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The targeted global decarbonization demands the urgent replacement of conventional fossil fuel with low carbon
technologies. For instance, solar energy is abundant, inexhaustible, non-polluting, and low-priced; however, to
produce energy on a large scale with reliable, cost-efficient, and environmentally friendly methods remains a
challenge. The outstanding optical properties of Cu(In,Ga)Se; thin film photovoltaics and their intrinsic
compatibility with industrial-scale production are paving the way towards this technology. However, most of the
activity in the field relies on the use of non-environmentally friendly methodologies to achieve solution-
processed flexible and lightweight photovoltaics with significant efficiencies. Importantly, there is a search for
more sustainable alternatives that are compatible with roll-to-roll industry to improve the cost-effectiveness and
sustainability of photovoltaics without compromising the photovoltaic performance.

Herein, we review cost-efficient and sustainable fabrication methodologies that complement the current high-
energy-demanding vacuum-based fabrication of Cu(In,Ga)Se; photovoltaics. The existent non-vacuum deposition
methods of Cu(In,Ga)Se; photoabsorbers are presented and precursors and solvents used in ink formulations are
discussed in terms of sustainability. The approaches resulting in most efficient photovoltaic cells are highlighted.
Finally, all-solution-processed Cu(In,Ga)Se, photovoltaics are reviewed, along with the non-vacuum deposition
methods of the individual layers, contributing to an even higher throughput and low-cost production. This re-
view highlights the relevance and potential of sustainable non-vacuum methodologies, as well as the need of
further investigation in this field to ultimately give access to high-end CIGS PVs with low-cost fabrication.

engineering approaches has led to the realization of four generations of
solar cells [4]. First-generation PVs are based on silicon, and they are the
most mature and commercialized technology. Second-generation com-
prises direct band gap photoabsorbers with a few micrometers of
thickness. Third-generation uses organic semiconductors relying on
several energy levels and multiple charge carrier generation. Finally, the

1. Introduction

Solar cells have emerged as the widespread photovoltaic (PV) tech-
nology for harvesting and delivering clean energy in numerous sectors

across our society (Fig. 1). Owing to the abundant and inexhaustible
nature of the solar energy, the broader application of solar cells would
effectively support the reduction of greenhouse gas emissions [1] via
transitioning from fossil-fuel-based power to renewable solar energy,
thus greatly contributing to the realization of the Paris Agreement [2]
and the European Green Deal [3].

In the past decades, PVs have been the subject of extensive research,
and the continuous development of photoabsorber materials and PV
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emerging fourth generation combines flexible polymeric thin films with
nanoparticle (NP) structures to produce thin multi-spectrum layers
(tandem PVs) [4,5].

With regard to the sustainability of the PVs, despite being a zero-net
emission technology, the processes and methodologies used for the PV
fabrication result, directly or indirectly, in the emission of CO». Inter-
esting aspects in this regard, also associated to life-cycle assessment,
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Nomenclature

AM1.5G Global standard spectrum
CIGS Copper indium gallium diselenide
Ec Conduction band energy
Eg Fermi energy

Ey Valence band energy
FTO Fluorine-doped tin oxide
IPA Isopropanol

ITO Tin-doped indium oxide
Jsc Short-circuit current

NP Nanoparticle

NwW Nanowire

PV Photovoltaic

QNR Quasi-neutral region

Rg Sheet resistance

RTA Rapid thermal annealing
SCR Space charge region
SLG Soda-lime glass

T Temperature

Tssonm  Transmittance at 550 nm
TCO Transparent conductive oxide
s Barrier height

have been addressed by several authors [6,7]. Moreover, the end-of-life
of the PVs also plays an important role in their sustainability since these
materials might become hazardous waste if not recovered or disposed of
properly. To guarantee the sustainability of the PV modules, it is very
important to establish end-of-life management strategies [8] with low-
cost recycling technologies. Europe, Japan, and United States are lead-
ing the research and development of PV module recycling, especially for
silicon PVs.

Seminal reports of solar cells with Cu(In,Ga)Se; (CIGS) photo-
absorber [9,10], extensive investigations of the material, PV cell design,
and optimization studies have resulted in an interesting class of second-
generation thin film PVs [11]. Already 1% (1284 MW) of the global solar
energy is currently produced by CIGS PV technology [12]. CIGS is a
semiconductor with a high absorption coefficient (~10°cm™ ) and a
direct band gap that can be tuned from 1.0 eV to 1.7 eV by changing the
chemical composition. For instance, Cu(In; _,Ga,)Se with x = 0 exhibits
a band gap of 1.0 eV, while when x = 1, the band gap increases to 1.7 eV.
The optoelectronic characteristics allow for the development of CIGS
PVs with photoabsorber layer as thin as 1-2 pum, rendering the resultant
thin film CIGS PVs an appealing alternative to the traditional first-
generation silicon solar cells, which typically feature thicknesses of
about 100 pm [13].
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CIGS PVs are typically fabricated by a diversity of vacuum-
deposition methods (vide infra) [14,15]. Notably, such methods are
energy-demanding and expensive, and therefore there is a search for
low-cost processing methods based on lower energy-demanding pro-
cesses. The goal of this review is to illustrate the utility of sustainable
non-vacuum methodologies that can offer low-cost fabrication of high-
end CIGS PVs. We will focus on solution processing and printing depo-
sition, as well as associated thermal treatments and inherent chemistry
of solutions, specifically the nature of the solvent and the precursors.

2. CIGS PVs

CIGS PVs can have substrate or superstrate cell configurations. In the
first case, light passes through a transparent front contact layer, whereas
in the superstrate configuration light passes through a transparent
substrate and reaches the active layer. Substrate configuration is the
most common one, since it provides the most efficient PV cells due to
favorable processing conditions [16].

Theoretically, for a non-concentrated system under AM1.5G illumi-
nation, the Shockley—Queisser limit determines that the maximum solar
conversion efficiency for a single p-n junction CIGS PV cell is ~33.7%,
which happens at a band gap of 1.34 eV [17]. This theoretical limit
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Fig. 1. Solar energy powered services: (a) highly reliable electricity in buildings, (b) structural materials production, (c) aviation, long-distance transportation/

shipping, and (d) small transportation, light, heating/cooling.
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considers (i) non-absorbed photons below the photoabsorber band gap,
(ii) thermalized energy of photons above the photoabsorber band gap,
(iii) voltage loss from thermal radiation, and (iv) absence of ohmic losses
of the PV cells [18]. At the same time, the champion CIGS PVs have
experimentally reached efficiencies of 23.35% [19] and 18.6% [20] on
the cell and module levels, respectively.

The common structure of a CIGS PV (a, b), together with the
respective band alignment (c) are depicted in Fig. 2. The PV device has a
complex layered structure consisting of soda-lime glass (SLG)/Mo/
CIGS/CdS/i-Zn0O/Zn0:Al, wherein (i) SLG is the PV substrate; (ii) Mo is
the back contact coated on SLG; (iii) CIGS is the p-type photoabsorber
thin film of copper indium gallium diselenide; (iv) CdS is the buffer layer
of n-type cadmium sulfide; (v) i-ZnO is the resistive layer of intrinsic zinc
oxide; and finally (vi) ZnO:Al is a transparent conducting window layer
of aluminum-doped zinc oxide.

As substrate, rigid SLG is very commonly used in CIGS PVs (Fig. 2a,
b), mostly due to its high thermal stability and capability of supplying
sodium to the CIGS layer during fabrication, which increases the PV cell
efficiency. Equally interesting stainless-steel foil [22] and polyimide
[23] are employed as well, which provide lightweight flexible PV cells
with reduced cost and easy reorientation to sunlight. Importantly, such
flexible substrates are also suitable for roll-to-roll large-scale fabrication
processes.

With regard to current collection, the most commonly used back
contact is Mo (Fig. 2a, b). This is mainly due to its high electrical con-
ductivity (5 x 10 Q cm) and good corrosion resistance. Additionally,
Mo forms a very thin layer of MoSe, at the interface with the CIGS
photoabsorber (Fig. 2b), thus providing a quasi-ohmic contact between
the Mo back contact and the photoabsorber [24]. Transparent conduc-
tive oxide (TCO) substrates, e.g., tin-doped indium oxide (ITO) [25] and
fluorine-doped tin oxide (FTO) [26], have also been successfully
employed in CIGS PV cells. In addition to being useful for applications
that require transparency [27], when combined with metallic reflectors,
the reflectivity of TCOs can be enhanced as compared to Mo-coated SLG
[28].
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The stoichiometry [Cu] / [In + Ga] = 0.9 and [Ga] / [In + Ga] = 0.3
is essential to obtain highly efficient CIGS PV cells [29]. The presence of
a Ga gradient in the photoabsorber thin film is very commonly observed,
as it works as a passivation layer for the Mo back contact, protecting it
from recombination of charge carriers. Notably, the recently explored
ultrathin CIGS photoabsorbers (<1 um) exhibit lower absorption of
photons and higher recombination at the back contact. In this particular
case, the Ga gradient is not sufficient to prevent charge recombination,
and therefore passivation layers, such as AlpO3 [30], MgF, [31], SiOq
[32], and TiO2 [33], have been developed to be placed between the Mo
back contact and the CIGS photoabsorber. Importantly, ultrathin CIGS
photoabsorber layers significantly reduce the use of rare and expensive
In and Ga elements and consequently the PV production costs, rendering
them feasible for industrial scale production. PV cells with over 10% of
efficiency have already been developed using only 450 nm thick CIGS
thin films [34].

To create a p—n junction in high-efficiency CIGS PVs, CdS, with a
band gap of 2.4 eV, is the most commonly used buffer layer (Fig. 2a, b)
[24]. Alternatives, such as InyS3 [35], ZnTiO [36], Zn;_,Mg,O [37], and
Zn(0,S) [38], have also been successfully employed. The latter materials
have larger band gaps than CdS, thus reducing optical losses inside the
buffer layer, but more importantly, they circumvent the use of the toxic
Cd metal [39].

TCOs are commonly used as front contacts owing to their high op-
tical transparency (>85%) and low electrical resistivity (<1072 Q cm).
High-performing CIGS PV cells employ bi-layered TCO consisting of a
thin film of i-ZnO and a thicker film of ZnO:Al (Fig. 2a,b) [24]. Alter-
natively to the i-ZnO/Zn0:Al assembly, materials with large band gaps,
such as ITO [40], ZnO;_4Sy:Al [41], Zn; ,Mg,O:Al [42], ZnO:B, Iny03:
Mo [43], and Inp03:H [44], have been employed as front contacts, thus
increasing the transmission of ultraviolet photons to the CIGS
photoabsorber.

The different band gap energies and electron affinities of the indi-
vidual layers affect the band alignment and shape the discontinuity of
the conduction band at the interfaces, producing a band diagram

sunlight
(a) ——— Zn0O:Al (300 nm) (b)
l 2 i-ZnO (100 nm)
CdS (40—80nm)

- —2¢ CIGSCZ (1—2 pm)

% ~——— Mo (0.5—1 um)

+ s  am SLG (few millimeters)

Mo MoSe, p-CIGSe,
(©

o
©
/

QNR

Fig. 2. Common layered structure of a CIGS PV device (a), together with the respective cross-section SEM image adapted from [21] (b) and a band diagram under
equilibrium (c). Ec = conduction band energy, Ey = valence band energy, Er = Fermi energy, SCR = space charge region, QNR = quasi-neutral region, ¢3 = bar-

rier height.
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(Fig. 2¢). At the interface between CIGS and CdS, a positive discontinuity
of the conduction band, a spike, occurs. When the spike is too high, the
flow of the charges from CIGS to the CdS layer is inhibited, reducing the
short-circuit current (Jsc). When the spike is small, the electrons are
thermally emitted across the spike, and the spike does not work as a
barrier [45].

Advantageously, CIGS PV modules are very reliable, showing
degradation of only ~0.5% per year. The observed degradation can be
attributed to (i) metastabilities, (ii) partial shading and hotspots, (iii)
potential-induced degradation, and (iv) back contact issues [46]. Of the
environmental factors, humidity has been established as the cause of the
highest degradation rate of CIGS PVs, and encapsulation of the PV
modules is performed to overcome this issue [47].

From the fabrication point of view, the most efficient CIGS PV cells
are developed using vacuum-based deposition processes, which allow a
fine control of the deposition parameters, thus affording reproducible
fabrication of high-quality thin films (i.e., crystalline, phase pure, sem-
iconducting, compact, smooth, etc.) [14]. For example, the most
extensively developed large-area deposition techniques (sputtering, co-
evaporation, physical or chemical vapor depositions) are industrially
relevant vacuum-based methods for the fabrication of CIGS solar cell
modules. On the other hand, small-area deposition methods (pulsed
laser deposition, molecular beam epitaxy) are commonly used in the
laboratory research to advance CIGS PVs.

In the typical scenario of CIGS PV fabrication, the Mo back contact is
first deposited on a rigid or flexible substrate followed by the deposition
of either alloy Cu-In-Ga or chalcogenide Cu-In-Ga-Se thin film. Next,
the resultant film is subjected to so-called selenization — a gas-transport
reaction in Se or HaSe vapors for CIGS crystal growth under 450-600 °C
— in order to obtain a high-quality CIGS photoabsorber layer. The PV
device is then completed by the deposition of the aforementioned
consecutive layers (Fig. 2), thus affording a high-performing CIGS solar
cell.

The environmental impact of the devices during the whole life cycle
is also relevant and, in particular, at the end of their functional life. To
date, CIGS PV technology has just a few implemented recycling strate-
gies. The processes of both NPC Inc. and Hamada Corporation are based
on pyrolysis of polymers and grating of the chalcopyrite layer after
removal of the frame and the backsheet. Loser Chemie has patented a
process in which the semiconductor materials are recovered by a
chemical treatment after crushing and separating the materials [48].
Large-scale chalcopyrite PV systems are currently recycled using a
combination of mechanical and chemical treatments [49]. On the whole,
in view of circular economy, recycling strategies are essential, and more
are expected to emerge as the CIGS PVs move closer to
commercialization.

3. The challenge

The major challenge in the commercialization and market uptake of
second-generation CIGS PV technology is the high cost and the associ-
ated environmental impact of the PV fabrication [50]. For example, the
champion CIGS PV with the complex cell structure SLG/Mo/CIG(S,Se)2/
CsF/Zn(0,S,0H),/ZnMg0/ZnO:B/Al/MgF, has been fabricated
employing vacuum techniques [19], thus marking the high versatility
and broad applicability of these methods. However, vacuum-based de-
positions are energy demanding, time consuming, and require expensive
equipment. In addition, uniform film deposition over large substrate
areas, essential for the production of working PV modules, poses a
further challenge.

Printing and coating techniques provide new opportunities to
develop sustainable strategies toward the fabrication of efficient CIGS
PVs. The number of non-vacuum approaches has gradually increased in
the recent years, since such methodologies not only enable challenging
fabrication of CIGS PVs to be carried out in cost-efficient fashion with
lower environmental impact, but also potentially afford large-scale
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fabrication via industrial roll-to-roll and screen printing processes.
4. Sustainable fabrication of CIGS PVs

Sustainable fabrication should: i) minimize waste and the input of
non-renewable energy, ii) seek environmentally friendly source mate-
rials and products, and iii) plan for technology recycling from the
beginning [51]. During the production of CIGS PVs, the layer deposition
is the most energy-demanding step. Therefore, the replacement of
vacuum-based deposition techniques with less energy demanding non-
vacuum ones can have a large impact on the sustainability of the pro-
cess. In addition, typically these processes are also associated with low
amounts of material waste, or even none, when operating.

In printed/solution-processed PVs, both solvents and precursors used
in ink formulations and/or chemical reactions are the components most
contributing to the sustainability of the process. Importantly, green
solvents and chemicals do not pose risks to the human health, safety, and
the environment during their entire life cycle [52]. For the quantitative
evaluation of the health, safety, and environmental impact of solvents,
the “Global Harmonized System of Classification and Labeling of
Chemicals” (GHS) established a list [53]. Based on the GHS, Glax-
oSmithKline (GSK) keeps a regularly updated list that provides several
sub-categories and rates the sustainability of the solvents using a
parameter called composite score value (G), with a range of 1 to 10 from
non-sustainable to sustainable [54]. Therefore, solvents with a high G
score are appropriate for sustainable chemical procedures [55]. In
addition to the source materials, by-products formed during processing
should also be taken into consideration: for example, the thermal
treatments employed for curing and sintering can release chemical va-
pors that are poisonous to humans and the environment. In such cases,
thermal treatments should be avoided and replaced by sustainable al-
ternatives. Finally, the recycling strategies of PV materials should be
considered from the beginning and throughout all the production steps
[56].

5. Printed/solution-processed CIGS PVs

Non-vacuum processes can be divided into three classes: (i) elec-
trodeposition, (ii) particulate-based ink, and (iii) solution-based ink
[57]. Electrodeposition is beyond the scope of this review and for an
overview of this process, the readers are referred to the literature
[58,59]. Particulate inks are suspensions of synthesized or commercial
particles in solvents (Fig. 3a, b), whereas solution inks typically consist
of metal salt precursors dissolved in a solvent (Fig. 3c). The formulated
inks are further deposited on a substrate (Fig. 3d) and subjected to a
thermal treatment when required (e.g., calcination, annealing, seleni-
zation) to produce a dense CIGS layer (Fig. 3e). Both particulate and
solution approaches are perfectly fit for printing deposition of the thin
film, but the rheological properties of the inks need to be tuned for the
chosen printing method. At the moment, CIGS PVs with similar effi-
ciencies of 17.1% and 17.3% have been achieved using printing tech-
nologies employing particulate [60] and solution-based [61] inks,
respectively.

5.1. Nature of the ink precursors

With respect to particulate-based ink processing, the particles used
can be either synthesized colloidal CIGS NPs or synthesized non-
colloidal CIGS NPs as well as commercially available precursors, for
instance, metal oxides. CIGS NPs have been synthesized by solvothermal
[62], hydrothermal [63], hot-injection [64], heating-up [65,66], and
mechanochemical [67] methods. Accordingly, Cu, In, Ga, and Se metals
are used as elemental species or salts dissolved in organic solvents to
react and produce a precipitate. Usually, these procedures provide
nanocrystalline CIGS with precise phase and shape control. On the other
hand, the scale-up of these procedures is hindered by the use of complex
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Fig. 3. Formation of inks for the CIGS layer using (a) particulate-based synthetic route, (b) particulate-based commercial route, and (c) solution-based process. (d)

CIGS deposited film and (e) CIGS dense layer after annealing.

reaction set-ups incorporating autoclaves, Schlenk lines, or gloveboxes.
Furthermore, these methods employ toxic organic solvents, such as
hydrazine [68], ethylenediamine [62], and trioctylphosphine [69], as
well as high boiling point solvents, such as oleylamine [70] and hex-
adecylamine [65,66] with reaction temperatures above 280 °C, resulting
in carbon residues in the obtained films [71]. The highest PV cell effi-
ciency obtained with a colloidal CIGS NP procedure is 15.0%, using
hybrid solvothermal/hot-injection method with sulfur/oleylamine and
subsequent selenization treatment to grow the crystal [72].

Environmentally friendly synthesis of colloidal or non-colloidal CIGS
remains rather unexplored in the literature. Le and co-workers estab-
lished a colloidal synthesis method with a simple experimental set-up
based on sonochemistry with ethanol as solvent [73], while Juhaiman
et al. reported a microwave-assisted colloidal synthesis using water and
mercapto-acetic acid as solvents [74]. Chaure and co-workers, on the
other hand, synthesized colloidal CIGS NPs and built a PV cell.
Accordingly, a chemical ion reduction method was developed using
polyethylene glycol as solvent and stabilizer and sodium borohydride as
reducing agent, delivering a PV cell with 9.33% efficiency, the highest
reported efficiency using environmentally-friendly synthesis of CIGS
NPs [75]. Recently, reports have started to emerge on aqueous synthe-
ses. We developed one delivering ~5 g of phase-pure non-colloidal CIGS
NPs with tetragonal chalcopyrite structure and heterogeneous size dis-
tribution [76]. In another study, by using capping ligands (stabilizers),
such as mercaptoacetic acid, glutathione, and citric acid tri-sodium,
typical for non-aqueous synthesis of stable and uniform CIGS NPs,
aqueous colloidal synthesis of quaternary chalcogenide CuzZnSnS4 NPs
[77] and ternary CulnSe; NPs [78] have been realized. With these recent
promising examples, we expect an increase in successful reports on
aqueous colloidal synthesis of CIGS NPs in the future.

The commercial route, usually using metal oxides or selenides as
precursors, uses a two-step thermal treatment to provide a dense and
uniform CIGS layer, avoiding the need for stabilizers typically required
in synthetic procedures. First, a thermal treatment (=500 °C) with a
reductive atmosphere converts the oxides to Cu-In-Ga alloy. Then, a
selenization step (=550 °C) is carried out to introduce Se and grow the
crystal. The disadvantage of this method is the commonly observed Ga
segregation on the back contact, which negatively impacts the PV per-
formance. When using a mixture of solution/particulate-based processes
with sequential chemical reactions starting with metals chips dissolved
in acid to obtain metal oxides and followed by selenization, a maximum
efficiency of 13.6% has been achieved for the PV cell [79]. In a process
developed by the company Nanosolar, metal selenides were used as

precursors and subjected to a single thermal treatment and the resulting
PV cell exhibited an efficiency of 17.1%, although Ga segregation was
also identified as a problem [60].

The solution-based ink process employs metal salts (e.g. Cu(NO3)2),
organometallic (e.g. (PPhg)2Culn(SEt)4) or molecular (e.g. CuyS in hy-
drazine) precursors in solution, thus omitting the need for stabilizers and
leading to a homogenous layer composition with a lower number of
defects than particulate-based inks. This process sometimes includes a
final annealing treatment [29]. Of the different precursors used for the
solution-based ink, the molecular approach has been shown to provide
the highest efficiency PV cells (17.3%) [61]. This example, however,
was achieved employing the highly toxic and explosive hydrazine, the
use of which is not allowed at industrial-scale production. Green solu-
tions using ethanol and propylene glycol followed by selenization
treatment have delivered efficiencies of 8.0% and 12.4%, respectively
[80,81].

Notably, the solution-based ink procedure delivers high-quality
dense CIGS layers with uniform composition and thickness, avoiding
the need of using additional chemicals to ensure the stability of the
particles, which translates into a beneficial zero carbon content in the
CIGS layer. This procedure is also the one delivering the maximum PV
efficiency of the above-mentioned precursor approaches. The trade-off is
the need of using non-environmentally friendly solvents, dangerous
explosive chemical procedures (e.g. hydrazine), and/or selenization,
which all can harm humans and the environment and are not compatible
with roll-to-roll production.

Interestingly, the particulate-based ink procedure, especially when
using commercial oxides, is a facile and inexpensive option and nano-
sized metal precursors can be easily sourced commercially. In addition,
the oxide dispersion can be achieved using green solvents and envi-
ronmentally benign additives, such as surfactants. However, a disad-
vantage of the process is the required selenization treatment to
incorporate Se and grow the crystal. The selenization step can be avoi-
ded by using synthesized quaternary CIGS nanocrystals. However, most
of the existent procedures employ toxic solvents and complex setups for
their preparation, which renders their industrial implementation very
complicated. Therefore, finding new, environmentally friendly, non-
complex procedures for their synthesis that allow for upscaling for
eventual uptake by the industry is of high importance and an area at
which research efforts should be directed.
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5.2. Selenization

Selenization is a crucial step in the formation of CIGS from metal
oxide or nitrate precursors. It is a gas-transport reaction that occurs
when a film containing Cu, In, and Ga precursors is exposed to a thermal
treatment with Se vapor under controlled atmosphere. Se can be also
supplied in the gas phase in the form of HySe, which speeds up the
process and provides a more homogenous and larger crystals than those
obtained by the use of elemental Se vapor. The lower toxicity of the
latter renders it the more advantageous option. Independently of the Se
source, this treatment can be used on both vacuum and non-vacuum
deposited photoabsorber layers to grow the final CIGS crystal. In addi-
tion to the crystal growth, when using Mo back contacts, a thin layer of
MoSe; is generated between the back contact and the photoabsorber
layer producing a quasi-ohmic contact, which is beneficial for the PV cell
efficiency [13].

The growth of the CIGS crystal is a complex process, rendering the
control of the crystallization parameters challenging. After the initial
growth of binary selenides of Cu and In, the CulnSey phase grows at
around 370-380 °C, followed by the CuGaSe;, phase at around 425 °C.
The complete growth of the Cu(In,Ga)Se; crystal occurs at T > 500 °C by
the slow interdiffusion between CulnSe; and CuGaSe, along with Ga
segregation towards the back contact. This segregation occurs due to the
more favorable reaction between In and Se than Ga and Se and tends to
create a lower energy band gap at the space charge region of the pho-
toabsorber, leading to poor open-circuit voltage [82]. This can be
overcome by performing sulfurization after selenization. Sulfurization is
commonly used to improve the PV efficiency and can be carried out
using three different methods: annealing the photoabsorber in HyS at-
mosphere [83], evaporating In,Ss onto the photoabsorber and annealing
in sulfur vapor [84], or by using elemental evaporation of sulfur [85], all
non-compatible with industrial production.

Selenization can be carried out using rapid thermal annealing (RTA)
or a one-step, two-step, or even three-step selenization procedure. RTA
is a short and scalable thermal treatment [86], while two and three-step
selenizations promote slow interdiffusion between CulnSe; and
CuGaSey, ensuring their homogenization and therefore minimizing the
Ga segregation towards the back contact [82]. All thermal treatments
are carried out using a specific setup typically comprising a furnace and
a horizontal quartz reactor tube to withstand high temperatures. The
conditions of the process depend on the composition and deposition of
the film and need to be optimized in terms of temperature, time, pres-
sure, atmosphere, and Se concentration. In some cases, the films are
placed inside a graphite box to ensure constant partial pressure and
temperature to grow the CIGS crystals [87].

Despite being a very useful and effective procedure to gain access to
large and homogenous crystals, selenization releases toxic vapors, which
are hazardous to humans in large-scale production, rendering it non-
suitable for roll-to-roll processes. In this respect, thin film deposition
using ink formulations of CIGS NPs is advantageous by omitting the need
of selenization. Nevertheless, obtaining a dense, compact, and carbon-
free CIGS layer through this approach without high-temperature
annealing, which prevents the use of polymeric substrates, remains a
challenge. A possible solution could be femtosecond laser annealing,
which does not require high temperatures and is compatible with in-
dustrial production. Such treatment has been demonstrated to enhance
the efficiency of PV devices by decreasing both the shunt leakage current
and recombination centers [88], thus providing a great approach to
replace conventional annealing treatments.

5.3. Inks and deposition processes

The quality of the films is determined not only by the ink formula-
tion, but also by the type of substrate and applied post-deposition
treatments which also play a major role in both the cost and the range
of applicability of the resulting PV cell. An ink formulation comprises a
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precursor, a solvent, and additives. In addition to the precursor quality,
as discussed in the previous section, the solvent is the key element for a
good dispersion/dissolution. Solvent polarity, reactivity, surface ten-
sion, viscosity, and volatility must be considered not only to adjust the
properties of the ink for the chosen printing technique but also to
guarantee suitable dispersion/dissolution of the precursors [89]. The
use of additives, such as binders and surfactants, helps to adjust the
viscosity and surface tension of the ink, improving its wettability,
dispersion, and stability, thus resulting in dense and smooth CIGS layers,
without grain boundaries. Binders are synthetic or natural polymers (e.
g. polyvinyl alcohol and cellulose), and surfactants are ionic or non-ionic
surface tension modifiers (e.g. sodium dodecyl sulfate and Triton X-100)
[90]. The additives also enhance the integrity of the films by improving
their adhesion to the substrate and preventing cracking and delamina-
tion during post-deposition thermal processes, detrimental to the per-
formance of the device.

After ensuring appropriate ink viscosity for the selected deposition
process, to achieve a smooth printed layer, the surface tension of the ink
should be close to or lower than the surface energy of the substrate. To
address the challenging high surface tension of aqueous systems, a
combination of water with low-surface-tension solvents (e.g., ethanol)
can be employed. Alternatively, the addition of hydrophilic chemical
additives, such as cellulose-derived chemicals or polyvinyl alcohol, can
assist in providing a well-printed film.

Particulate-based inks with synthetic precursors allow for a high
control of the layer composition, and the only lack of homogeneity arises
from the layer thickness, which does not affect the crystal stoichiometry.
These NPs, when synthesized without stabilizers, need surfactants to
produce an ink formulation with uniform composition. Although sur-
factants can provide a solution, they may leave residues even after
annealing the films that compromise their quality, rendering the process
challenging [90]. With commercial precursors, NP agglomeration is very
common and leads to different settling rates in the solution, compro-
mising the correct stoichiometry within the films. In such cases, the
addition of a surfactant may lead to a uniform dispersion of the NPs,
however, it may also leave carbon residues in the final film.

Inks from solution-based precursors are generally quite homoge-
neous on the molecular level and are often considered an excellent
choice to achieve smooth layers with uniform composition. In this
approach, the dissolution of the precursor is crucial, as incomplete
dissolution can result in cracks and shrinkage of the films during
annealing. Therefore, the ink components as well as the temperature and
pH should be carefully tuned to allow for complete solubilization of the
precursors and avoid premature precipitation [90].

The use of solution-based inks is a very effective approach to obtain
uniform layers. However, the ink formulation requires specific chemical
conditions (e.g., reaction temperature) and extra caution (e.g.,
controlled pH) to avoid morphological defects in the final CIGS layer,
rendering it a complex procedure for industrial implementation. On the
other hand, simple procedures can be employed for the ink formulation
from particulate-based commercial precursors, but the mandatory use of
selenization in the case of oxides to convert them into CIGS with uniform
composition is very challenging and non-compatible with roll-to-roll
fabrication. Finally, the use of particulate-based ink with synthetic
procedure, preferably under aqueous conditions, is straightforward from
the as-synthesized nanocrystals to the printed CIGS film. Nevertheless,
the removal of stabilizers used during synthesis can cause defects in the
printed layer, which work as recombination centers for charge carriers
and therefore hamper the device performance. When stabilizers are
impossible to avoid, the addition of a low content of stabilizers during
synthesis that can be rapidly degraded, preferably environmentally
benign ones (e.g., glutathione), as well as employing nanocrystals with
homogeneous size distribution will allow to obtain uniform and defect-
free CIGS printed layers without grain boundaries.

The most relevant deposition techniques to produce CIGS films are
spin coating, blade coating, inkjet printing, spray coating, and screen
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printing (Fig. 4), and their main advantages, limitations, and principal
parameters are presented in Table 1. To evaluate several factors related
to the sustainability of these fabrication methods, such as solvents/ad-
ditives and the nature of precursors used in ink formulation, deposition
processes, and thermal treatments employed, a color code is introduced,
where red and green colors stand for high and low environmental/
health impacts, respectively.

From these techniques, spin coating provides the most efficient CIGS
PV cells, with the highest efficiency reported of 17.3% [61]. Addition-
ally, the advantages include simplicity, low cost, and omitting the need
for rheology additives. However, a significant amount of material is
wasted during the ink deposition, and the resultant layers have nano-
metric size thicknesses, leading to repeated depositions until obtaining
micrometer size thick films. Finally, and more importantly, the non-
compatibility of spin coating with roll-to-roll industry limits its
employment in the scale-up production of PVs.

Blade coating, in addition to compatibility with roll-to-roll industry,
is very simple, cost-efficient, and the second most efficient deposition
process. CIGS PV cells prepared using this technique have reached ef-
ficiency of up to 15.0% [72]. On the other hand, spray coating allows for
higher throughput than blade coating, and spray-coated CIGS PV cells
have reached maximum efficiency of 10.7% [91]. However, both
methods suffer from low control over the thickness of the deposited
layer, which limits reproducible industrial production of PVs using these
techniques. Moreover, both methods lead to films with nanometric size
thicknesses.

Inkjet printing affords a strict control over the layer thickness.
Additionally, there is no waste produced, and the required inks are
simple low-viscosity formulations. PV cells with 11.3% of efficiency
[92] have been accomplished using this approach. However, despite the
roll-to-roll compatibility, clogging problems are quite common during
the printing process, and therefore, efficient particle dispersion is of
utmost importance to prevent damage to the equipment from the pres-
ence of agglomerations.

Screen printing is a very simple technique commonly used in the
textile industry. It can be used to print active layers and produce devices
on many different substrates, such as glass, polymer, textile, metal, and
paper. The printed pattern is created by first placing a mesh above the
chosen substrate (Fig. 5a), then with the use of a squeegee, the ink is
spread through the mesh by applying pressure on it until the mesh
touches the substrate. With a 45° angle between the squeegee and the
mesh and a continuous pressure and velocity of the squeegee, the ink
will pass through the mesh (Fig. 5b) and finally print the desired pattern
on the substrate (Fig. 5c). A subsequent low-temperature treatment is
performed to evaporate the solvent used in the ink formulation.

Recently, we embarked on the development of ink formulation for
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screen-printed fabrication of CIGS PVs. Notably, screen printing (Fig. 5)
is the least explored of the techniques presented and the maximum ef-
ficiency achieved thus far for a screen-printed device is 6.1% [26].
Despite the need of a rheology additive to meet the high viscosity
requirement, it is a very promising approach since it allows for the
deposition of layers of large dimension with a good uniformity, high
resolution, and low cost, rendering the technique very attractive for roll-
to-roll industry. Furthermore, it is the most suitable technique to print
layers with few micrometers of thickness, desirable for the CIGS layer.
Although a low number of PV cells with screen-printed CIGS layer have
been reported, the deposition is being optimized in both rigid [26,94]
and flexible substrates [95,96].

Vacuum-based deposition processes are undoubtedly the most
effective ones to achieve morphologically and compositionally uniform
CIGS layers. Nonetheless, printing/solution-based processes are highly
advantageous, both in terms of environmental impact and applicability
of the devices. Although spin, spray, and blade coating are highly
explored techniques in CIGS deposition, their implementation into roll-
to-roll fabrication is impossible or challenging. Moreover, the low con-
trol over the layer thickness and the resultant very thin layers result in
the need of repeating the print procedure several times to achieve the
optimal CIGS layer thickness of 1-2.5 um. Inkjet printing, on the other
hand, despite providing a high control over the thickness, is a very
complex technique that easily results in clogging problems in the nozzle
and frequent equipment maintenance. Screen printing is facile, cheap,
and very well-known in the industry. Therefore, it is a very promising
technique for CIGS deposition, as it is compatible with roll-to-roll pro-
duction and produces little material waste. For an all-sustainable pro-
cedure, the ink should be formulated using environmentally friendly
solvents and nature-derived thickeners with low degradation tempera-
tures to avoid high temperature procedures. Nevertheless, the manda-
tory high viscosity of the ink poses a challenge since an additional post-
deposition procedure (e.g., thermal treatment) is necessary to remove
the organic matter. The search and use of environmentally friendly
viscous solvents with low molecular weight and low degradation tem-
perature will allow to combat this limitation.

5.4. Current PVs

In the quest for solution-processed CIGS PVs, several reports have
emerged using the printing/coating techniques for the CIGS layer. The
most efficient CIGS PV cells are presented in Table 2, together with the
nature of the precursors, ink formulation, and used post-deposition
treatments. Currently, the most efficient PV cell (17.3%) comprising
printed/solution-processed CIGS layer was developed using spin coating
for CIGS deposition [61]. The second most efficient PV cell (15.0%) was
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Fig. 4. Schematic representation of deposition techniques: (a) spin coating, (b) blade coating, (c) spray coating, (d) inkjet printing, and (e) screen printing.
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Table 1
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Comparison of the deposition techniques of the CIGS layer with main advantages, limitations, and characteristics [13,93]. The factors related to the sustainability
associated with the CIGS PV fabrication are marked by color code, where red and green reflect high and low environmental/health impact, respectively.

Spin coating Biade coating Tnkjet printing Spray coating Screen printing
~Simple ~Sauple
- Siauple
- Good control over thickness for small - Good stoichiometry control - Precise control over thickness and pattern - Low cost
Advantages -Loweost
areas -Lowcost - Nomask needed - Good control over thickness
- High throughput

-Low cost

- High throughput

~Low control over thickness for large

Limitations - Low control over thickness

~ Dificult ik preparation (clozging)

- Low control over thickness. - Ink preparation (high viscosity)

areas - High cost
Material waste Significant Liflle None Litle None

Wet thickness (jum) 1-200 10-200 055 5-200 10-100

Tk viscosity (:B) <10 <10 <10 10-1000 100-100,000
Pattern resolution Zero-dimensional One-dimensional Three-dimensional 16-50 pm Zero-dimensional Two-dimensional 30 ym
“Roll-to-roll compatibility No Yes Yes Yes Yes

Highest efficiency PV cell (%) T73061] 5007 303] 1070 SI16]

squeegee
\ attern
«—> P

mesh

A

glass substrate

Fig. 5. The screen printing process steps and elements; (a) placement of the mesh with the printing pattern above the chosen substrate, (b) spread of the ink through
the mesh by a squeegee, and (c) achievement of the printed pattern over the substrate.

Table 2

The most efficient and the most sustainable CIGS PV cells with a printed CIGS layer, with the corresponding precursor nature, ink formulation, and deposition process.
The factors related to sustainability associated with the CIGS PV fabrication are marked by color code, where red and green reflect high and low environmental/health
impact, respectively. The G score of the solvents, when available, are represented inside brackets.

Precursor nature Ink formulation

Post-deposition treatment Deposition process Efficiency (%) Ref.
Route Chemicals Solvent Solvent Additives
‘Solution
CusS+InSes +Ga+Se + S Hydrazine Hydrazine = Annealing 500-600 °C (N2) Spin coating 173 1611
(molecular)
Particulate (hot injection Culacan): + In(acan): + Galaean): + Calcination 350 °C
Qlevaing Hexavethiol . Blade coating 150 72
synthesis) s Selenizafion 500 °C
Solution CuNO,),3H:0 + In(NO;); O~ | IPA (G=6.5)+ anhydrous Calcination 250 °C
PA Anhydrous ethylene glycol Ikt printing 113 93]
(salts) Ga(NO)H:0 ethylene glycol (G=8.1) Twwo-step selenization 400 °C and 560°C
Solution CuNO): + In(NO): = Ga(NOy)s + ‘Amnealing 330-360 °C (N2)
Water (G=173) Water Sodium nitrate Spray coating 107 2
(salty) thiowrea Selenizafion 560 °C
D
Particulate Calcination 100 °C and 400 °C
CuQ+In:0; + GaO: + gleicacid.  ifpropylene glycol) methyl o-Terpineol Ethyl cellulose Screen printing 61 6]
(commercial oxides) e Selenizafion 550 C
Ethanol ‘Selenizafian 550 °C
Solution (salts) CuNO,: + In(NO): + Ga(NO): Ethanol = Spin coating 124 [
(G=66) Sulfurization 550 °C
Solution IPA + anhydrous ethyle IPA + anhydrous ethyle Calcination 250 °C
CuNO: + In(NO); + GaNO:)s Inkjet printing 13 93]
(salts) glycol gycol Twvo-step selenization 400 °C and 560 °C
Particulate
CuCl +InCl; + GaCl; + SeCli =
(sythesis-chemical ion Polyethylene glycol Ethanol + ethylene glycol — Amnealing 450 °C (3D Blade coating 93 &)
NaBH,
reduction)
Particulate CulNO,): = In(NO): = Ga(NOy)s + Pulsed laser annealing with pulser fiber laser
Water Water - Spray coating 11 8
(syuthesis- sonachemical) triethanolamine + selenoutea. (1064 nm) under air at RT
Particulate-based CuNO;): + In(NO»), = Ga(NO»)s +
Water Ethanol - ‘Flash light (9 W in air at RT) Spray coating 02 99
(syuthesis- sonarhezaical) triethanolamine + selenouren.

developed using blade coating for the CIGS layer [72]. Despite the high
efficiencies, these procedures include the use of toxic or hazardous
solvents, often even selenization, which is a hazardous process and non-
suitable for roll-to-roll fabrication. Interestingly, only a few reports have
emerged on screen printing, explaining its current lower efficiency
(6.1%) [26]. Due to facile processability associated with screen printing,
there is high potential for the use of this technique in the development of

CIGS PVs. Therefore, the development of screen printable inks
comprising well-dispersed colloidal CIGS nanocrystals should be
addressed to improve the performance of those devices.

Due to their toxicity, harmfulness, and damage to the environment,
the replacement of hazardous organic solvents, such as hydrazine,
toluene, and hexanethiol, in industrial processes is essential from the
green chemistry and sustainability point of view. Green solvents are
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environmentally friendly solvents derived from the processing of crops.
In the search of environmentally friendly inks for the CIGS layer, iso-
propanol (IPA) (G score = 6.5), ethanol (G score = 6.6), and water-based
(G score = 7.3) inks have been identified. These sustainable alternatives
to the solution-processed CIGS PV cells are also summarized in Table 2
and can be identified after the black horizontal line separating lines 5
and 6 from Table 2.

The search for sustainable and environmentally friendly approaches
towards CIGS PV fabrication is ongoing, although the number of reports
is still limited. As a step towards this direction, we successfully produced
two eco-friendly inks with Cu, In, and Ga oxides dispersed in water/
ethanol [99]. Nature-derived additives polyvinyl alcohol and hydrox-
ypropyl methylcellulose were used to adjust the ink viscosities for
screen-printing deposition over FTO-coated SLG. As the particulate-
based ink method comprising commercial oxides demands further
thermal treatment to incorporate selenium, RTA selenization was used
to grow dense CIGS thin films with excellent crystallinity and
morphology, ready to be employed in the sustainable production of a
CIGS PV cell, which is currently ongoing.

In most examples of printed CIGS PV cells, the hazardous seleniza-
tion treatment is employed during fabrication. However, a fully sus-
tainable procedure must use environmentally friendly chemicals,
solvents, and procedures from precursor synthesis, deposition, and post-
deposition treatments to recycling and end-of-life. To avoid selenization,
high-quality CIGS NPs can be directly incorporated into green particu-
late ink formulations with further annealing the film without a Se source
[75]. Notably, this strategy allowed for the production of a PV cell with
9.3% of efficiency. High-temperature annealing could be avoided using
a method where the layer is crystallized using powerful lasers, which
does not represent a danger to humans or the environment and is
feasible for the roll-to-roll industry [97,98]. The use of low-temperature
thermal annealing or alternative heatless processes will contribute not
only to more sustainable procedures but also to preserve flexible sub-
strates and allow the fabrication of flexible and versatile devices, and
research efforts should be directed to these areas to advance the sus-
tainability of the CIGS film printing.

5.5. Fully printed/solution-processed CIGS PVs

When implemented in roll-to-roll processing, printing technologies
enable a much larger throughput than vacuum-based ones, increasing
the development of flexible lightweight devices and their miniaturiza-
tion, and expanding the devices field of application from space explo-
ration to wearable devices. This field has been attracting much attention
during the last decade, driving the development of fully printed devices
in many different fields [100,101].

Combining printing techniques with the roll-to-roll process is of high
benefit for the final cost of a PV cell. In addition, the amount of waste
products and the energy demand are lower than for vacuum-processed
devices, resulting in a more sustainable PV cell production. A few
fully solution-processed PV cells have been recently developed [102-
105] and currently, their major limitation lies in the low efficiency,
mostly stemming from the photoabsorber layer (e.g. gallium segrega-
tion, recombination centers, grain boundaries). As an example, a fully
printed CulnS, chalcogenide PV cell delivered a maximum efficiency of
7.2% [106 103].

Very few examples of fully solution-processed CIGS PVs have been
reported. Nagino et al. [107] reported the one with the highest effi-
ciency of 10.9%. It comprises an FTO back contact spray-coated over
SLG and a spin-coated CIGS layer, with a final annealing and seleniza-
tion at 550 °C to grow the crystal. However, no specification about the
precursors’ nature, ink formulation, or used deposition process is re-
ported. Thereafter, a CdS layer deposited by chemical bath and ZnO NPs,
working as a high-resistance buffer, and Ag nanowires (NWs), working
as a transparent front contact, were sequentially spin coated. Finally, Ag
grid electrodes were screen printed on top of Ag NWs.
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Another fully solution-processed CIGS PV cell showed an efficiency
of 1.6% [108]. CIGS NPs synthesized in dodecylamine were suspended
in o-dichlorobenzene to produce a spin-coating ink deposited over Mo-
coated glass, which was further annealed without the need of seleniza-
tion. Next, the CdS buffer and a conductive layer of sol—gel derived ZnO
precursor solution, comprising 2-methoxyethanol and monoethanl-
amine solvents, were spin-coated sequentially. Finally, AgNWs were
spin-coated over the ZnO layer, and finally, another ZnO layer was spin-
coated on top, requiring final annealing of 200 °C. The authors attribute
the low efficiency of the device to the poor quality of the photoabsorber
film. More specifically, the low CIGS particle size (20 nm) results in a
partly dense film that increases the potential recombination of charge
carries, and therefore decreases the photovoltaic performance.

The limited efficiency given by fully printed/solution-processed PV
cells typically stems from the CIGS photoabsorber layer deposition
[109]. While the search for more effective printed CIGS layers is
ongoing, improvements have been achieved on the buffer and front
contact layers. Regarding the CdS buffer layer, chemical bath deposition
is a well-established method used in high-efficiency CIGS PV cells [110].
Although it is a non-vacuum deposition process, the toxicity of Cd has
driven the search for greener alternatives [19].

Printable transparent front contacts, on the contrary, have been
extensively investigated. In addition to the basic requirements of high
transmittance and conductivity, the maximum processing temperature
should not exceed 220 °C; otherwise, the layers below will be compro-
mised. There are several candidates fulfilling these requirements, such
as conductive polymers, carbon allotropes, and metal NWs [111].
Printable front contacts have been developed to be implemented in CIGS
PV cells with vacuum-deposited CIGS layer to replace the commonly
used vacuum-deposited ZnO and ZnO:Al layers (Table 3).

Although vacuum deposition is the most effective way to produce
high-quality top conductive layers, printed/solution-processing is a
more sustainable and affordable alternative. From the examples re-
ported thus far, AgNWs are a viable solution to complete the CIGS PV
cell fabrication process due to their excellent optical and electrical
properties as well as low-temperature deposition. Due to the low
thicknesses required for top conductive layers (~400 nm), spray coating
is the best option, as it is simple, cheap, compatible with roll-to-roll
production, and does not demand the use of thickeners, therefore
avoiding the use of high-temperature annealing treatments. Notably,
environmentally friendly ink formulations for top conductive layers
have been developed. The combination of printed and sustainable top
conductive layers with the printed/coated and sustainable CIGS layers
will allow the production of cost-effective and sustainable all-printed/
solution-processed CIGS PVs.

6. Future prospects

Importantly, printed PVs have been following a path where the ef-
ficiencies are being optimized to compete with vacuum-based technol-
ogy. To this end, efforts are being placed on improved metal dispersion,
controllable deposition processes, uniformly printed films, and
controlled film growth to obtain the desirable dense CIGS layers with
improved PV performance. At the same time, environmentally friendly
alternatives to the hazardous solvents used in ink formulations are being
employed and the resultant inks are being successfully deposited by
different techniques to produce CIGS PV cells (Fig. 6a). On the other
hand, TCO inks comprising environmentally friendly solvents have been
developed and coated by different techniques to complete the CIGS PV
devices (Fig. 6a). These recent advances combined with the societal-
environmental concerns will set out a trend for the future production
of environmentally friendly all-solution-processed PV devices.

Nevertheless, most of the current studies comprising environmen-
tally friendly solvents use the hazardous selenization treatment to finish
the CIGS layer (Fig. 6b). To overcome this, alternatives to selenization
are being developed. However, the use of environmentally friendly



B.F. Gongalves et al.

Table 3
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Printed conductive transparent top layers (first layers on the left) used in CIGS PV cell development and their sheet resistance (Rs), transmittance at 550 nm (Tss5onm),
and the reported efficiency. The factors related to sustainability associated with the CIGS PV fabrication are marked by color code, where red and green reflect high and
low environmental/health impact, respectively. The G score of the solvents, when available, are represented inside brackets. (See below-mentioned references for

further information.)

Ink formulation Post-deposition treatment Deposition Tssonm
PV cell configuration Rs (Q/sq) Efficiency (%) Ref.
Solvent Additives process (%)
SWCNT/ Water (G = 7.3) + non-specified
No information Spray coating 50 78 195 [113]
i-Zn0O/CdS/CIGS/Mo/SLG alcohol
ZnQ-Al: Ethanol (G = 6.6) +
AgNWs/ZnQ:Al ZnQ-AlL: Annealing 180 °C
methoxyethanol (G =4.3) Spray coating 20 92 14.1 [112]
i-ZnO/CdS/CIGS/Mo/SLG i C: 200 °C
AgNWs: ethanol
ZnO: 2-methoxyethanol +
ZnO/AgNWs/ZnO/ Calcination 70 °C and
monoethanolamine Spin coating 11 920 133 [114]
CdS/CIGS/Mo/SLG 150°C
AgNWs: Ethanol
AgNWs+PEDOT:PSS/ AgNWs: Methanol (G =5.8)
Spray and spin
Zn(8.Q,0H)/CdS/CIGS/ PEDOT-PSS: Dimethyl RTA (no T information) 12 82 11.6 [115])
coating
Mo/SLG sulfoxide (G = 6.4)
ZnO-Al: Calcination 150 °C
Zn0:AVAgNWs/ZnO:AV ZnO-Al: 2-methoxyethanol
Ethanolamine + Annealing 200 °C Spin coating 1 93 11.0 [116)
i-ZnO/CdS/CIGS/Mo/SLG AgNWs: IPA
(G=55) U
AgNWs-ITO NP/ AgNWs: IPA (G = 6.5) ITO NP: Polyvinyl
Annealing 100 °C Spin coating 23 87 8.0 [117]

ZnS/CIGS/Mo/SLG ITO NP: IPA + Water alcohol

solvents with appropriate polarity, viscosity, and surface tension to
disperse metal particles, as well as the absence of selenization treatment
to grow the CIGS crystal to produce high-efficiency PV devices is very
challenging. To this end, we highlight a recent study reporting a PV
device with >9% of efficiency produced using an ethanol-based ink and
avoiding a selenization step by using synthesized CIGS NPs [75], over-
coming the low efficiency usually associated with sustainable alterna-
tive devices. The stabilization of the NPs with polyethylene glycol and
the presence of a uniform cluster size of the NPs between 100 and 200
nm contributed to the exciting result. Thus far, using synthetic CIGS NPs,
the best-performing devices involve the use of high-temperature syn-
theses and photoabsorber layers with thicknesses under 1.5 pm (Fig. 6¢).

Recently, efforts in obtaining sustainable all-solution-processed PV
devices with more satisfactory performance have given access to per-
formances up to 10.9% of efficiency. Importantly, all procedures should
be designed with recycling strategies envisioned since the beginning and
considering the respective techno-economic and life-cycle assessments.
To continue the pursuit for sustainable all-solution-processed CIGS PVs,
environmentally friendly synthesis of high-quality CIGS NPs is desirable.
Moreover, CIGS NPs well dispersed in ink formulations comprising
green solvents and chemicals, with low organic content, and uniform
deposition for compact thin films can be a solution since it avoids the
need for a selenization step. The critical factors are the grain size and
size distribution of the nanocrystals. The design of sustainable colloidal
synthetic procedures to deliver nanosized and homogeneous CIGS
crystals, as well as fine dispersion of the nanocrystals into inks tailored
towards screen printing, are the next milestones to surpass the film
defects. Alternatively, if the use of organic compounds as stabilizer or in
the ink formulation cannot be avoided, the use of nature-derived
chemicals with low degradation temperature should be targeted. Af-
terwards, to degrade the organic matter, low-temperature annealing or
laser technologies present a solution to avoid high-temperature
annealing temperatures that prevent the use of flexible substrates.
Finally, as top contact to complete the PV devices, spray-coated nano-
metric layers comprising environmentally friendly inks with well-
dispersed AgNWs could lead to cost-efficient and sustainable all-
solution-processed CIGS PV devices.

There is a clear tendency in the upcoming years for the use of
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environmentally friendly inks in combination with non-vacuum depo-
sition processes, compatible with roll-to-roll industry, and soft or
alternative thermal processes to produce fully printed/solution-
processed and sustainable CIGS PVs. The continuous research in this
direction has the potential to bring this technology to a higher
commercially competitive path with major gains in the flexibility and
the range of applicability of these devices, as well as meeting the societal
and governmental goals for improved sustainability of materials, pro-
cesses, and applications.

7. Conclusions

The PV market has been growing and providing solutions beyond the
silicon technology. Second generation thin-film PV cells have been
attracting a lot of attention and great advances have been made in CIGS,
which recently reached 23.35% of efficiency. In the industry, this type of
PV cells are currently fabricated by vacuum-based deposition tech-
niques, and these methods have become increasingly powerful and
versatile as a result of innovations in the area. Despite affording high-
performing CIGS PV modules, the processes used in vacuum-based
fabrication are typically unsustainable and sometimes toxic to
humans/environment.

The high demand for sustainable and environmentally benign
fabrication methods of CIGS PVs has prompted an active search for low-
cost alternatives to vacuum-deposition processes. To address the trend,
this review focused on printed/solution-processed CIGS PV cells, pre-
senting an up-to-date summary of recent efforts that couple eco-friendly
inks and cost-efficient non-vacuum deposition techniques. As a result,
greener PV cells have been developed, which to date present ca. 30%
lower efficiencies than those fabricated by vacuum deposition. Looking
forward, the continuous search for efficient “green” CIGS inks and
suitable printing processes is very important and will lead these PVs to a
more competitive path.

The printable technology market is growing, producing printed de-
vices for many different fields of application that can be placed any-
where, even in the human body. Fully printed/solution-processed CIGS
PV cells remain scarce. However, they present a major advantage in
terms of price, miniaturization, flexibility, weight, and especially
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Fig. 6. CIGS PV cells efficiencies using (a) environmentally friendly ink formulations and non-vacuum-based deposition of CIGS (grey) and TCO (blue) layers, (b) ink
formulations for CIGS layer comprising environmentally friendly solvents with further selenization thermal treatment (red) and without selenization (green), and (c)
synthesized CIGS NPs produced by different synthetic methods and using different photoabsorber layer thicknesses. (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.)

expanding fields of application, such as windows and textiles. In the case
of printed CIGS PVs, the reported evidences suggest that the harsh
selenization step is limiting and must be eliminated. Hence, the
formulation of improved CIGS NP inks and their printing protocols are
projected to play a significant and enabling role in omitting the seleni-
zation obstacle during sustainable fabrication of CIGS PVs, thus strongly
aiding the urgently needed clean energy transition. The development of
(i) tunable, large-scale aqueous syntheses of high-quality NPs (phase-
pure, highly crystalline, desired physical properties) of key constituent
materials of CIGS PVs (Fig. 2a), (ii) the formulation of the respective
green inks (NPs + green solvents + bio-based additives) with excellent
rheological properties, and (iii) extensive implication of industrially-
relevant coating/printing deposition in PV fabrication will likely be
crucial targets of the future efforts.
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