to industrial scale. Researcher has
shown a rapid progress, and as a result, the reduction in
efficiency gap between vacuum and non-vacuum processed
CIGSe has been distinguished. Using the hydrazine and
particle-based approaches (e.g., Nano solar), the record
efficiencies were obtained, implementing viable low-cost
technologies [185, 203]. Table 4 shows a summary of
the most successful and widely used low-cost deposition
approaches to date, indicating the processing steps and
challenges.

Non-vacuum methods are typically a sequential process,
usually consisting of two steps: (1) precursor deposition
step at low-temperature and (2) high-temperature thermal
treatment. High-quality material with high crystallinity
material is usually obtained after the post-deposition ther-
mal treatment, in the form of clean or reactive anneal-
ing (in the presence of S/Se vapor) [185]. The utilization
of metal salts is a direct method for CIGSe preparation.
For growth technique, methods, such as doctor blade, are
used for high-viscosity inks but involve both pre- and
post-treatments for removing C impurities (though addi-
tives for viscosity adjustment) and selenization, respec-
tively [154]. On the other hand, spray pyrolysis differs in
principle from the sequential approaches [185], wherein
the solvent is typically evaporated upon contact with or
close to the substrate surface and the film growth can take
place during the actual deposition step only but typically
results in low crystalline films with the presence of more
impurities. Certainly, a post-deposition selenization treat-
ment helps improve the material quality, resulting in better
PCE [204]. The issues of impurities formation could be
avoided in utilizing metal—organic precursors, but com-
position control makes it difficult to be utilized at a larger
scale. Typically, the particle-based approaches require an
additional pretreatment to remove the binder/capping and

Table 3 Summary of different methods employed in the non-vacuum process

Precursor type Deposition technique Pre-treatment Post- Quality of films Ref
deposition
treatment
Metal salts Spray pyrolysis - Selenization Less crystallinity, high content of impurities [161]
Metal salts - - Selenization High crystallinity with the presence of impurities [166]
Metal salts Doctor blading Binder reduction Selenization Formation of Cu rich film [187]
Nanoparticles Printing Binder reduction Selenization High porosity [158]
Molecular (with hydrazine) Spin coating - Annealing  High crystallinity with less porosity but having [200]
high toxicity
Single-source precursors Spin coating - Selenization High porosity [201]
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Table 4 CIGSe module manufacturers [209-221]

Company Substrate Deposition method Applications
Ascent solar Flexible = Co-evaporation
Flisom Flexible = Co-evaporation
Global.solar energy Flexible Co-evaporation
Hanergy-Solibro Glass Co-evaporation
Manz Glass Co-evaporation
Miasole Flexible  Sputtering

Solar Frontier Glass Sputtering
Avansis-CNBM Glass Sputtering
WonCIGS Glass Sputtering

Stion Glass Sputtering
Midsummer Flexible Sputtering
HULKet Glass Rapid diffusion
Solopower Flexible Electrodeposition

Portable utilities, 10-50 W [209]

Transportation, rooftop installation, portable system application, 25-120 W, 16-17% [210]
Rooftop and transportation installation, portable utilities, 7-300 W, 11-13% [211]
Landfill and rooftop installation, 125-150 W, 13-16% [212]

Rooftop and BIPV installations, 16% [213]

Chargers, rooftop installations, off-grid lighting system, 12-380 W, 14-17% [214]
Rooftop and landfill installation, 145175 W, 13-14% [215]

Rooftop, landfill and BIPV, 135-150 W, 12-14% [216]

Rooftop and landfill installations, 231 W, 16-17% [217]

Rooftop and landfill installations, 140-150 W, 13-14% [218]

Rooftop installations, portable utilities [219]

Rooftop installations, 100-360 W, 12-15% [220]

Rooftop installations, commercial utilities, 70-260 W, 8—11% [221]

to reduce oxides that might be formed during the process
[154]. These additional steps make the technique less cost
effective. Nevertheless, employing a ligand where the
removal step is avoided would be highly beneficial.

In molecular-based approaches, the hydrazine approach
with the use of single-source precursors has the benefit of
process simplicity owing to the availability of all the ele-
ments at a single step followed by chalcopyrite phase forma-
tion due to annealing but has the limitations such as handling
and transportation of hydrazine which complicates its use.
In addition, the selenization step typically results in poor
reproducibility due to the different volatilities of S/Se during
selenization [205]. There has been some success in hydra-
zine-free molecular-based approaches, but complex after-
treatment and high-temperature steps are still required [199].
The spin coating has also been involved in these approaches,
despite its limitations. An approach combining the benefits
of hydrazine-based methods but with less toxic precursors
is desirable in order to have better crystallinity in films.
Besides, the technique with a minimum number of steps
would also aid in obtaining better quality films. Further, the
deposition process should also be aimed at high material
utilization and potentiality for industrial-scale production.

Challenges faced by non-vacuum-based approaches in
terms of fabrication of modules due to processing com-
plexities are otherwise manageable via vacuum methods.
The biggest challenge among non-vacuum-based methods
is uniformity control with large-area fabrication [222-224].
However, the non-vacuum processes are limited to only
absorber layer CIGSe and buffer layer CdS fabrication, while
the actual potential of these solar cells could be realized bet-
ter with the employment of all-solution routes for the com-
plete fabrication. However, working on the absorber layer
via non-vacuum methods can still be beneficial in terms of
cost-effectiveness and tunability of constituents to get an
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optimized compound that can offer higher material utiliza-
tion and no unnecessary wastage of constituents takes place.
The other aspect in addition to cost-effectiveness relies upon
the increase in PCE values in order to make them a strong
competitor with vacuum-deposited CIGSe as well as c-Si.
The active research on CIGSe is focused more on cost reduc-
tion as well as the obtaining higher PCE values. Different
solution-based approaches utilized have yielded equivalent
or even better efficiencies than the solar cells fabricated from
vacuum techniques.

7 Conclusions

The researchers have reviewed the CIGSe-based semicon-
ductor material properties, operation of solar cells, recent
status, and various growth methods used for fabrication.
Remarkable progress has been made in the fabrication of
highly efficient CIGSe-based solar cells. This paper has
also discussed the optical, electronic, and structural proper-
ties of copper chalcopyrite materials along with the recent
research advances. To obtain high-efficiency CIGSe-based
solar cells, the [Ga]/[In+ Ga] ratio and [Cu]/[In + Ga] ratio
should be around 0.28 and 0.9, respectively. The number of
defects in the CIGSe film increases if the Ga ratio exceeds
by 0.3. To obtain a high fill factor in CIGSSe solar cells,
the [S]/[S + Se] ratio should be less than 0.6. The high-
efficiency CIGSe solar cells are produced from Cu-poor
absorber because of reduced recombination between CIGSe/
CdS heterojunction. The optical band gap of an absorber
material should be around 1.15 eV for CIGSe solar cells
which can be obtained by the incorporation of Ga into CISe
(1.04 V). Mid-gap defects, recombination at the absorber/
buffer heterojunction in a device, get increased as well as
the discontinuity in the conduction band becomes cliff. The
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overall performance of the CIGSe solar cell improves by
a graded band gap profile in the absorber materials. Front
grading (close to buffer) improves the V., while back grad-
ing (close to back electrode) improves the J,, and collection
probability. CIGSe solar cells with 23.4% have been reported
as champion efficiency via vacuum deposition techniques. A
large difference exists between lab-scale (23.4%) and com-
mercial module (17.4%) efficiency due to the difference
in growth kinetics over large scale. Besides, various non-
vacuum methods, such as particulate ink printing processes
and electrodeposition, have reported 17.1% and 17.3% effi-
cient CIGSe-based solar cells, respectively, indicating the
maturity of commercial CIGSe module by non-vacuum
processes. Non-vacuum solution processes provide high
output together with the flexibility of roll-to-roll processing
through the investment of low capital compared to expen-
sive vacuum processes. Looking at the cost of materials and
scarcity of In, the use of alternative protocol and policy is
obligatory. Low-temperature processing and the use of low-
thickness (< 1 um) CIGSe absorbers can be another strategy
for effective reduction in manufacturing costs and advancing
revenue. Incorporation of alkali after-deposition treatment
of absorbers is identified to be pivotal to enhance the effi-
ciency of CIGSe solar cells closer to Shockley--Queisser
limit. High-efficiency CIGSe solar cells are mostly fabri-
cated using the CdS buffer layer; however, the trend has
changed recently to produce the Cd-free CIGSe module
using alternative materials, such as Zn(O, S), (Zn, Mg)O,
and In,S;. Each component of the CIGSe solar cell structure
and its manufacturing art requires further in-depth investiga-
tion to simplify the low-cost processing and efficient solar
cells. Higher module efficiency, good quality of the absorber
layer deposited by alternative/hybrid deposition techniques,
optimal composition, and good stoichiometry over large-
scale production are some of the major issues related to the
development of CIGSe solar cells.
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