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Abstract: Thin-film solar cells have been referred to as second-generation solar photovoltaics (PV) or
next-generation solutions for the renewable energy industry. The layer of absorber materials used to
produce thin-film cells can vary in thickness, from nanometers to a few micrometers. This is much
thinner than conventional solar cells. This review focuses on inorganic thin films and, therefore,
hybrid inorganic–organic perovskite, organic solar cells, etc., are excluded from the discussion. Two
main families of thin-film solar cells, i.e., silicon-based thin films (amorphous (a-Si) and micromorph
silicon (a-Si/c-Si), and non-silicon-based thin films (cadmium telluride (CdTe) and copper–indium–
gallium diselenide (CIGS)), are being deployed on a commercial scale. These commercial technologies,
until a few years ago, had lower efficiency values compared to first-generation solar PV. In this regard,
the concept of driving enhanced performance is to employ low/high-work-function metal compounds
to form asymmetric electron and hole heterocontacts. Moreover, there are many emerging thin-film
solar cells conceived to overcome the issue of using non-abundant metals such as indium (In), gallium
(Ga), and tellurium (Te), which are components of the two commercial thin-film technologies, and
therefore to reduce the cost-effectiveness of mass production. Among these emerging technologies
are kesterite CZTSSE, intensively investigated as an alternative to CIGS, and Sb2(S,Se)3. In this review,
after a general overview of the current scenario of PV, the three main challenges of inorganic thin-film
solar cells, i.e., the availability of (safe) metals, power conversion efficiency (PCE), and long-term
stability, are discussed.

Keywords: thin-film solar cells; inorganic semiconductors; metal scarcity; microbial miners;
sustainability; CIGS; CdTe; CZTSSE; Sb2(S,Se)3; soiling losses

1. Introduction

Sustainable development is defined as “development that meets the needs of the
present without compromising the ability of future generations to meet their own needs” [1].

However, scientific research often addresses specific, single, isolated goals without
a large vision of more general and global goals, resulting in new problems. An example
is given by the Aswan Dam, built between 1960 and 1970 with the aim of producing
hydroelectric energy: it resulted in increased water salinity with a consequent migration of
marine fauna, reduced fishing productivity, and reduced soil fertility downstream of the
dam, causing food supply problems for the people.

Since the Industrial Revolution, the main energy sources have been coal, oil, and
natural gas, which are responsible for the dramatic increase in global greenhouse gas
emissions, with all its negative consequences. The world has to face two urgent challenges.
The first, proposed by the COP26 summit, is to keep “1.5 degrees alive”—that is, to ensure
the world remains committed to preventing global heating from exceeding more than
1.5 degrees above pre-industrial levels [2]. The second concerns the 28 TW global energy
demand foreseen for 2050 [3]. Both these challenges make a sustainable energy supply
necessary.
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2. The Rise of Inorganic Thin-Film Solar Cells

PV directly converts solar energy into electricity and therefore offers a sustainable
answer to the increasing global energy demand. The solar PV industry has evolved
remarkably. Milestones in the field are reported in Figure 1.

Symmetry 2023, 15, x FOR PEER REVIEW 2 of 33 
 

 

2. The Rise of Inorganic Thin-Film Solar Cells 
PV directly converts solar energy into electricity and therefore offers a sustainable 

answer to the increasing global energy demand. The solar PV industry has evolved re-
markably. Milestones in the field are reported in Figure 1. 

 
Figure 1. Milestones of solar PV. 

PV is the main source of new power capacity in many countries such as China, Japan, 
India, and the USA. In Figure 2, the global PV module production and cumulative in-
stalled PV capacity are reported. In 2010, Asia produced 82% of the total global produc-
tion, which, in 2020, increased to about 92%. In 2020, China produced about 97 GW for 
67% of the global module production [4]. This trend is a consequence of the decreasing 
price of PV systems: the cost of PV-produced electricity has been levelized to the so-called 
point of socket parity, which refers to the moment when the levelized cost of electricity 
(LCOE) of solar electricity becomes lower than the retail price of electricity. 

 
(A) 

1941

1941
First silicon 
monocrystalline is
created

1954

1954

International Solar 
Society is formed

1963

1963
Mass production of
solar  cell begins

1973

1973
The first solar 
building «Solar 
one» is constructed
running on a hybrid
supply of solar 
thermal and solar 
PV power 

1985

1985
The University 
of South Wales 
achives 20% 
efficiency for 
silicon cells

2010

2010
Global average
solar PV auction
price: 241 
USD/MWh

2012
The world’s
cumulative PV 
electricity
capacity
surpasses 100 
gigawatts (GW)

2012

2015

The global solar 
council, the 
international 
Solar Alliance 
and Solar Power 
Europe are 
formed

2015 2016

2016
First solar plane
flight around teh
world 

2018

2018
Global installed solar 
capacity: 480 GW
Global average solar 
PV auction price: 85 
USD/MWh
Off-grid solar PV 
reaches 2.94 GW (0.25 
GW in 2008)   

Figure 1. Milestones of solar PV.

PV is the main source of new power capacity in many countries such as China, Japan,
India, and the USA. In Figure 2, the global PV module production and cumulative installed
PV capacity are reported. In 2010, Asia produced 82% of the total global production, which,
in 2020, increased to about 92%. In 2020, China produced about 97 GW for 67% of the
global module production [4]. This trend is a consequence of the decreasing price of PV
systems: the cost of PV-produced electricity has been levelized to the so-called point of
socket parity, which refers to the moment when the levelized cost of electricity (LCOE) of
solar electricity becomes lower than the retail price of electricity.
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In order to meet a considerable portion of the global energy demand foreseen for
2050, i.e., 28 TW [3], the installed capacity of solar PV will have to expand at least to
5TW. However, material or resource constraints are a relevant issue for the future of PV
technologies in large-scale applications. China is the largest global supplier for critical raw
materials (CRMs), i.e., those that have high economic importance and a high supply risk
(Table 1): this leading role is strictly related to its higher percentage of production and
installation of PV modules compared to other countries (Figure 2).

Many of CRMs listed in Table 1 are used in the production of PV panel modules.
Crystalline silicon (c-Si) wafer panels are first-generation solar PV panels and account
for about 95% of the total production in 2020. In particular, in 2020 the share of mono-
crystalline Si technology in the total c-Si production (compared to multi-crystalline one)
was about 84%, vs. 66% recorded in 2019 [4]. c-Si is more affordable and highly efficient
compared to other materials, thanks to the economies of scale of silicon (its main material),
making it difficult for other technologies to compete.

Thin-film technologies are often referred to as second-generation solar PV. Typical
thin-film solar cells use only a few microns of active material compared to hundreds of
microns used for a wafer-based cell. There are two main groups of thin film technologies.
Silicon-based thin film based on amorphous (a-Si) and micromorph silicon (a-Si/c-Si) is the
first.

The second is non-silicon-based thin film technology. Among non-silicon-based thin
film technologies, there are CdTe and CIGS, which are fully inorganic-material-based [6–8]
and perovskites. The term perovskite refers to the inorganic salt CaTiO3 and any structure
adopting the same ABX3 three-dimensional (3-D) structural framework. However, in the case
of perovskite materials for solar cells, the adjective perovskite refers to organic−inorganic
hybrid perovskites, in the general formula ABX3, with at least one of the “A”, “B”, or “X”
ions being organic. Typically, the “A” cation is organic while “B” is a metal and “X” is a
halogen (Cl, Br, or I), e.g., CH3NH3Pb(I,Cl,Br)3 or CH(NH2)2SnI3, which employs methy-
lammonium (CH3NH3

+) and formamidinium (NH2CH=NH2
+) “A” cations, respectively.

Even though perovskites are promising, they still face some significant challenges. One is
durability: they need to be protected from moisture through encapsulation, for instance by
an aluminum oxide layer or sealed glass plates; another challenge concerns the discrepancy
between the high efficiency levels obtained at a small scale and those obtained with larger
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cell areas; last but not least is the presence of toxic lead components which produce toxic
waste from the precursor solution during manufacturing [9].

Table 1. Major global supplier countries of CRMs [5].

Entry # Material Stage Main Global
Supplier

Share
(%) Entry Material Stage Main Global

Supplier
Share

(%)

1 Antimony E China 74 23 Magnesium P China 89
2 Baryte E China 38 24 Graphite E China 69

3 Bauxite E Australia 28 25 Natural
rubber E Thailand 33

4 Beryllium E USA 88 26 Neodymium E China 86
5 Bismuth P China 80 27 Niobium P Brazil 92
6 Borate E Turkey 42 28 Palladium P Russia 40

7 Cerium E China 86 29 Phosphate
rock E China 48

8 Cobalt E Congo, DR 59 30 Phosphorous P China 74

9 Coking
coal E China 55 31 Platinum P South Africa 71

10 Dysprosium E China 86 32 Praseodymium E China 86
11 Erbium E China 86 33 Rhodium P South Africa 80
12 Europium E China 86 34 Ruthenium P South Africa 93
13 Fluorspar E China 65 35 Samarium E China 86
14 Gadolinium E China 86 36 Scandium P China 66
15 Gallium P China 80 37 Silicon P China 66
16 Germanium P China 80 38 Tantalum E Congo, DR 33
17 Hafnium P France 49 39 Terbium E China 86

18 Ho, Tm,
Lu, Yb E China 86 40 Titanium P China 45

19 Indium P China 48 41 Tungsten P China 69
20 Iridium P South Africa 92 42 Vanadium E China 39
21 Lanthanum E China 86 43 Yttrium E China 86
22 Lithium P Chile 44 44 Strontium E Spain 31

Legend: E = extraction stage; P = processing stage.

Even though perovskites have shown a more rapid increase in efficiency (from 3.8% in
2009 to 25.5% in 2020) compared to CdTe and CIGS, the prospect of their commercialization
still remains unachievable. Perovskites will not be discussed in this review, which is focused
on inorganic thin film solar cells. Currently, CdTe thin film technology has penetrated into
the market, while CIGS is also on the market (Figure 3). Other new emerging technologies
discussed below, such as CZTSS, are at the prototype level [10].
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The cost of silicon rose around the years 1988 and 2006 owing to its increased demand,
resulting in increased interest for more economic, even though low efficient, thin-film
technology for large-scale power generation (Figure 4). However, a different trend occurred
a few years later, in 2012, i.e., the production shifted towards c-Si technology due to
the falling silicon prices, whilst the overall market share of thin-film technologies was
constantly decreasing (Figure 4).
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In 2020, the production in GWp was 7.7, 23.3 and 120.6 for thin film, multi-Si, and
mono-Si, respectively [4]. Despite the high efficiency level of this first-generation PV
technology, there is room for improvement, such as by (i) lowering the cost of c-Si modules;
(ii) reducing metallic impurities, grain boundaries, and dislocations; (iii) reducing waste to
mitigate environmental effects; and (iv) yielding thinner wafers [11].

However, even though the overall market share of thin-film technologies has been
decreasing constantly in the last years, these technologies present additional advantages
beyond the use of less material for the absorber layer. In order to investigate the envi-
ronmental performance of PV systems accurately, a life cycle assessment (LCA) is usually
conducted. The two most widely used environmental indicators are energy payback time
(EPBT) and greenhouse gas (GHG) emission rate [12,13]. Peng et al. [13] carried out a
thorough review of the LCA studies of five common PVsystems, i.e., mono-Si, multi-Si,
a-Si, CdTe, and CIGS thin film, and some advanced PV systems. The results show that,
among the five common PV systems, the CdTe PV system is the most promising in terms of
EPBT and GHG emission rate (Table 2). The environmental issue of CdTe cells concerning
the risk of releasing carcinogenic elemental cadmium has been addressed well by Romeo
and Artegiani [7].

Table 2. Comparison of first- and second-generation PV solar cells in terms of sustainability
indicators [13].

Solar Cell LCA
(MJ/m2)

EPBT
(Year)

GHC
(g CO2-eq/kW h)

mono-Si 2860–5253 1.7–2.7 29–45
Multi-Si 2699–5150 1.5–2.6 23–44

Thin film
a-Si 710–1990 1.8–3.5 18–50

CdTe 790–1803 0.75–2.1 14–35
CIS 1069–1684 1.45–2.2 10.5–46
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Thin-film PV systems showed EPBT and GHG emission rates within the range of
0.75–3.5 years and 10.5–50 g CO2-eq/kW h, respectively, whilst the EPBT of mono-Si PV
systems ranged from 1.7 to 2.7 years with GHG emission rates from 29 to 45 g CO2-eq./kW
h, with the worst values of the sustainable indicators due to the energy intensity during
the production process [13]. Below, the three main challenges of inorganic thin-film solar
cells, i.e., the availability of (safe) metals, power conversion efficiency (PCE), and long-term
stability, are discussed.

3. The Challenges
3.1. Availability of Safe Raw Materials

The use of reduced materials while maintaining performance is desirable in any tech-
nological application. In the three thin-film PV technologies currently on the market, i.e.,
CdTe, CIGS, and a-Si, the clear advantage is that the weight of the electrical active com-
ponent is so low that the panel weight is dominated by the glass substrate, encapsulation
materials, and other components necessary for structural integrity. The wiring, junction
boxes, inverters, and mounting structures are similar in all commercialized solutions. More-
over, another advantage relies on the fact that the active material can be deposited onto
flexible surfaces, making the solar cells versatile. Thin-film panels have been investigated
for several applications, such as commercial and industrial rooftop installations, ground-
based solar farms, recreational vehicles, and camping. In recent years, research interest in
portable and wearable power sources for flexible electronics such as sensors and telecom-
munication devices has emerged [14]. However, at the terawatt scale, as mentioned above
in the introduction, the deployment of any of the three thin-film technologies requires
massive amounts of natural resources, including electricity and materials. The limited
supplies of these resources will prevent them from reaching terawatt scales. In the case of
silicon-based thin film, the limitation concerns relevant energy amounts and Ag used as
the contact. The low availability of Te in CdTe and In and Ga in CIGS are limitations for
large scale thin-film PV [6–8,15,16] (Figure 5).
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CIGS cells have achieved high efficiency levels (23.6%), comparable to those of com-
mercial crystalline silicon [4]. However, manufacturing CIGS cells can be difficult due to
the rarity of indium, as well as to the complex stoichiometry and multiple phases needed
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to produce them, restricting large-scale production in the near term [17,18]. Indium, as well
as cadmium, are hitchhiker elements, i.e., critical elements that are mainly not produced in
their own right, but are instead by-products of, or ‘hitchhikers’ on, extraction from primary
or ‘attractor’ metal deposits [19] (Table 3). Therefore, the lifetimes of Ga, Ge, In, and Te,
which are hitchhikers on the production of Zn, Al, and Cu, are limited by the production
timescales of the main (base) metals.

Table 3. Some critical elements and global (%) recovery as hitchhikers [20].

Element Symbol Production as Hitchhiker % Attractor Metal

Rare Earths REE 47 Fe
Antimony Sb No data Au, Cu, Pb
Molybdenum Mo 100 Cu
Germanium Ge 100 Zn
Gallium Ga 100 Al
Indium In 100 Zn
Platinum Pt 100 Cu, Ni
Palladium Pd 100 Cu, Ni
Rhodium Rh 100 Pt/Pd
Ruthenium Ru 100 Pt/Pd
Cobalt Co 85 Ni 50% Ru 35%
Selenium Se 100 Cu
Vanadium V 74 Fe 59%, Al, U
Tellurium Te 100 Cu

CdTe cells achieved an efficiency of 22.3%, very similar to that of CIGS, and were
characterized by good absorption and low energy losses [4,7]. Historically, there are two
large categories of CdTe PV devices on the basis of substrate deposition temperature: low
temperature (<450 ◦C) and high temperature (>450 ◦C). Low substrate temperature (LST)
CdTe makes production very flexible and affordable thanks to lower energy consumption,
lower substrate stress, a larger choice of substrates, and the possibility of substituting glass
with polymers for flexible solar devices [7]. CdTe currently has the largest market share of
all thin-film technologies [18] (Figure 6).
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CdTe panels have the lowest carbon footprint, but they contain cadmium, a toxic
element, requiring special precautions to be taken during manufacture, installation, and
disposal [7]. The Restriction of Hazardous Substances (RoHS) impacts the entire electronics
industry, and many electrical products as well [21]. Among the ten restricted substances
for which RoHS specifies maximum levels, there are Cd and Pb. These metals are classified
as materials having adverse impacts on the environment [22] and as type-I carcinogens
by the International Agency for Cancer Research (IARC) [23]. Moreover, tellurium, like
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indium, is a hitchhiker element on the production of Cu, as mentioned above. In and Te,
like Ge and Ga and other critical elements, come mainly from China, as mentioned above
(see Table 1). When a single nation has a monopoly on the supply of a particular resource,
questions arise over how secure this might prove in the longer term. The recent conflict
in Ukraine, with gas supplies cut off from Russia to several European countries, gives a
remarkable example of the matter and brings more awareness to global interconnections
and the need for long-term thinking.

Possible Solutions

Possible options to overcome the issue of rising demand for a given hitchhiker are:
(i) the expansion of the rate of production of the major attractor metal, which for Te and In
are Cu and Zn, respectively (Table 3); (ii) substitution with alternative materials; (iii) the
improvement of the extraction efficiency of the minor by-product from the base metal ore;
and (iv) finding alternatives, and above all independent sources of the critical metals. The
first option in the case of Te and In concerns the production of Cu and Zn. Currently, both
these elements are not abundant (Figure 5) at different levels: Cu has “limited availability,
future risk of supply” and zinc shows “serious threat in the next 100 years” (Figure 7).
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Energy requirements may prove prohibitively high for the practical recovery from low
grade ores of elements and metals such as copper and zinc that were initially recovered
from concentrated mines.

By way of the second option listed above, i.e., the substitution strategy, many efforts
have been made to eliminate the use of In and Ga. The complete replacement of In with
Zn and Ga with Sn have given rise to kesterite-based materials, including Cu2ZnSnS4
(CZTS), Cu2ZnSnSe4 (CZTSe), and Cu2ZnSn(S,Se)4 (CZTSSe), which emerge as potential
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replacements not only of CIGS, but also of CdTe absorbers [25–30]. Because CZTS, CZTSe,
and CZTSSe solar cells are composed of low-cost and Earth-abundant elements, they
have the advantage of large-scale production ability compared with CIGS solar cells.
Kesterite CZTSSe has been recognized as a prospective alternative absorber material due
to its controllable bandgap (Eg) (1.0 to 1.5 eV) and high absorption coefficient (more
than 104 cm−1). It should be noted that Eg of the CZTSSe absorber can be controlled by
varying the S/(S + Se) ratio from ~1.0 eV of Cu2ZnSnSe4 (CZTSe) to ~1.5 eV of Cu2ZnSnS4
(CZTS [31–35]. The efficiency of CZTSSe solar cells has raised from ~12.6% [35,36] to
13.6% [37]. Some issues related to CZTSSe are discussed below.

Bismuth, which is termed a “green heavy metal” [38], is a potential candidate to replace
toxic heavy metals such as Cd and Pb in photosensitizers, thus lowering the environmental
toxicity. Ternary compounds such as AgBiS2 containing Bi have been recently explored
as eco-friendly materials. Since 2016, AgBiS2, initially utilized as a counter electrode
material [39] in quantum dot solar cells because of its excellent electrochemical properties,
has been extensively studied in PV. The ideal low bandgap (1–1.32 eV) of AgBiS2 enables
light absorption in both the visible and infrared regions. Recently, it has been found that
bismuth-based nanocrystals do not only consist of non-toxic elements relatively abundant
in nature, but are also cheap to produce [40]. New, ultra-thin solar cells (30 nm thick, i.e.,
10 to 50 times thinner than current thin-film PV) made from cation-disorder-engineered
AgBiS2 colloidal nanocrystals offer an absorption coefficient that is higher than other PV
materials, enabling highly efficient, extremely thin absorber PV devices [40].

Antimony chalcogenides, Sb2(S,Se)3 (SbSSe), have attracted attention over the last
few years as a light-harvesting material for PV technology owing to their phase stability,
earth abundancy, and low toxicity. However, the lack of a suitable material processing
approach to obtain SbSSe films with optimal optoelectronic properties and morphology
severely hampers prospects for efficiency improvement. Recently, a new approach to
deposit high-quality SbSSe films has been demonstrated [41], highlighting the potential of
SBSSe as an emerging PV material, as discussed below.

Regarding the third and fourth options mentioned above, i.e., the improvement of
the extraction efficiency of the minor by-product from the base metal ore, and finding
alternatives and independent sources of the critical metals, current advanced research
works have proposed innovative and environmentally sustainable methods, which are
suitable for both the extraction (by increasingly poor, complex, and difficult-to-reach
raw materials) and their downstream processing [42]. Bioleaching (or biomining) is a
process in mining and biohydrometallurgy (natural processes of interactions between
microbes and minerals) that extracts valuable metals from a low-grade ore with the help
of microorganisms such as bacteria or archaea [43]. Although biomining may not fit the
common mining stereotype, actually, the same biological process had been unknowingly
used to extract metals at mine sites in, for example, Spain, the UK and China, for several
hundred years [44–46]. The ‘new’ biotechnology was established in the 1960s by the
Kennecott Copper Corporation to extract copper from waste rock dumps at the Bingham
Canyon mine in Utah, and later at the Chino mine in New Mexico [47,48]. Rather than using
heat to extract the metals from the rocks, biomining uses microbes. Up to now, biomining
has been mainly used to extract copper and gold from rocks where they are present at low
concentrations (around 0.5% or less), known as low-grade ores, which otherwise would
require more energy-intensive heat-based methods, which are not cost effective, such as
smelting. Around 5% of the world’s supply of gold and 20% of its copper is currently
extracted using biomining, which is being used to extract more metals from more materials
in more places and is often more effective than traditional mining applications, and can
even be used to clean mine tailings sites [49].

3.2. Power Conversion Efficiency (PCE)

Efficiency is a key metric in the development of PV because the cell cost is only a small
fraction of the total cost of a solar power generation system (Figure 8).
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Therefore, increasing efficiency is a near-linear driver for reducing the cost of PV
electricity per kilowatt-hour [50].

The conversion efficiency of light into electrical power is defined as the ratio of the
output electricity to the input energy of sunlight. In practice, the PCE (η) of a solar cell is
defined as the ratio of the maximum power output, Pmax, generated by the solar cell to the
power input, Pin, based on the measurement of current density and voltage (I-V) curve
(Figure 9) [51]:

η =
Pmax

Pin
=

Jmp.Vmp

Pin
=

Jsc.Voc.FF
Pin

(1)

where Jmp and Vmp are the current density and voltage at the maximum power point (see
Figure 9), Jsc is the short circuit current density, Voc is the open circuit voltage, and FF is
the fill factor. FF, which has been introduced to simplify the calculation of the efficiency, is
defined as the ratio of the areas of the two rectangles determined by Jmp and Vmp (blue in
Figure 9) and by Voc and Jsc (green in Figure 9), respectively.
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Accordingly, the three parameters of Voc, Jsc, and FF combine to compute the efficiency
of a device. The efficiency of a solar cell has fundamental limits, as determined by Shockley
and Queisser (S-Q), who calculated a maximum efficiency using a single p-n junction of
32% for c-Si solar cells (Shockley W. and Queisser, 1961). With modern approaches such as
tandem cells, the efficiency is 45% [52]. In real solar cells, not all incident light is absorbed
in the semiconductor layer and not all generated carriers are collected. Therefore, Jsc is
below the maximum value that can be achieved for a given band gap. Voc is also reduced
below the S-Q value by phenomena such as Auger recombination, band tail recombination,
and recombination at bulk, interface, and surface defects [53–55]. Moreover, FF is reduced
by resistance, contact losses, and other nonidealities. Therefore, combining all these factors,
real efficiencies are lower than the S-Q limit for a given band gap (Figure 10).
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Aside from the significant development in hybrid materials such as organic-inorganic
perovskite, high efficiency commercial inorganic thin-film materials, like CdTe [7], CGIS [6]
has made important steps forward in the past few years (Figure 10 and Table 4).

Table 4. Efficiency comparison of some PV technologies.

Entry Material

Cell Efficiency
(%)

Year

Module Efficiency
(%)

Year

2016 2021 2016 2021

1 Mono-crystalline Si 25.3 [37] 26.7 [4] 22.4 [37] 24.4 [4]
2 Multi-crystalline Si 21.9 [37] 24.4 [4] 18.5 [37] 20.4 [4]

Thin film

3 a-Si 12.7 [37]
(2015) - 12 [56] -

4 CIGS 22.6 [37] 23.6 [37] 17.5 [37] 19.2 [4]
5 CdTe 22.3 [37] - 18.6 [37] 19.0 [4]
6 CZTS 9.5 [37] 13.0 [37] n.a. n.a.
7 SbSSe 5.79 [57] 10.1 [41] n.a. n.a.
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The record lab cell efficiency results of mono-crystalline and multi-crystalline silicon
wafer-based technology were 26.7% (Table 4, entry 1) and 24.4% (Table 4, entry 2), respec-
tively. The highest lab efficiency results in thin-film technology were 23.6% for CIGS and
22.3% for CdTe solar cells (Table 4, entries 4 and 5, respectively).

Regarding module efficiency, CIGS and CdTe (Table 4, entries 4 and 5, respectively)
are now approaching the multi-crystalline silicon efficiencies (Table 4, entry 2).

Common to thin-film CIGS, CdTe, and a-Si in the decade between 2000 and 2010
was the effort devoted to increasing manufacturing, which resulted in a reduced rate of
cell efficiency increase. Industry during this time focused on tighter process control and
finer understanding to replicate record cell efficiencies internally or across large areas in
production [56]. There was a period of more rapid increases in cell efficiency from 2010 to
the present. In this period, also, the gap between cell and module efficiencies, which was
previously broad, narrowed to optimum values. This different efficiency trend compared to
that of the decade 2000-2010 was driven in part because the cost of multi-Si panels became
very competitive, so commercial CdTe and CIGS thin films were needed to improve and
match multi-Si performance. Larger-scale industrial involvement in record-setting devices
occurred, reducing the delay between achieving a high small-cell efficiency and a high large-
cell efficiency and the difference between their efficiencies [56]. Comparing the efficiency
trends from 2010 to present for CdTe and CIGS, one can observe that CIGS cell efficiencies
reached 18–20% in the period 1995–2000, while CdTe cell efficiencies reached this range
only after 2010. Further improvements in the case of CIGS, which has achieved a current
record cell efficiency of 23.6 [37,57], can be ascribed to the introduction of alkali surface
treatments (as discussed below) and the recent replacement of conventional CdS buffer
layers with Zn(O,S,OH)x/Zn0.8Mg0.2O double buffer layers, deposited by a combination of
chemical bath deposition and atomic layer deposition techniques [57]. Commercial interest
in a-Si thin film solar cells has been challenged by the higher efficiencies of CIGS and CdTe
modules. Large modules with an area > 14,000 cm2 were demonstrated with stabilized
efficiency > 12% [56].

3.2.1. Emerging Technologies

Kesterite CZTS (Table 4, entry 6) is still an emerging technology with high absorption
and low raw material cost. Today, CZTSe is considered a good competitor for less sustain-
able yet more efficient counterpart CIGS solar cells [10,58–62]. However, one of the main
bottlenecks of CZTSSe is its hidden capability to be manufactured on a large scale with
reasonably good quality [63].

Recently, CZTSSe solar cells have achieved the highest efficiency of 13% (Table 4, entry
6), which is still far from that of its counterpart CIGS, i.e., 23.6% (Table 4, entry 4). CZTSe
has a band gap energy of 0.95–1.0 eV. CZTSSe has a tunable band gap, which depends
on the S and Se ratio, in the range 1.4–1.5 eV, close to the optimum single-junction value
predicted by the Shockley–Quessier model (Figure 10) [50].

A conventional CZTSSe solar cell has an asymmetric structure, as schematized in
Figure 11. There are three interfaces: (i) back interface, i.e., Mo (hole transport layer)/CZTSSe
(absorber layer); (ii) front interface, i.e., CZTSSe (absorber layer)/CdS (electron trans-
port layer); and (iii) CdS (buffer layer)/i-ZnO/AZO (window layers) interface. The
front and back contact interfaces are crucial for charge carrier separation, collection,
and recombination.
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The performance gap between CZTSSe and CIGS technologies is mainly ascribed
to the low Voc or high voltage deficit in the CZTSSe solar cells. Extensive research has
revealed that the Voc in CZTSSe-based solar cells is influenced by the formation of the
MoSe2 at the Mo/CZTSSe interface, which hinders the flow of a majority of charge carriers
(holes) from the CZTSSe film towards the back interface [65–68]. Noteworthily, in CIGS,
the Mo back contact provides excellent adhesion properties, good ohmic contact, and the
formation of MoSe2, which resists the inter-diffusion of elements [69–72] differently from
that which occurs in CIGS systems, where instable CZTSSe/Mo contact causes voids at
the interface, reducing the device performance [66,73]. Various strategies to overcome this
drawback have been proposed [73].

The presence of secondary phases and defect states in the absorber layer also increases
the recombination rate [74–76]. Important insights can be gathered from the evolution
of CIGS efficiency with time (Figure 12) [63], relating the most relevant improvements
in this technology to important breakthroughs such as the incorporation of Na [77], the
introduction of Ga in the alloy, and postdeposition treatment with K [41], Rb, and Cs [78],
as discussed below.
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Recent relevant studies and reviews have addressed challenges, progress, and prospects
of CZTSSe solar cells [10,29,30,63,79–82]. Here, two recent studies are briefly reviewed. In
general, the development of cheap and easily scalable PV absorber layers strongly depends
on growth techniques, which can be classified as vacuum and non-vacuum (Table 5). In
all these techniques, the control of the presence of secondary phases has been a major
critical issue. Vacuum deposition methods, typically vacuum thermal evaporation and
sputtering, are most often selected to fabricate thin-film PV modules on a large scale. Both
these methods have advantages and drawbacks (Table 5).

Table 5. Main deposition methods of the active layer in PV thin films.

Method General Features

Vacuum techniques

Controlling the film composition and the
corresponding phase profile. A considerable
amount of energy is required to deposit
material from the target sources, and the
relatively slow throughput and low utilization
of materials are not beneficial for large-scale
production [83].

Sputtering [84,85]
Atomic Layer Deposition (ALD) [86,87]
Thermal evaporation [88,89]
Vapor Transport deposition (VTD) [90,91]
High Vapor Transport Deposition (HVTD) [61]
Vacuum electrodeposition [92]

Non-vacuum techniques

Reduced capital equipment costs, lower
temperature process, higher suitability for
large-area and flexible substrates, higher
throughput.

Spray pyrolysis [93,94]
Chemical Bath Deposition (CBD) [95–97]
Sol-gel [98–100]
Hydrothermal methods [101]
Spin coating [102]
Dip coating [102]
Spray coating [102]
Electrodeposition [103,104]

Non-vacuum methodologies have been attracting attention lately in order to reduce
production costs. Delgado-Sanchez and Lillo-Bravo [61] emphasized how in the case of
the CZTSSe thin film solar cell, the highest conversion efficiency achieved using vacuum
techniques such as sputtering and thermal evaporation was over 10% [75], whereas the
highest efficiency achieved by non-vacuum techniques such as spray pyrolysis and sol-gel
was >12%. Vapor transport deposition (VTD), which is a vacuum method, as reported in
Table 5, has scarcely been explored by kesterite thin film solar developers even though it is
well extended in manufacturing PV thin film such as CIGS, CdTe, Sb2Se3 [90,91]. Delgado-
Sanchez and Lillo-Bravo [61] reported a variation of VTD, i.e., a high vapor transport
deposition process (HVTD). HVTD allows the preparation of the absorber layer from the
metal components of CZTSSe, i.e., Cu, Sn, Zn and S/Se powder in only one stage, using
a lower temperature than conventional evaporation methods and with high control of
the deposition rate to enhance the quality properties of CZTSSe and achieve gradient
composition profiles.

In the research framework of Earth-abundant, non-toxic, and low-cost materials, which
should be explored for high-efficiency solar cells, CZTSSe has been intensively researched,
being a promising absorber candidate. However, two concerns related to this technology
should be emphasized. The first is that at the TW scale, CZTSSe will also suffer from
material or resource constraints, even if to a lower extent with respect to CIGS and CdTe.
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In fact, Zn, which is a component of CZTSSe, is widely known as an “element under
serious threat of extinction in the next 100 years” (Figure 7). The second concern is that
CZTSSe is a multinary compound, and therefore stringent phase and composition control
are mandatory to achieve high device efficiency.

Recently, binary antimony chalcogenides Sb2X3 (X = S, Se, S/Se), including Sb2S3,
SbSe3, Sb2(S,Se)3 alloys, have attracted particular attention [105–107] in order to overcome
the issues of phase complexity and defect control, as in CZTSSe. Indeed, Sb2X3 are Earth-
abundant, non-toxic-element-based materials, and have phase stability and a large visible
light absorption coefficient (>105 cm−1). The band gap energy values (Eg) of Sb2S3 and
Sb2Se3 are 1.7 and 1.2 eV, respectively. In particular, because Sb2S3 and Sb2Se3 have an
identical crystal structure, they can be combined in any fraction. In this way, the Eg of
Sb2(S,Se)3 can be continuously tuned, varying the Se/S ratio [108,109]. This tunability
endows Sb2(S,Se)3 with a band gap value close to the ideal, i.e., 1.34 eV for single-junction
solar cells, according to the SQ limit [110]. Moreover, the tunable bandgap allows the
application of Sb2(S,Se)3 in asymmetric tandem solar cells in which Sb2S3 (1.7 eV) is used as
the top cell material, and Sb2Se3 (1.1 eV) or other low-band-gap semi-conducting absorbers
are applied as the bottom cell materials [111,112]. Fine adjustments of the Se/S atomic ratio
not only allow an absorber material with a more suitable band gap to be obtained for light
harvesting, but also for physical properties of the absorber material to be tuned, leading to
a compact morphology, large grains, a favorable orientation of the crystals, and a reduced
number of defects. Notably, different from other PV materials such as silicon, CIGS, CdTe,
and organic–inorganic hybrid perovskite, Sb2S3 has a unique, quasi-one-dimensional (Q1D)
crystal structure with Sb4S6 units bonded covalently together to form (Sb4X6)n ribbons
in the c-direction (Figure 13a), where ribbons are held together by Van der Waals forces
without dangling bonds [113,114] in the a- and b directions (Figure 13b). Because there are
no dangling bonds along the a- and b directions and the electron density is confined in
the (Sb4X6)n ribbons, the grain boundaries in [001]-oriented grains should be electrically
benign [113]. Therefore, the features of Q1D structures provide a unique opportunity to
overcome one of the major recombination losses in typical thin-film solar cells [115].
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Moreover, the 1D structure is supposed to be particularly favorable to flexible devices
because of the large deformation tolerance [117,118]. Despite the excellent properties of
Sb2Se3, PCEs values are still far below the maximum theoretical value of 30% predicted by
the S–Q model (Figure 10b). Experimental and theoretical results have demonstrated that
intrinsic defects in Sb2Se3 are unconventional. Therefore, the defect physics in this Q1D
Van der Waals system cannot simply be transferred from 3D covalent binary PV systems
such as GaAs and CdTe (where all the cation/anion sites remain identical) [106]. This is
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due to two reasons. The first is the low symmetry of the Q1D structure: identical defects
located on non-equivalent atomic sites can exhibit very different defect properties, i.e., a
single Sb2Se3 ribbon shows three nonequivalent Se atomic sites (Se1, Se2, and Se3) and two
Sb atomic sites (Sb1 and Sb2 in Figure 14).
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The second reason concerns the presence of large voids due to the weak Van der Waals
interactions between [Sb4Se6]n ribbons between different [Sb4Se6]n atomic chains. These
voids create unconventional defects, e.g., cation-replace-anion antisite (SbSe), anion-replace
cation antisite (SeSb), and even two-anion-replace-one-cation antisite (2SeSb) [106].

As mentioned above, in the case of CZTSSe, appropriate absorber material processing
plays a crucial role in improving the device efficiency: each absorber material requires
specific material processing to control the grain growth, elemental composition, and defect
properties [119–121]. In Table 6, an overview of recent studies on the development of
Sb2(S,Se)3 solar cells is given. Many studies used non-vacuum methods, in particular
in hydrothermal synthesis (Table 6, entries 7–11). This is a useful method in thin film
preparation, resulting in a remarkable quality and homogeneity of the films compared
to those observed with other methods such as vapor deposition (Table 6, entry 2) and
solution processing (Table 6, entries 1, 3–6). To improve the device efficiency, the synthesis
of high-quality absorber materials is very important, while the interfacial engineering in
the complete device determines whether the high-quality light absorption film can transfer
to final energy conversion efficiency [122]. In the case of solution-processed methods
to generate a better energy alignment between TiO2 and Sb2(S1−xSex)3, a doped CdS
interlayer was added (Table 6, entries 5, 6), resulting in an asymmetric structure. Doping
is a practical way to upgrade the optical and electrical properties [123,124]. To enhance
the n-type characteristics of CdS, trivalent indium has been proven to be a good choice,
considering the similar ionic radius of In3+ (0.94 Å) and Cd2+ (0.97 Å). However, even
though the quantity used is very limited, such a strategy seems not be the best given the
discussion above on the scarcity and increased investment in Earth-abundant-element-
based PV materials. Another, more sustainable route to improve the efficiency of Sb2(S,
Se)3 consists of finding and thoroughly exploring an alternative synthesis method, such as
in situ hydrothermal synthesis (Table 6, entries 7–11). Starting from a value of efficiency
of 6.14% (Table 6, entry 7) by using as post-synthesis selenization, the optimization of
hydrothermal synthesis in terms of the types of precursors and experimental conditions of
annealing (Table 6, entry 9), the additives used, i.e., EDTA in the hydrothermal mixture
(Table 6, entry 10), and post-treatment, i.e., alkali post-treatment (briefly mentioned below)
(Table 6, entry 11), a 10.7% efficiency has been reported in 2022 by Zhao et al. [125].
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Table 6. Performance parameters and fabrication methods of recent Sb2(S,Se)3 solar cells.

Entry
Absorber
Material

Thin-Layer

HTL, Counter
Electrode

Electron
Transport
Material
(ETM)

Fabrication
Method

Power
Conversion

Efficiency (η, %)
VOC (V) Remarks Year Ref.

1 Sb2 (S,Se)3
Spiro-OMeTAD *,
Au FTO **/TiO2

Solution (one-step
spin-coating
deposition)

5.8 0.52

-DMF, a weak basic solvent,
enables simultaneous dissolution
of Se and Sb2O3 with carbon
disulfide (CS2) and n-butylamine
(nBA) in the solution.
-Pure crystal phase is obtained.
-Abundant pin holes, responsible
for low efficiency.

2018 [126]

2 Sb2 (S,Se)3 C, Ag FTO/CdS Thermal
evaporation 5.74 0.48

Composition of the films may be
varied along its thickness in the
thermal evaporation. Graphite
electrode: the basic consideration
here was the ease of preparing an
electrode with a work function of
near 5 eV for the p-side, which
was not chemically reactive with
antimony chalcogenide.

2019 [127]

3 Sb2(S,Se)3
Spiro-OMeTAD,
Au FTO/TiO2

Solution (one-step
spin-coating
deposition)

4.49 0.53

The solution is composed of 1.0
mmol of Sb2O3, 1.0 mmol of Se,
and 0.1 mmol of CsOH·
xH2O, mixed solvent of 2.0 mL of
DMF and 1.5 mL of carbon
disulfide, 2.0 mL of n-butylamine
was added.

2019 [128]

4 Sb2(S,Se)3
Spiro-OMeTAD,
Au FTO/TiO2/CdS

Solution
(one-step
spin-coating
deposition)

4.74 0.61

The solution is the same as entry
3. The efficiency increase is due
to the difference: FTO/TiO2/CdS
instead of FTO/TiO2.

2019 [128]
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Table 6. Cont.

Entry
Absorber
Material

Thin-Layer

HTL, Counter
Electrode

Electron
Transport
Material
(ETM)

Fabrication
Method

Power
Conversion

Efficiency (η, %)
VOC (V) Remarks Year Ref.

5 Sb2 (S,Se)3
Spiro-OMeTAD,
Au FTO/TiO2/In:CdS

Solution (one-step
spin-coating
deposition)

6.29 0.59

The solution is the same as entry
3. The efficiency increase is due
to the difference:
FTO/TiO2/In:CdS instead of
FTO/TiO2.

2019 [128]

6 Sb2 (S,Se)3
Spiro-OMeTAD,
Au FTO/TiO2/In:CdS

Solution (one-step
spin-coating
deposition)

6.63 0.59

The solution is the same as entry
3. The efficiency increase is due
to the difference:
FTO/TiO2/In:CdS instead of
FTO/TiO2.

2019 [128]

7 Sb2(S,Se)3
Spiro-
OMeTAD/Au FTO/CdS

Two-step
synthesis:
-In situ
hydrothermal
growth;
-Post selenization.

6.14 0.732

This study unveils the great
potential of the hydrothermal
method in the fabrication of
high-performance Sb2(S,Se)3 thin
film solar cells.

2019 [129]

8 Sb2 (S,Se)3
CsPbBr3 QDs,
Au FTO/CdS

Two-step
synthesis:
-In situ
hydrothermal
growth;
-Post selenization.

7.82 0.620

This study shows another
application of perovskite
materials and a practical strategy
towards the efficiency
improvement of Sb2(S,Se)3 solar
cells.

2020 [130]
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Table 6. Cont.

Entry
Absorber
Material

Thin-Layer

HTL, Counter
Electrode

Electron
Transport
Material
(ETM)

Fabrication
Method

Power
Conversion

Efficiency (η, %)
VOC (V) Remarks Year Ref.

9 Sb2 (S,Se)3
Spiro-
OMeTAD/Au FTO/CdS

Two-step
synthesis:
-In situ
hydrothermal
growth;
-Annealing under
N2.

10.1 0.630

Antimony potassium tartrate
(APT), sodium thiosulfate (STS),
and selenurea (SU) were used as
sources of antimony, sulfur, and
selenium, respectively, in the
hydrothermal system. Through
the optimization of the
hydrothermal deposition
parameters and subsequent
annealing, high quality
Sb2(S,Se)3 films with an optimal
morphology grain size and a
reduced number of defects can
be obtained.

2020 [115]

10 Sb2 (S,Se)3
Spiro-
OMeTAD/Au FTO/CdS

Two-step
synthesis:
-In situ
hydrothermal
growth;
-Annealing under
N2.

10.5 0.664

Ethylen diaminetetraacetic acid
(EDTA) was added to the
hydrothermal mixture of APT,
STS, and SU (the same used in
[104], entry 9), resulting in an
improvement in film quality and
electrical properties.

2020 [131]

11 Sb2 (S,Se)3
Spiro-
OMeTAD/Au FTO/Zn(O,S)/CdS

Three step
synthesis:
- In situ
hydrothermal
growth;
-Solution post
treatment (SPT)
using alkali metal
fluorides as
additives (NaF,
KF, RbF, and CsF);
-Annealing.

10.7 0.673

An alkali fluoride post treatment
is capable of vertically
manipulating the Se/S
distribution and forming
additional favorable Se/S
gradient distribution.

2022 [125]

* 2, 2′, 7, 7′-tetrakis (N, N-dipmethoxyphenylamine)-9, 9-spirobifluorene (Spiro-OMeTAD), ** fluorine-doped tin oxide (FTO).
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3.2.2. The Role of Grain Boundaries’ Passivation

Surface integrity, grain boundaries (GBs), and defect concentration all affect the charge
transportation and thus the efficiency of the solar cells. GB can be either beneficial or
detrimental to device performance [132]. The outstanding efficiencies of CdTe and CIGS
achieved in relatively few years (Table 4) through the tedious work of materials and device
optimization have been subsequently identified to passivate GBs.

CdCl2 annealing is an important step in CdTe solar cell fabrication because it can
improve the open-circuit voltage, short-circuit current, and fill factor of the device [133,134].
This treatment, known to the scientific community since 1976 [135], consists of a growth
or post-growth heat treatment of CdTe layers in the presence of CdCl2 or halogen (mostly
chlorine and fluorine) molecules, atoms, or ions. The solar cell efficiency can be enhanced
from about 1–5% for as-grown materials to double-digit figures for CdCl2-treated materials.
Many studies have been carried out to rationalize this processing step, but without any
success, obtaining the label of “empirical magic production step” [136]. Recently, Tuteja
et al. [137] interpreted the effects of this production step as resulting from improved
crystallinity of the CdTe with reduced p-type doping along the GBs.

Regarding CIGS solar cells, a full understanding of GBs’ role is still lacking [138].
Alkali-fluoride (AlkF) post-deposition treatment (PDT) has led to a significant increase in
the efficiency of CIGS [139–141]. Nicoara et al. [138] provided a detailed Kelvin probe force
microscopy (KPFM) study of the electronic GB properties in CIGS and compared the effect
of AlkF-PDT using not only potassium-fluoride (KF), but also rubidium-fluoride (RbF)
and cesium-fluoride (CsF), which led to higher efficiencies [141]. The overall results of
this study, which correlate the solar cell device properties with the role of the heavy-alkali
fluoride PDTs on GB properties, are shown in Figure 15.
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Figure 15. The effect of grain boundaries in solar cell devices. (a) J–V characteristics of reference
solar cells for the CIGSe layers with different AlkF-PDT; (b) open circuit voltage deficit with respect
to the respective band gap as a function of the potential change at the GBs for the three studied
samples (large colored circles) and for some results taken from the literature; (c) schematic band
diagrams (lower panels) and expected CPD as measured by KPFM (upper panels) for a GB with a
hole barrier (left), an electron barrier (middle) and an electron barrier with a band offset (right); and
(d) schematic of the PDT process. Reproduced from [138], under CCBY 4.0.
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AlkF-PDT can passivate charged defects at GBs and lead to the formation of alkali-
indium-selenide phases (AlkInSe2 in Figure 15), which are more likely to form for heavier
alkali elements such as K, Rb, and Cs than Na. A careful optimization of the AlkF-PDT in
conjunction with the CIGS growth process is required to achieve efficient GB passivation,
probably controlled by the thermodynamic balance for the AlkInSe2 phase formation. These
findings are relevant in view of the industrial production of full-size CIGS solar modules.

Additionally, in the case of Sb2(S,Se)3 films prepared with the in situ hydrothermal
method, an alkaline metal fluoride post-treatment has recently been used [125] (Table 6,
entry 11), resulting in considerably enhanced film morphology and crystallinity, along with
passivated and reduced defects. Zhao et al. [125] reported that S and Se were not evenly
distributed in the as-prepared Sb2(S,Se)3 films by hydrothermal deposition: Se generally
diminished as growth progressed, but S steadily increased, resulting in a steep S/Se
grading from the bottom to the surface of the thin film. As a result of such a distribution, a
secondary electric field was formed, which obstructed hole transport. The AlkF technique,
in particular the one based on sodium fluoride, is able to etch a portion of S, resulting in a
mild S/Se gradient in the absorber and in turn optimizing the interfacial energy alignment
and achieving a high efficiency of 10.7%, which currently represents the highest PCE in
Sb2(S,Se)3 solar cells.

3.3. Long Lifetime and Stable Operation

New materials with high efficiency, a long lifetime, and stable operation are critical
to deliver reliable power outputs over time and competitive PV systems. Solar cells
show lifetimes in excess of 20 years. In thin-film PV modules, two main mechanisms
of power loss in the course of time occur. The first concerns the module construction
and materials that encapsulate the semiconductor device, which can weaken or degrade
through harsh environmental exposure, resulting in a loss of power. The second involves the
semiconductor devices themselves, which experience stress over the lifetime of operation
and slowly become less efficient at converting sunlight. This second issue, known as
long-term degradation, manifests itself through different mechanisms depending on the
construction and characteristics of the semiconductor [142].

Several stability tests can be carried out on PV cells and modules. Indoor continuous
irradiance tests, as well as outdoor (in-field) irradiance tests under real environmental
conditions, are fundamental. Many thin-film PV solar cells have only been produced on a
large scale for a few years, and therefore knowledge of their long-term stability is limited.
In this context, accelerated tests play a fundamental role. The accelerated lifetime tests can
be damp heat tests in the dark, damp/irradiance tests, heating tests in the dark, heating
cycles, etc. On the other hand, international standards for the measurement of PV modules
are published by the International Electrotechnical Commission (IEC). While there is still
no standard available for emerging thin-film PV technologies such as kesterite CZTSSe and
chalcogenide Sb2(S,Se)3, standards can be found for CIGS in IEC 61215-1-4 [143], for CdTe
in IEC 61215-1-2 [144], and for a-Si thin-film in IEC 61215-1-3 [145].

In the IEC documents, various testing standards are described, including tests for
the stability of modules, such as thermal cycling and humidity–freeze tests. For any new
technology, both non-standard and standard tests have to be considered, the latter being
more appropriate when the product is close to the market or a new standard has to be
defined [80].

According to Phinikarides et al. [146], the methodologies aimed at estimating the
values of the performance loss over a given period, e.g., the annual degradation rate, can
be categorized as (a) indoor based, by applying accelerated tests, and (b) field based, by
monitoring the prolonged operation of PV under natural sunlight. The latter procedures, to
be conducted periodically, are needed to establish credible results, which are representative
of the actual long-term outdoor PV performance.

Jordan et al. [147] reported that the average degradation rate for crystalline silicon
modules is 0.8–0.9%/year, whereas it is around 1%/year for thin film modules; hotter
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climates and mounting configurations may lead to higher degradation in some, but not all,
products. Modules in the hot climates of the USA show a higher degradation rate than in
other climatic zones [148]. Hot and dry types of climatic conditions in Arizona produce
two main modes of failure, i.e., solder bond failure and discoloration [149]. The rapid
degradation of PV modules in hot climates is reported in a comparative study of modules
in different climatic zones in India and the USA [150].

India has a wide variety of climatic conditions (Figure 16), and therefore a study of
degradations rates for PV installations all over India may be considered as a reliable source
of information for PV performance over time.
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An extensive survey was conducted by the NCPRE (National Center for Photovoltaic
Research and Education) at the Indian Institute of Technology, Bombay and National
Institute of Solar Energy, Haryana in India to understand the degradation rate of commercial
PV installations all over India [151]. This survey was carried out in the framework of the
Jawaharlal Nehru National Solar Mission (JNNSM), the ambitious plan to install 100 GW
of solar power by 2022, in order to reduce reliance on fossil fuels and help ameliorate
global warming [152]. In this survey, installations for several PV technologies such as
monocrystalline silicon, polycrystalline, a-Si, CIGS, CdTe, and silicon HIT (Heterojunction
with Intrinsic Thin Layer) were studied in order to evaluate their performance degradation.
CdTe installation showed the lowest degradation with the exclusion of HIT [143], whose
data not being conclusive due to very few installations. The Pmax degradation rate for
thin-film CdTe modules was reported to be between 0.8% and 1.02% per year, while various
silicon technologies exhibited a degradation rate between 1.31% and 2.57% [151]. This
suggests that thin-film CdTe modules exhibit higher reliability under long-term, large-scale
commercial installations.

Under short test conditions, these results were confirmed by those reported by Munshi
et al. [153], who carried out a study in Thailand’s tropical climate, characterized by high
temperatures and humidity throughout the year. In this study, commercial modules
from c-Si and polycrystalline thin-film CdTe were installed side by side to compare their
performance over a 3-month period in three different configurations, viz., roof-top, floating
on water and on the ground. Polycrystalline thin-film CdTe showed a higher advantage
under all three conditions compared to c-Si.

The results reported by Silvestre et al. [154] on CdTe stability seem to be in disagree-
ment with the study mentioned above. Silvestre et al. [154] analyzed the degradation of
t a-Si:H, a-Si:H/lc-Si:H, CIS (Cu (In)Se2), and CdTe under 5 years of outdoor long-term
exposure in Leganés, Spain. The period of outdoor exposure ranged from January 2011
to December 2015. The CdTe module was found to have the highest degradation rate,
−4.45%/year, while the CIS module appeared to be the most stable, with a degradation
rate of −1.04%/year.

Silvestre et al. [154] carried out their study in Leganés (Spain), a relatively dry and
sunny inland site. It has a Mediterranean climate with strong continental influences and
occasional Saharian dust intrusions, as in the case of Madrid. The highest degradation
rate of CdTe compared to other thin-film PV technologies could be explained in terms of
soiling losses. Photovoltaic power output largely depends on local climatic conditions and
the orientation of PV devices [155–160]. For local climate conditions, the major variables
are the incident solar radiation, the number of sunshine hours, and ambient temperature.
Long-term soiled (dust) cover on the top of the PV module is also another major influential
factor affecting PV performance [160]. Dust includes mineral dust in a desert area, as well as
bird droppings, algae, pollen in wet and moderate climates, engine exhaust from industrial
areas, and agricultural emissions, as well as human/animal cells, bacteria, carpet, textile,
fibers, sand, clay, and limestone [161]. African dust consists of earth crust components such
as metal oxides (SiO2, Al2O3, FeO, Fe2O3, CaO) and carbonate (CaCO3, MgCO3) and, in
particular, Saharan desert dust contains arsenic, chromium, iron, lead, manganese, nickel,
and vanadium [162].

The effect of dust depends on the type of PV technology: it is worse for PV modules
with a wider band-gap, such as a-Si and CdTe technologies, which showed a 33% reduction
in photocurrent when a concentration of 4.25 mg/cm2 of dust was applied. In comparison, c-
Si and CIGS technologies showed 28.6% and 28.5% reductions at the same dust density [163].
In the desert climate, dust accumulation is one of the main concerns that may cause a
significant deterioration of PV efficiency.

Interesting studies on the effect of dust on PV performance carried out in Santiago
(Chile) [164], in the Atacama desert (South America) [165], under United Arab Emirates
weather conditions [166], in a Saharan environment [167], in Iran [168], in East China [169],
and in Minas Gerais, Brazil [170], indicate that the effects of dust on the degradation of a
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PV module’s performance would waste the natural resources severely [171–174]. Indeed,
the electrical characteristics of the PV module are influenced by the dust accumulation,
since the short circuit current is significantly reduced, especially at higher dust density.
Dust deposition depends on the orientation and tilt angle of the PV surface. In general,
increasing the tilt angle promotes dust removal due to gravity [166]. Understanding the
characteristics of dust and its effect on PV performance in desert climates represents another
challenge to be faced for PV at the terawatt scale.

4. Conclusions

The field of solar cell materials development is at an exciting stage. About 174,000 TW
of energy from the Sun is received by the upper atmosphere of the Earth, and after losses
94,800 TW is available on the Earth’s surface and can be consumed for energy genera-
tion [151]. Due to the steep increase in the production and installation of PV, as well
as improvements in conversion efficiency, the cost of PV is seeing a sharp decline [170].
These, among other factors, contribute to making PV electricity a major source of energy
generation. The dominant PV technology for solar installations is crystalline silicon-based.
However, there are three thin-film technologies that are prominent in the PV market, i.e.,
CdTe, CIGS, and a-Si. Among these three thin-film technologies, CdTe is now the only
thin-film technology in the first 10 top producers in the world [171], due to several features
such as field performance under extreme climatic conditions, techno-economic aspects, and
life-cycle impact [7]. CdTe shows a lower decrease in open circuit voltage with increasing
temperatures than for CIGS and silicon-based solar cells, with 20% more overall power
generation in a high temperature environment [151].

The analysis of recent papers and periodic reports released from governments, inter-
governmental agencies, and research application-oriented organizations shows two trends.
From one side, several research teams from different backgrounds are joining to develop
new inorganic thin-film PV technologies which address the challenges of full sustainability,
i.e., the use of materials based on safe, Earth-abundant elements, easy recyclability, high ef-
ficiency, easy production, and long-term stability, required for rapid commercialization and
expansion in the market. However, such emerging technologies, e.g., CZTSSe, Sb2(S,Se)3,
even though they are characterized by an impressive rate of efficiency improvement, are
still produced at the laboratory scale, requiring the optimization and standardization of the
preparation methods.

From another side, the increased values of record efficiency in recent years of both
laboratory cells and modules of commercial, inorganic thin-film PV technologies such as
CIGS, CdTe featuring metals such as Cd, Te, In, and Ga, which cannot be defined as either
abundant (Te, In, Ga) or safe (Cd), indicate that research is still very active in these fields and
the interest from the scientific community and stakeholders has not decreased over time.
The improved certified efficiencies are also due to strategies which have subsequently been
identified thanks to intense research in the field of GBs passivation, e.g., CdCl2 treatment for
CdTe and alkali-fluoride post-deposition treatment for CIGS. Noteworthily, the historical
efficiency gap existing between laboratory cells and modules for both CIGS and CdTe,
which was a severe issue compared to crystalline silicon-based technologies, has been
becoming shorter in recent years due to two reasons. The first is the growing awareness of
the importance of presenting efficiency records from the perspective of the type of solar
cell structure and solar cell or module size. The second reason can be associated with the
maturation of industrial process control and the implementation of research advances at a
laboratory scale on the manufacturing line, i.e., the high potential in terms of scalability of
both CIGS and CdTe.

Last but not least, there have been many studies on the stability over time and degrada-
tion such as that caused by deposited dust, which can have a severe impact on PV systems.
Such studies need to complement the research efforts addressed to improve the efficiency
of both commercial and emerging inorganic thin-film solar cells, as discussed in this review.
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