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ABSTRACT

This review focuses on state-of-the-art research and development in the areas of flexible and stretchable inorganic solar cells,
explains the principles behind the main technologies, highlights their key applications, and discusses future challenges.

Flexible and stretchable solar cells have gained a growing attention in the last decade due to their ever-expanding range of applications

from foldable electronics and robotics to wearables, transportation, and buildings. In this review, we discuss the different absorber and

substrate materials in addition to the techniques that have been developed to achieve conformal and elastic inorganic solar cells which

show improved efficiencies and enhanced reliabilities compared with their organic counterparts. The reviewed absorber materials range

from thin films, including a-Si, copper indium gallium selenide, cadmium telluride, SiGe/III–V, and inorganic perovskite to low-dimen-

sional and bulk materials. The development techniques are generally based on either the transfer-printing of thin cells onto various flex-

ible substrates (e.g., metal foils, polymers, and thin glass) with or without shape engineering, the direct deposition of thin films on flexible

substrates, or the etch-based corrugation technique applied on originally rigid cells. The advantages and disadvantages of each of these

approaches are analyzed in terms of achieved efficiency, thermal and mechanical reliability, flexibility/stretchability, and economical sus-

tainability.

Keywords: crystalline; photovoltaic; Si

DISCUSSION POINTS
• Flexible solar cells based on inorganic materials can be divided
into three main categories: thin film, low-dimensional materials,
and bulk material. Various thin film materials have been studied
to achieve flexible cells using both the substrate and superstrate
configurations including a-Si, copper indium gallium selenide
(CIGS), cadmium telluride (CdTe), III–V, and perovskite. Future
progress is bright for a-Si, CIGS, and CdTe thin film-based solar
cells on a wide range of flexible substrates. While III–V materials
achieve the highest efficiencies over all other materials, their high
cost inhibits their mass commercialization and limits their
production to niche markets (space and defense). A low-
dimensional material-based solar cells including quantum dots
(QDs) and nanowires have exhibited low efficiencies so far with

the added concern of cell-to-cell variability. The corrugation-
based flexible solar cells are promising due to their capability to
transform rigid and large-scale commercial Si cells into their
ultra-flexible and rollable versions with high efficiencies.

• Stretchable solar cells, which are more recent than their flexible
counterpart and not commercialized yet, can be divided into
three main categories: ultra-thin microcells interconnected with
downward buckled interconnects, microwires embedded in an
elastomer, and corrugated bulk solar cell based on the
interdigitated back contact technology.

• Flexible and stretchable cells need to be encapsulated in a low-
cost polymer that exhibits excellent transparency, low water vapor
transmission rate, good stability, and UV resistance.
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Introduction
The fluctuating cost of energy, due to multiple reasons

including geo-political controls, national or international
economic disputes, and the fact that available energy
resources are limited, is the main motivation to switch to a
clean energy world. Photovoltaic energy is one among several
clean energy technologies to achieve this transition with
attractive prospects. In fact, the supply provided by solar
energy is pollution-free and unlimited; in addition, the
world receives a daily amount of sunlight that is enough to
cover the yearly world energy demand which confirms the
merits of this resource.1,2 As a result, solar cells are currently
being widely deployed as continually their costs are reduced,
while their efficiencies are improved over the years. Flexible
and stretchable solar cells in specific have gained increased
attention in recent years due to their capability to widen the
range of potential solar energy applications, such as
integrated photovoltaics, in addition to lowering production
costs.3,4 In fact, until now, Si-based solar devices dominate
the photovoltaic market, while the silicon substrates account
for the major portion of the production cost. In order to
minimize the production cost is through the development
of the solar cells on the inexpensive flexible substrates.
This would also diminish the transportation and installation
costs and enable roll-to-roll (R2R) manufacturing, thus
minimizing the complete system price. Moreover, several
niche applications require the use of flexible electronics,
and thus, in order to make them self-powered, the integration
of flexible solar cells would be needed. Portable electronics,
wearable electronics, and vehicle-integrated devices are a
few examples where integrated solar cells should be
flexible, whereas using rigid cells would affect the shape of
the vehicle or the drone for instance and therefore affect its
aerodynamics.

In terms of materials, silicon has been comprehensively
studied since the 1950s. While monocrystalline and polycrys-
talline silicon-based cells provide enhanced efficiency, amor-
phous silicon-based cells – which were developed since the
1970s – exhibit lighter weight and thinner thickness that are
desirable characteristics for the development of flexible
cells.5,6 In recent years, a variety of materials have been inves-
tigated for improving the performance of flexible solar cells at
each component of the device, such as flexible electrodes
based on ITO conductive films and flexible substrates.7,8

The main challenges remain in the development of flexible
solar cells which maintain an excellent mechanical resilience,
stability, lightweight, in addition to a high efficiency compara-
ble to their rigid counterpart and low cost. The first stretch-
able solar cells were reported in late 2011, coinciding with
the advances in wearable and foldable electronics, which are
potential applications. As a result, significant progress has
been achieved in developing and manufacturing different
kinds of flexible and stretchable solar cells. This review will
focus on the latest advances in flexible and stretchable solar
cells based on inorganic materials.

Flexible solar cells

Thin films

Amorphous silicon thin film

Due to the capability to deposit hydrogenated amorphous sil-
icon (a-Si:H) on large areas with high yield, a-Si:H thin films
have been widely employed in both rigid and flexible electronic
devices with large areas (e.g., on a 5.7 m glass substrate).9,10

This was achievable thanks to the capability of the
plasma-enhanced chemical vapor deposition (PECVD) system
– which is dedicated for the deposition the a-Si thin films – to
scale up the processes and to enable moving the large substrates
after long deposition times sequentially without the need for a
“time off.”

The growth of a-Si on a wide range of flexible substrates has
been possible, including metals and plastics that can endure
high temperature processes (e.g., polyimide), as well as plastics
which require low temperature processes [e.g. polyethylene
terephthalate (PET) and polyethylene naphthalate (PEN)].
Paper substrates based on cellulose have also been used in the
development of a-Si-based solar cells; however, they are limited
to low power niche applications with limited efficiency (∼6%).11

Moreover, two different configurations for solar cells were suc-
cessfully reported, including the substrate configuration based
on the n–i–p structure that is achieved on opaque substrates,
such as metals and high temperature enduring materials, and
the superstrate configuration based on the p–i–n structure
which requires a transparent substrate, such as flexible glass
(Fig. 1).

Neverthesless, the transfer process of the active layers of the
solar cell can be achieved regardless of the type of the substrate.
In the following, the different types of substrates used in the
development of a-Si-based solar cells are reviewed, where
Table 1 reports some of the promising efficiencies achieved
on the different flexible substrates.

In terms of commercial status of flexible solar cells, it should
be noted that a-Si-based solar cells have been themost fruitful so
far. Uni-Solar was able to manufacture multi-junction solar cells
on six lines of 2.5 km stainless steel foil in one run and with a
high efficiency. As a result, several companies were inspired
by the R2R technology achieved at Uni-Solar and introduced
it into their manufacturing processes.12 PowerFilm and Fuji
electric commercialized smaller solar cells (<25 MW) using
Kapton as the flexible substrate, while Dutch and Swiss compa-
nies (Akzo-Nobel Solar and Flexcell, respectively) developed
solar cell products on polyester foils; however, they were not
commercialized mainly due to economic reasons. In terms of
available equipment for the R2R development of flexible solar
cells, few possibilities exist, as most of the companies have cus-
tomized their own tool. Nevertheless, Applied Materials based
in the USA provides R2R PECVD tools, whileMeyer Burger pro-
vides encapsulation tools.13

Metal foil substrate.Metal foils based on aluminum and stain-
less steel have been reported as successful substrates for
a-Si-based photovoltaic cells, especially the latter which has
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been adopted as a commercial substrate by Uni-Solar.10 Metal
foil substrates enable the deposition of the active layers of the
solar cell at the optimized high temperatures which are needed
to achieve high efficiencies, in addition to being low cost and
ultra-flexible with the possibility of the roll-to-roll production.
However, the main challenge that arises when using opaque
metal foil-based substrates is that the monolithic integration
becomes more difficult to achieve. Nevertheless, multiple
types of solar cells have been reported by direct deposition on
the substrate without the need for transfer, including single-
junction a-Si, double-junction a-Si/a-SiGe, and triple-junction
a-Si/a-SiGe/a-SiGe.14–18 The PECVD tool was used to grow
these layers.

It should be noted that the stainless steel substrate requires
planarization to get rid of features that protrude beyond the sur-
face. One potential solution is to use a UV lacquer coating which
allows the monolithic integration of devices in series [0], in
addition to enabling the nanoimprint lithography with
improved light scattering.14 In fact, nanoimprint lithography
and anodization have been widely employed to texture the
metal foil substrates. For instance, the anodization of Ti foil
resulted in 3D nanodent patterns [Fig. 2(a)], which enhanced
light scattering in an a-Si-based solar cell such that a power con-
version efficiency of 8.05% was achieved.15 The results show
that the efficiency degraded by only 3.4% when bent at a 120°
for up to 10,000 cycles. Moreover, Al foil has been textured
using anodization to make plasmonic nanopatterns,16,17 while
R2R NiFe foil has been anodized and used as a substrate for
a-Si-based solar cells for application in water splitting.18

Polymeric/plastic substrate. The fabrication of a-Si solar cells
on polymeric/plastic substrates can be either achieved on sub-
strates which can endure high temperatures but are costly or
on inexpensive and flexible substrates that are sensitive to
high temperatures. The two categories differ in terms of the cor-
responding glass transition temperature. First, the substrates
which can endure high temperatures enable the direct growth
of the thin films on the substrate at their optimum temperatures
(∼200 °C), because they show a higher transition temperature
than that of the film. The films that can be grown in this case
are not limited to the a-Si layer and also other layers including
metal electrodes. Polyimide has widely been employed as a
high temperature-resistant substrate; however, its high cost
does not make it a commercially viable solution. Nevertheless,
several companies have commercialized such solar cells

Figure 1. Superstrate (left) and substrate (right) configurations for a-Si thin film-based solar cells, and the different layers are deposited in sequence on the
substrate.

Table 1. Efficiencies of a-Si:H solar cells on different flexible substrates.

Substrate Efficiency (%) Jsc (mA/cm) FF (%) Voc (V)

Polyester 7.69 13 71 0.834

Stainless
steel

16.3 9.6 72.7 1.026

Metal foil 8.05 14.6 63.9 0.86

PET 5.9 11.87 54 0.91

Thin c-Si 2.73 16.92 46 0.54

MRS ENERGY & SUSTAINABILITY / / VO LUME 7 / / e 19 / / www.mrs.org/energy-sustainability-journal ▪ 3



including Powerfilm and Fuji Electric, which reported a 12%
efficiency in a double-junction a-Si solar cell based on the sub-
strate configuration and using a “series connection via aper-
tures formed on the thin film” structure for integrating
multiple cells in series by the R2R process.

On the other hand, the temperature-sensitive substrates have
a lower transition temperature than the films to be deposited
and thus limit the thin film growth conditions. Nevertheless,
these substrates have gained a lot of interest because of low
cost and ability to simplify the monolithic integration of the
cells for commercialization purposes where the cells can be fab-
ricated using the superstrate configuration. However, it should
be noted that this category of substrates makes the direct growth
of the active layers more challenging, including the a-Si and the
patterned front contacts or the patterned back reflector. This is
because these layers generally require processing temperatures
that are above the transition temperature of the low cost sub-
strate. In addition, other processes can be difficult to achieve,
such as laser scribing and annealing, which increase the temper-
ature locally and globally, respectively, and thus can be

problematic. Therefore, to overcome these issues, two main
approaches are followed, either the growth and fabrication of
the complete solar cell at required high temperatures on a sac-
rificial substrate, followed by the release and transfer of the
active layers onto the flexible substrate, or the development of
the complete solar cell at temperatures below the glass transi-
tion temperature of the flexible substrate (generally <150 °C).
For the approach that requires transfer of the active layers, the
fabrication is usually done on the sacrificial substrate followed
by attaching the active layers onto the permanent flexible sub-
strate and finally removing the sacrificial substrate.
Demonstrated lift-off techniques for a-Si:H PV cells employ
glass as a sacrificial substrate,21 a colloidal transfer-printing
technique,22 or water-assisted transfer printing.23 The latter
method showed an efficiency of ∼7% for an a-Si:H single junc-
tion. For instance, the Helianthos concept of lift-off uses a sac-
rificial metal foil substrate on which the active layers of the solar
cells are completely fabricated, then the device is attached on a
permanent flexible substrate while the metal foil would be
etched using a metal etchant. Next, the device would be

Figure 2. (a) A flexible a-Si solar cell on a patterned Ti foil covered with the polydimethylsiloxane (PDMS) nanopillar membrane and its performance versus
bending cycles. Reprinted with permission from Ref. 15 .. (b) Electrical and mechanical performance of the a-Si solar cells on nano-textured polymer with
nano-holes (NH) and with the addition of the antireflective coating on the nano-holes (NHAR). Reprinted with permission from Ref. 19 of the a-Si solar cells on
nano-textured polymer with nano-holes (NH) and with the addition of the antireflective coating on the nano-holes (NHAR). Reprinted with permission from Ref. 19.
(c) a-Si solar cells on a 40-μm-thin silicon substrate. The plots on the right show the minority carrier lifetime characteristics of the a-Si film prepared by
sputtering at different DC plasma power. Reprinted with permission from Ref. 20.

4 ▪ MRS ENERGY & SUSTAINABILITY / / VO LUME 7 / / e 19 / / www.mrs.org/energy-sustainability-journal



encapsulated using a polymer with a low water vapor transmis-
sion rate.21

On the other hand, the approach which requires low temper-
ature fabrication processes can be divided into two main areas:
substrate or superstrate cells where the back or front surfaces
are textured, respectively. In general, the texturing process is
conducted at high temperatures (>300 °C) where the silver is
naturally textured via deposition using the substrate configura-
tion, while in the superstrate configuration, the transparent
conductive oxide (TCO) is naturally textured via deposition at
temperatures >400 °C.

In order to eliminate high temperature processes, one way is
to use a substrate that is pre-textured via a specific process, such
as lithography, hot embossing, or holographic gratings. It is
worth mentioning that some of these methods can also be
applied on substrates that can endure high temperatures. A
group of researchers at ecole polytechnique Federale de
Lausanne (EPFL) reported a world record efficiency in
a-Si-based solar cells on a PEN low cost and flexible substrate
via lithography [Fig. 2(b)]. In addition, an efficiency of 8.17%
has been achieved recently on the nanotextured polymer sub-
strate using the sol–gel-based nanoimprinting method where
an antireflective coating deposited on the nanoholes resulted
in further enhancement.19 The device also showed a degrada-
tion of around 17% in the efficiency when bent up to 180°,
while the degradation is neglibigle after even 100,000 bending
cycles [Fig. 2(b)].

Another way to avoid high temperature processes is to tex-
ture the TCO after growth using a wet etchant. For instance,
ZnO-based TCO can be patterned into inverted pyramidal
shapes using a solution based on HCl.24 It should be noted
that this technique is also applicable on substrates which can
endure high temperatures. In this case, the ZnO is magnetron
sputtered at room temperature, but the actual temperature on
the substrate can reach up to 100 °C due to the bombardment
during the deposition process. Using a substrate configuration,
the ZnO would be magnetron sputtered, then etched using HCl
to texture it, followed by the growth of Ag- and Al-doped ZnO
and finally growth of the active n–i–p layers including the
front contacts. In a superstrate configuration, the development
of the solar cell would be based on the initial growth of the
Al-doped ZnO followed by etching using HCl to texture it,
and finally, the active p–i–n layers are deposited with the back
contacts. Even though this sounds simple, the thickness of
the TCO layermight create problems where a thick layer induces
compressive stress that causes the foil to curl, resulting in cracks
in the active layers of the device. Therefore, it is important to
ensure that all sides of the substrate are covered with the same
thickness of TCO while etching one side to texture it.
Additional processes are also critical to avoid exposing the
ZnO to humidity as is it moisture-sensitive, and this includes
the deposition of a barrier layer between the ZnO and the poly-
mer,22 or to treat the ZnO with hydrogen or argon.25,26

Thin glass substrate. An ultra-thin layer of glass exhibits flex-
ural rigidity, in addition to a unique encapsulation characteris-
tic, low water vapor transmission rate, high temperature

resistance, high transparency, and light weight that makes it
advantageous over metal foils and plastic-based substrates.
Furthermore, ultra-thin glass enabled the development of
solar cells based on the superstrate configuration, which simpli-
fies monolithic integration. However, the ultra-thin glass sub-
strate has limited flexibility, thus is not rollable, and requires
careful handling to avoid cracking, making its upscaling a chal-
lenge to achieve, in addition to being expensive. Small area
solar cells have been fabricated nevertheless, where
FTO-coated ultra-thin glass was used as the substrate, and a
promising efficiency of 6.95% was attained for single-junction
and 9.3% for double-junction cells.27

Thinned Si wafer substrate. It is worth to note that thinned-
down silicon wafers have been used as flexible substrates for a-Si
solar cells. The thinning down of Si can be achieved through dif-
ferent techniques, including back etching,28 XeF2 etching29,30

or etching and exfoliation methods.31 In this case, the thin sub-
strate is used as an active layer of the solar cell where the intrin-
sic and n-type regions are deposited on top of it. Different
materials for the n-type material in the solar cell have been stud-
ied, including a-Si where the degradation of minority carrier
lifetime due to sputtering is minimized by optimizing the DC
plasma power [Fig. 2(c)].20 In addition, ZnO is studied as the
n-type material where an efficiency of around 2.73% was
achieved.31 Even though this technique provides access to a
crystalline silicon layer with enhanced electronic properties
compared with its amorphous counterpart, the main disadvan-
tage of this approach, similar to that of ultra-thin glass, is the
limited bendability of the flexible silicon substrate in addition
to the challenge of handling without cracking it. Moreover,
since in this case a costly silicon wafer is used in addition to hav-
ing a large portion of it getting etched away and thus wasted,
this technique is considered more expensive than the develop-
ment of a-Si thin film-based solar cells on low cost substrates
such as metal foils and some plastics.

Copper indium gallium selenide thin film

Copper indium selenide (CuInSe2 or CIS) belongs to the to
the I–III–VI family and is considered a ternary compound
p-type absorber material. The material is known to take the
tetragonal chalcopyrite crystal structure.32 The first CIS mate-
rial was developed in 1953 by Hahn et al.,33 showing a bandgap
of 1.04 eV, while the solar cell based on single crystal CIS
showed an efficiency of 12%.34 In fact, the first CIS/CdS solar
cell was developed in 1976 by the evaporation of CIS powder
in a Se vapor environment35 and showed an efficiency of 4%.
Next, Boeing co-evaporated CIS and Se and reported an effi-
ciency of 11.4%,36 while Kazmerski demonstrated a CIS
homojunction-based solar cell with an efficiency of 3%.37 The
CIS-based thin films received more interest in 1981 when
Mickelsen co-evaporated elemental targets and achieved an effi-
ciency of 9.4%.38 Following this, several improvements have
been achieved to enhance the efficiency of CIS-based solar
cells, including alloying or doping CIS with gallium or sodium,
respectively, and also enhancing the n-type buffer layer (CdS).
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Most recently, a high efficiency of 22.8% has been achieved
in gallium-doped CIS cell (CIGS) using a buffer layer based on
zinc and magnesium,39 in addition to a potassium fluoride
layer that is deposited between the buffer and CIS to enhance
the junction characteristics. In this case, the achieved open cir-
cuit voltage is 0.711 V, while the fill factor is 77.5% and the
short circuit current density is 41.4 mA/cm.

A typical CIGS solar cell with a substrate configuration is
based on a stack of substrate/Mo/p-CIGS/n-CdS/intrinsic
ZnO/ZnO:Al/ARC/metal grids where the light enters the
device via the TCO. On the other hand, in a superstrate config-
uration, the cell is illuminated through a glass substrate. In such
a cell, the buffer layer having a bandgap of 2.4 eV transmits the
light with energy below 2.4 eV, and the absorber then generates
electron-hole pairs. Photons with energy above 2.4 eV get
absorbed by the buffer layer. As a result of the built-in electric
field at the CIGS/CdS interface, the electrons existing within
a diffusion length in CIGS get swept to the CdS layer and to
the n-type electrode, while holes get swept from the CdS layer
to the CIGS and to the p-type electrode. A back surface field
is developed in the p-type layer using a Ga-doping gradient
close to the contact. This is done in order to reduce theminority
carrier recombination in that region and to push electrons
towards the junction to be ultimately collected by the n-type
electrode.40,41

Flexible and lightweight CIGS-based solar cells have a fast
growing market. They have been successfully developed on
the polyimide substrate where laser scribing is used to achieve
monolithic integration.42 In addition, flexible CIGS cells have
been developed on various thin substrates that are so flexible
they can be rolled. The substrate types can be divided into

three categories, including thin polymers,43–45 metal foils,46–
59 and ceramics.52 Polyimide has been used as a substrate to
develop a flexible solar cell with the record efficiency of
20.8% where the sequence of deposition was optimized. This
shows that the efficiency of flexible CIGS cells is approaching
that of rigid CIGS cells. Nevertheless, the performance of the
devices developed at low temperatures is not as good as the per-
formance of cells developed at high temperatures on rigid sub-
strates. Thus, several groups have worked on improving the
quality of thin films grown at low temperatures as well as incor-
porating alkali elements in CIGS thin films. It has been shown
that treating the CdS layer after deposition with a heavy alkali
allows reduction in thickness and enhances the Voc.
Additionally, introducing sodium during the deposition of
CIGS enhances the solar cell performance. Furthermore,
co-evaporating heavy alkali with the capping layer reduces the
shunting effect due to the high copper content, resulting in
excellent efficiencies. One explanation for the enhancement
in the Voc and the performance of CIGS cells with heavier alkali
elements is because of the enhancement of the diode quality as
provided by the ideality A-light equation which is derived from
the illuminated I–V curve using the one-diode model.50

Flexible and bifacial CIGS cells using the superstrate config-
uration were developed on a flexible ethylene tetrafluoroethy-
lene (ETFE) substrate via lift-off [Fig. 3(a)]. In this case, the
active layers were formed at high temperatures and then using
the lift-off process they were released at low temperatures and
transferred onto the ETFE substrate using glue.59 In addition,
a bilayer based on Au/Aluminum doped Zinc Oxide (AZO) is
used as a back contact. As a result, the achieved efficiency in
this solar cell is 6.2% when illuminated from the frontside and

Figure 3. (a) Fabrication method of the flexible and bifacial CIGS solar cell with a superstrate-type structure of ETFE/epoxy glue/AZO/ZnO/CdS/CIGS/ultra-thin
Au/AZO transparent back contact (TBC). Reprinted with permission from Ref. 59. (b) Schematic representation of the deposition and fabrication processes of
flexible CIGS solar cells on the graphene/Cu foil electrode. Reprinted with permission from Ref. 61 . (c) Picture of a flexible CIGS solar cell fabricated on a zirconia
sheet and the corresponding device structure. Reprinted with permission from Ref. 62.
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0.9% when illuminated from the backside. In another work, the
CIGS layer is directly deposited on both a polyimide layer and
metal foils at 450 and 550 °C, respectively, to achieve high-
quality films. The use of the polyimide insulator as a substrate
enables the monolithic integration of cells, whereas on metal
foils it is necessary to first deposit an insulating layer. This insu-
lating layer insulates the solar cell contact from the substrate
and inhibits the diffusion of impurities from the substrate.60

In order to promote inexpensive production of CIGS solar
cells, it is essential to develop high efficiency cells over large
areas with high yield and high throughput. For commercializa-
tion, the devices should exhibit prolonged stability.
Nevertheless, flexible cells have several issues including the
nonavailability of flexible substrates with suitable chemical,
physical, and mechanical characteristics. Metal foils have high
roughness, high density, a large thermal coefficient of expan-
sion, as well as impurities which could diffuse to the active lay-
ers and degrade cell performance. Nevertheless, metal foils
such as copper have been used to develop flexible CIGS
cells.60 Graphene-based CIGS cells have been demonstrated
on copper foil where graphene was grown on the foil using
CVD followed by a direct deposition of the CIGS and active lay-
ers onto the graphene, eliminating the need for a transfer pro-
cess [Fig. 3(b)]. In this case, the graphene acts as a hole
transport electrode and the device exhibited an efficiency of
9.91% with a fill factor of 0.647.61 The reported results are con-
siderably better than those achieved on a reference cell with tra-
ditional electrodes.

Another issue with the flexible substrates, particularly poly-
mers, is that they cannot endure high temperatures which are
generally needed for growing high-quality films, and conse-
quently, high efficiency cells. It should be noted that polyimide
can sustain high temperatures up to 450 °C but only for short
durations.63 Moreover, while ultra-thin ceramics, such as zirco-
nia [Fig. 3(c)], have been used as flexible substrates they have
limited flexiblity which hinders their use in commercial prod-
ucts.62 Furthermore, the process of forming a graded bandgap
in CIGS is accomplished exclusively by tuning the Ga doping,
a process currently developed only at high temperatures making
it unavailable to temperature-sensitive flexible substrates and
thus limiting their performance. Moreover, the CdS buffer
layer deposition is achieved via a wet process, and therefore, it
is incompatible with R2R production. Finally, R2Rmanufactur-
ing results in a variation in the polymeric substrate temperature
which causes volume expansion.

Commercially, CIGS-based solar cells have been available
since 1992 on rigid substrates. More recently, in 2017, leading
manufacturers claim commercialization costs below $0.4/
Watt.64 Using flexible substrates could further reduce produc-
tion and installation costs. Currently, several companies are
producing flexible CIGS-based solar cells mainly on stainless
steel substrates.65,66 Misasole demonstrated flexible CIGS
cells in 2016 with the efficiency of 19.4% for small modules
on the stainless steel substrate,67 while Global Solar has pro-
duced CIGS cells on thinner stainless steel substrates in 2017
with the efficiency of 18.7%.68 Flisom and Empa are

collaborating to provide equipment for manufacturing CIGS
cells on polyimide. Even though CIGS sales account for only
tens of MW, a small portion compared with Si, flexible CIGS
products are becoming more mature with a quickly growing
market.

Cadmium telluride thin film

Cadmium telluride (CdTe)-based PV devices are the most
produced thin film solar cell worldwide. CdTe exhibits a
bandgap of 1.45 eV in its polycrystalline form and 1.5 eV in
its monocrystalline form69 which is ideal for achieving a high
Voc (theoretically up to 1 V), high Jsc (theoretically up to
30 mA/cm), and theoretical efficiency over 27%.70 Actual
CdTe-based devices have shown high efficiencies but only
when grown at high temperatures (normally above 500 °C).
Since CdTe cannot be deposited at temperatures higher than
350 °C while under vacuum, a controlled atmosphere is needed
to enable atom re-evaporation and thus close-space sublimation
is used.71 Nevertheless, growing CdTe at low temperatures
results in lower energy consumption, induces less stress in the
substrate, and enables the use of various substrates including
temperature-sensitive materials needed for the development
of flexible cells. CdTe photovoltaic devices can be fabricated
using the substrate or the superstrate configurations. The
device consists of the substrate, back contact, and buffer layer
which is generally based on CdS,72 CdTe absorber, and front
contact.

The highest efficiencies in CdTe-based solar cells have been
achieved using thick absorber layers. However, Te is a scarce
material, and therefore, if thick absorbers are needed with
high production levels (>20 GW/year), then the availability of
the element Te would be a concern. On the other hand, if thin-
ner absorber layers could be used, then this would reduce the
cost of the device.73 CdTe has been deposited using radio fre-
quency (RF)-sputtering and with a thickness below 1 μm, an
efficiency of 12% was achieved,74 while thermal evaporation75

and close-space sublimation methods have resulted in efficien-
cies up to 13%.76 Theoretically, an absorber layer with a thick-
ness of 1 μm is enough to capture all the incident light, which
was proved by the measured current densities in devices with
different absorber thicknesses.76,77 In fact, it has been shown
that a thickness of 1.1 μm of sputtered CdTe achieves the max-
imum density of short circuit current, but when CdTe is evapo-
rated under vacuum requires a thickness of 2 μm, which could
be due to the lower density of the material. Moreover, as the
devices age, their short circuit current density is shown to
increase while their open circuit voltage reduces such that the
efficiency is maintained; therefore, good stability is reported
in CdTe-based solar cells with thin absorber layers.77 In addi-
tion, the recombination in solar cells with ultra-thin CdTe is
more pronounced than in the case of thick CdTe-based
devices,78 which can be due to the low doping in thin layers
that may inhibit the appropriate separation of the fermi levels.

Substrate configuration. Flexible solar cells do not require a
transparent substrate and therefore can be fabricated using a

MRS ENERGY & SUSTAINABILITY / / VO LUME 7 / / e 19 / / www.mrs.org/energy-sustainability-journal ▪ 7



wider range of possible substrates. An ideal flexible substrate is
Mo due to its excellent stability at increased temperatures, in
addition to its good contact with CdTe. The greatest efficiency
that was obtained with Mo is 11.5% where the solar cell is
grown at low temperatures on a polymeric substrate and sputter
coated with Mo/Te as back contact, while doping with Cu
post-CdTe deposition achieved 10.9% on a stainless steel sub-
strate.78 Manufacturing CdTe solar cells using a R2R process
on metal foils is desired for low production cost. However,
most of the CdTe-based solar cells grown on metallic foils had
reduced efficiencies (less than 10%) due to the need of inverting
the structure which puts limitations on the fabrication methods
and results in low-quality CdTe layers.

Doping the CdTe with copper in a controlled manner has
been demonstrated as a promising technique where a record
efficiency of 13.6% was achieved in an inverted structure. In
this case, less than a monolayer of copper is evaporated and
annealed to achieve controlled doping of CdTe, which enhances
the hole density, carrier lifetime, and carrier collection in the
photovoltaic device, as shown in Fig. 4(a).78

Recently, the majority of the high-quality CdTe were formed
on single-crystal substrates via either molecular beam epitaxy
(MBE) or metal-organic chemical vapor deposition (MOCVD).
As a result, using CdTe in flexible electronics has been rare
due to the requirement of the rigid substrate. Most recently,
Wen et al. demonstrated the epitaxial growth of high-quality
CdTe films on the mica substrate by the vapor transport deposi-
tion process through weak interface interactions and achieved
an efficiency of 9.59% [Fig. 4(b)].79 The transfer of the CdTe
film from the mica substrate onto various flexible substrates
was also possible due to the weak interfacial interactions. In
fact, the epitaxial film was released from the substrate when
dipped in water via surface tension, and an SU8 substrate was
used as the flexible permanent substrate for the solar cell. As
a result, a CdS/CdTe solar cell with both layers being epitaxial
exhibited an efficiency of 9.59% with an improved interface
quality (low defects) and diode performance comparable to
the same device with layers of poly-CdS/epi CdTe [Fig. 4(b)].
The devices showed excellent mechanical resilience where
around 96.5% of the initial efficiency is maintained after
1000 bending cycles with a bending radius of 10 mm.
Nevertheless, even though the obtained efficiency is lower
than previously achieved efficiencies for flexible CdTe-based
PV cells, the demonstrated results show that there is room for
improving the performance of CdTe solar cells by increasing
the carrier lifetime through an enhanced film quality.

Superstrate configuration. Another option for the develop-
ment of flexible CdTe solar cells is based on the superstrate con-
figuration, which requires the use of transparent substrates that
can endure and remain stable at high temperatures during the
different fabrication processes [Fig. 4(c)].80 The first substrate
studied for flexible CdTe-based solar cells using the superstrate
configuation was polyimide.80,81 Upilex-S and Kapton showed
promising results82,83 but remain temperature-limited as they
cannot withstand temperatures above 450 °C. The highest effi-
ciency obtained is 12.7%, where the CdTe/CdS layers were

grown on aluminum-doped ZnO on polyimide.83 Recently, poly-
mer substrates have been replaced with ultra-thin alkali-free
glass which is flexible and stable when exposed to high temper-
atures or chemicals.

Developing solar cells on glass allows the growth of the active
layers at high temperatures. Ultra-thin glass was first used by
Rance et al.84 where CdS was deposited by sputter-coating
instead of by the wet chemical process. As a result, a record effi-
ciency of 16.4% has been achieved.85 Moreover, Salavei et al.86

used ultra-thin glass to fabricate CdTe-based solar cells at low
temperatures. In this case, the same process was also applied
on two polymers, Upilex and Kapton, and the stress generated
in the films was studied using XRD. The results showed that
the compressive strain is observed in the upper parts of the
solar cells fabricated on the polyimides, while the bulk of the
solar cell did not show any strain. This was also confirmed by
Rance et al.84 where a larger distortion was observed in the
CdTe surface. The compressive and tensile stresses generated
in CdTe deposited on polyimides and ultra-thin glass have
also been analyzed using Raman spectroscopy.86 The obtained
results confirmed that the polyimide substrates result in larger
distortions in CdTe than the ultra-thin glass substrates which
could thus cause a stability issue in CdTe solar cells deposited
on flexible polymers compared with glass. Table 2 lists the
best efficiencies achieved in flexible CdTe solar cells developed
on various substrates. The table shows that the highest effi-
ciency is achieved on ultra-thin glass, while the device devel-
oped on Upilex exhibits the lowest efficiency, due to degraded
photocurrent density in a lower transparency substrate.

The CdTe photovoltaic device should exhibit prolonged
stability regardless of the structure configuration. In general,
the CdTe material is very stable when encapsulated using a
moisture-resistant material. However, it should be noted that,
in the past, there was a stability issue in CdTe solar cells due
to the diffusion of copper but was later solved by lowering the
copper content and introducing a diffusion barrier at the back
contact.87–89 Current CdTe solar cells formed on the glass sub-
strate exhibit excellent stability which enabled the production of
large modules. However, regarding flexible CdTe-based solar
cells, the stability can be affected by the bending and stretching
of the device, and very few researchers have analyzed the stabil-
ity of flexible cells. Rance et al. studied the impact of tensile and
compressive stretching on the performance of flexible cells
developed on ultra-thin glass.90 The solar cells were mounted
on tubes with different curvatures to study the effect of different
bending radii. Similar tests on polymeric substrates have not
been conducted; however, since the variation in the measured
efficiencies is due to the generated stress in the active layers
and not due to the substrate material, it is expected that similar
behavior would be observed on polymeric substrates. Another
stability issue that arises when using polyimide substrates is
deterioration from UV radiation.91,92 Therefore, the polymeric
substrate needs to be coated with a UV-resistant material.

CdTe thin film-based solar cells are currently being mass
produced mainly by a single company (First Solar). The high
reproducibility and simple stoichiometry minimize any
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inhomogeneity issues which are more common in other thin
film-based solar cells with high efficiency. Nevertheless, since
Si wafers are being mass produced, this made the thin film-

based modules production costs similar to that of Si modules.
However, thin film-based cells can potentially be made lower
cost if their ability to adapt to different curvatures is considered.

Figure 4. (a) Scanning electron micrograph and schematic of the cross-section of a CdTe solar cell in the superstrate configuration (left) and the substrate
configuration (right) which allows the use of opaque substrates like metal foils. In substrate configuration, Mo/MoOx and i-ZnO/ZnO:Al are used as electrical back
and front contacts, respectively. The scale bars correspond to 1 mm. The yellow arrows show the direction of illumination. Reprinted with permission from Ref. 78 .
(b) Schematic illustrations for the fabrication of poly-CdS/epi-CdTe and epi-CdS/epi-CdTe flexible solar cells. Reprinted with permission from Ref. 79. (c)
Schematic layout of the CdTe solar cell structure and the image of 3 × 3 cm solar cells fabricated on different substrates. Reprinted with permission from Ref. 80.
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This would enable the integration and substitution of tradi-
tional roofs with photovoltaic roofs. The application of CdTe
thin films on innovative substrates should be considered espe-
cially because it is enormously simple to grow CdTe without
being affected by the different employed substrates, with mini-
mized inhomogeneity problems for large area growth, and
with a promising potential to be mass produced in flexible
shapes. Moreover, CdTe-based solar cells using the superstrate
configuration are the simplest to fabricate, and they would be
ideal for application on windows and ultra-thin glass while the
substrate configuration would be favored on ceramic surfaces
and tiles. Nevertheless, the development of low-cost flexible
glass and polymer substrates is needed to reduce the cost of
CdTe solar cell.

Silicon–germanium and III–V thin film

III–V compound semiconductor photovoltaic devices have
exhibited record efficiencies over all other materials. For
instance, single-junction GaAs devices have shown efficiencies
up to 29.1%, while III–V on Si solar cells exhibited efficiencies
as high as 35.5%.91,92 This is due to the excellent properties of
III–V materials in terms of direct bandgap, prolonged stability,
radiation hardness, in addition to its ideal optoelectronic char-
acteristics. Even though the expensive cost of thewafer has been
a bottleneck for deploying this technology at large, several
works have reported the fabrication of flexible III–V solar cells
where the substrate was back etched to thin it down. For
instance, 80-μm-thick triple-junction PV cells (CTJ30-80)
were developed by CESI for use in space with an InGaP/
InGaAs/Ge epitaxial structure. Metal organic CVD was used
to grow the epitaxial structure, a tool that can simultaneously
receive up to 13 germanium substrates during each run. The
active layers of the solar cell were formed on 100-mm-diameter
and 140-μm-thick Ge substrates. Once the epitaxial growth is
completed, the Ge substrate is back etched to reach afinal thick-
ness of around 80 μm. Using this technique, an efficiency of
29% is achieved under 1 sun.93

Over time, many efforts have beenmade to discover solutions
to reduce the cost of manufacturing flexible III–V solar cells. In
fact, the major expense in III–V cells comes from the costly crys-
talline III–V wafers which are needed to grow the epitaxial lay-
ers. To overcome this, epitaxial lift-off and transfer methods
have been established,94–98 and a record 28% efficiency flexible
solar cell based on single-junction GaAs has been demonstrated
using this technique.99 In this method, the active layers are epi-
taxially grown on a crystalline wafer and then lifted off and trans-
ferred onto a permanent substratewhile the original costly wafer
can be reused for other runs. Another approach was based on
mechanical bonding.100 Nevertheless, the potential scalability
of the process and the cost effectiveness of these techniques
are still vague. In fact, it can be concluded from the current low-
market size of III–V solar cells that there is not enough cost ben-
efits to make this technology competitive with the existing solar
cell technologies including Si, CIGS, and CdTe101,102 for terres-
trial applications.

In order to reduce the costs of III–V solar cells, it is essential
to develop a scalable process for manufacturing. One solution
would be to directly deposit the active layers of the III–V device
onto inexpensive substrates which can be either flexible or can
be used as sacrificial substrates. However, it is essential to find
inexpensive substrates that have lattice match with the III–V
material and can endure high temperatures. For example, the
growth of GaAs was reported on a low-cost monocrystalline sil-
icon wafer via a SiGe buffer layer with graded composition to
avoidmisfit defects betweenGaAs and Si.103–105 The largest effi-
ciency obtained with single-junction GaAs/Si was 18.1% which
was limited due to the high density of threading disloca-
tions.106–109 Nevertheless, the use of thick buffer layers
increased the cost of the device making them commercially
unfeasible. Another method is based on the selective area
growth of high-quality III–V layers without the need for thick
buffer layers.110–112 Using this technique, an efficiency of
10.4% has been achieved in GaAs grown on patterned silicon
with V-grooves.113 Another method is based on the growth of
GaAs on polycrystalline Ge substrates where good efficiencies
were achieved; however, the cost effectiveness was negligi-
ble.114,115 Moreover, GaAs-based solar cells have been demon-
strated where the GaAs was grown on polycrystalline
substrates with large grains, including Ge, Mo, and W/graph-
ite.116,117 However, only low efficiencies were obtained (around
10%) due to the polycrystalline nature of GaAs with grain
boundaries and defects acting as recombination centers.118

In order to obtain high-quality, single crystal-like layers on
nonepitaxial wafers, a new technique has been demonstrated
(seed-and-epitaxy) where very thin seed films with a single
crystal-like structure are used as the substrate for growing the
GaAs layer.116,119 In fact, single crystal-like Ge seed films
were demonstrated on amorphous glass and polymetal via the
ion beam-assisted deposition (IBAD) method. If GaAs-based
solar cells could be grown on low cost metal substrates via a con-
tinuous R2R manufacturing process, then there would be a
chance to merge high efficiency with low cost. In this light,
Dutta et al. recently developed a R2R plasma-enhanced

Table 2. Best efficiencies of flexible CdTe devices.

Substrate
Efficiency

(%)
Voc
(mV)

FF
(%)

Jsc
(mA/cm)

Upilex 10 796 63.8 19.7

Kapton 11.2 810 65.2 21.2

Metal foil 13.6 852 75.3 21.2

Thick glass 14.5 859 72.5 23.3

Ultra-thin
glass

16.4 831 76.6 25.5
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chemical vapor deposition method to form high-quality Ge
films with a single crystalline-like structure on flexible metallic
substrates. IBAD was employed to achieve templates with a

single crystalline-like structure to allow the epitaxial growth of
Ge thin films [Fig. 5(a)]. The Ge film on metal foil substrates
was then employed to grow flexible GaAs single-junction PV

Figure 5. (a) Schematic of a fabricated single-junction (SJ) GaAs solar cell on a CVD-Ge template on metal foil and a photograph of a flexible SJ solar GaAs solar
cell are shown. Reprinted with permission from Ref. 120. (b) Schematic illustration of the device and layer structures of flexible high-efficiency photovoltaic solar
cells (PVSCs). The XRD w scan around the epitaxially grown GaAs (224) peak demonstrates four sharp peaks 90° apart with in-plane texture spread of 1.2°
showing a well comparable structure with single-crystal GaAs wafer. Reprinted with permission from Ref. 121.
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cells using the MOCVD which exhibited efficiencies up to
11.5%.120

Pouladi et al. were the first to develop flexible single-junction
III–V photovoltaic devices based on GaAs thin film with the sin-
gle crystal-like structure [Fig. 5(b)]. The film was formed on a
low-cost metal tape by direct deposition. The device exhibited
a promising efficiency of 7.6%.121 This leads to overcoming
the high-cost single crystal wafer fabrication challenge.
Moreover, the devices showed negligible degradation when
bent up to 100 cycles with a bending radius of 0.5 cm in both
convex and concave modes.

Inorganic perovskite thin film

Perovskite-based solar cells were first demonstrated in 2009
where an efficiency of 3.8% was achieved.122 Later, in 2017,
Zhou et al. enhanced the efficiency up to 19.3%.123 The effi-
ciency of perovskite-based solar cells have been continuously
improving since then and currently, the world record efficiency
is 25.2%.124,125 Even though the efficiencies of the hybrid
perovskite solar cells are similar to the commercial ones, they
are unstable, which inhibits their actual commercializa-
tion.126,127 An alternative approach is to use all inorganic
cesium-based perovskite material that exhibits enhanced mois-
ture, light, and thermal stability.124 In Pb-halide perovskites,
CsPbI3 shows a bandgap of 1.73 eV which is suitable for appli-
cation in solar cells. However, the CsPbI3 is stable in the cubic
phase only at increased temperatures, and at room temperature
humid environments goes back to the orthorhombic phase, with
a bandgap of 2.82 eV. As a result, a low efficiency of only 0.09%
was achieved with the orthorhombic phase of perovskites with
bad stability.128

In the last 2 years, perovskite-based cells have improved
quickly. In fact, until 2015, Snaith and coworkers used the inor-
ganic CsPbI3 with small grain size (after treatment with hydri-
odic acid) and reported an efficiency of 2.9%.129 In 2016,
Luther and coworkers reported that CsPbI3-based quantum
dots exhibit prolonged stability at room temperature and in a
humid environment where the cubic phase can be maintained
for months. As a result, an efficiency of over 10% was
achieved.130 Since then, multiple techniques have been studied
to enhance the stability of the inorganic perovskite material
with cubic phase by minimizing its grain size, including poly-
mer modification,131 ion doping,132 and dimension control.133

However, passivating the grain boudaries becomes essential as
more grain boudaries will exist when smaller grain sizes are
achieved.134 In 2018, Wang and coworkers reported a distorted
black CsPbI3 film using additives including hydroiodic acid (HI)
and phenylethylammonium iodide (PEAI). It is shown that the
HI produces hydrogen lead iodide (HPbI3+x), which represents
a transition to the distorted black phase with a band gap of
1.69 eV; whereas PEAI leads to nucleation which is needed to
achieve an optimized crystallization. More notably, the additive
stabilizes the distorted black phase where the phase transition is
obstructed due to its steric effects. As a result, high efficiencies
up to 15.07% were reported with a negligible loss after 300 h of

light exposure (without encapsulation). The devices showed
good stability as well where 92% of its initial cell efficiency
was maintained after a 2-month storage under ambient condi-
tions.135 More recently, in 2020, Zhang et al. synthesized black-
phase CsPbI3 perovskite thin films with good quality and stabil-
ity using an antisolvent-based blended with a methylammonium
iodide mediator. As a result, smaller perovskite crystallites were
developed with enhanced stability, morphology, and photoelec-
tronic characteristics. Efficiencies of >16%were obtained which
good reproducibility and stability where 95% of the initial effi-
ciency is maintained after 1000 h.136

Snaith and coworkers reported, in 2016, the stability of
cesium lead mixed-halide perovskites (CsPbI2Br) in its cubic
phase at room temperature even when bulk material is
used.137 This material shows a bandgap range between 1.82
and 1.92 eV, which depends on the growth technique. The
cubic phase stability was improved due to the reduced temper-
ature of phase transition. As a result, the first solar cell based
on CsPbI2Br exhibited an efficiency of 9.8%,137 which quickly
improved to 14.8% most recently due to the enhancements in
grain boundary passivation, crystal morphology control, struc-
ture optimization, and interface engineering.138 Nevertheless,
even though the achieved stability with the all-inorganic perov-
skites is considerably better than that of the hybrid perovskites,
their efficiencies are still lower. This confirms the need for opti-
mizing the doping density, energy-level matching, in addition to
improving the carrier transport and collection to achieve higher
Jsc and reduce energy loss.

In fact, the deposition of high-quality CsPbI2Br film is chal-
lenging, chiefly due to the limited solubility of CsBr. Thus, con-
trol over the crystallization throughout the deposition process
of the film is important for achieving high-performance
CsPbI2Br perovskite solar cells. Different techniques have
been studied for this purpose, including a single-step method
which resulted in high-quality film but with limited thickness.
By controlling the annealing temperature, a 9.5% stabilized
power output was achieved; however, the Jsc was limited due
to the small thickness of the film. To increase the thickness of
the film, dimethyl sulfoxide has been added as a co-solvent to
increase the solubility of CsBr. This resulted in films with thick-
nesses above 500 nm. Additionally, CsPbX3 perovskites nor-
mally require preparation at high temperature; in fact,
annealing temperatures >250 °C are generally needed to
achieve the desired photovoltaic active perovskite phase of
α-CsPbI2Br. This makes it difficult for the development of flex-
ible solar cells on polymeric substrates. To overcome this,Wang
et al.139 demonstrated a simple formation of high-performance
CsPbI2Br perovskite solar cell by applying a one-step technique
and a low temperature annealing process at 100–130 °C. This
easily formed CsPbI2Br film exhibited long-term phase stability
at room temperature for a period of a month and showed ther-
mal stability at annealing temperatures below 100 °C for over
7 days. As a result, the all-inorganic perovskite solar cell
achieved efficiencies up to 10.56%. In addition, Hu et al.140

developed a vacuum-assisted drying process for the fabrication
of all-inorganic perovskite films at room temperature [Fig. 6
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(a)]. The photoelectric characteristics and morphology of the
film, in addition to the long-term stability, are considerably
enhanced in comparison to those of the reference layer devel-
oped with the assistance of the annealing process. The obtained
flexible cells using the room temperature processed films exhib-
ited a high efficiency of 11.47% with a negligible hysteresis.140

Moreover, the devices maintained 95% of the original efficiency
when bent down to 4.5 mm bending radius up to 200 cycles.
Rao et al. also demonstrated the development of inorganic
perovskite thin films at room temperature using a dimethylsulf-
oxide solvent annealing treatment. This technique is found to
enable control over the crystallization process of the thin film
resulting in uniform and hole-free layers [Fig. 6(b)].
Consequently, an efficiency of 6.4% in a (indium tin oxide,
ITO)/NiOx/RT-CsPbI2Br/C60/Bathocuproine (BCP)/Ag
device is demonstrated and was further improved to 10.4%
through post-annealing at an optimal temperature of 120 °C.
Finally, the authors developed a flexible perovskite solar cell
using this technique which exhibited an efficiency of 7.3%.141

The device showed negligible degradation in the efficiency
when bent down to 10 mm bending radius up to 100 cycles.
More recently, in 2019, Wang et al. showed that the incorpora-
tion of 5% of Br ions into the CsPbI3 film resulted in a mixed-
halide CsPbI2.85Br0.15 thin film. Using this layer as the absorber

layer in a perovskite solar cell, a record reverse scan efficiency is
achieved of 17.17% with a stabilized efficiency of 16.83%.
Moreover, the authors demonstrated the development of the
cell on large-scale and flexible substrates (1 cm), and a record
efficiency of 13.14% was reported. In fact, the Br is found to
suppress bulk trap-assisted nonradiative recombination and to
relax lattice strain which also lead to a good stability where
the efficiency dropped by 80% when exposing it to 40–50% rel-
ative humidity for 5 h.142

Low-dimensional material

Even though various low-dimensional materials, such as
quantum dots, have been used on solar cells to enhance light
trapping,143–149 in this section, we focus on low-dimensional
materials that have been used specifically as active layers in
the solar cell.

In fact, low-dimensional materials have several benefits,
including a large surface area-to-volume ratio, flexibility,
enhanced charge collection,150 and the potential of improving
light absorption via light trapping,151 which make them the
focus of research for improving the power conversion efficiency
in solar cells. For instance, Jia et al. demonstrated the growth of
Ge QDs using a PECVD process which is compatible with the
solar cell development process [Fig. 7(a)].152 The quantum

Figure 6. (a) Schematic diagram of the vacuum-assisted drying approach to deposit the all-inorganic perovskite films. Reprinted with permission from Ref. 140.
(b) Schematic diagram of preparation procedures of the CsPbI2Br films with RT DMSO vapor annealing and direct thermal annealing. Reprinted with permission
from Ref. 141.
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dots (QDs) size was optimized to result in the largest solar cell
efficiency. In fact, the 14-nm QDs, showing quantum confine-
ment effects, enhanced the short circuit current and efficiency
by 8.31%.152 Du et al. developed flexible quantum dot-
sensitized solar cells (QDSCs) using a titanium (Ti) mesh
which is based on QDs with the desired photovoltaic (PV) per-
formance. ZnO/ZnSe/CdSe nanocrystals were formed on a flex-
ible Ti mesh substrate with the role of photoanodes.153 The
nanocrystals were fabricated by surface selenization of ZnO
nanosheets to form ZnO/ZnSe core/shell nanostructures.
This was followed by a partial conversion of ZnSe to CdSe via
the ion replacement method. As a result, an efficiency of 5%
was achieved under 1 sun.

In terms of 2Dmaterials, graphene has gained a lot of inter-
est in the past years,155–157 and for photovoltaics in specific,
several of its physical chracteristics are exceptionally attrac-
tive, including the high electrical conductivity, mechanical
flexibility, and transparency. Therefore, researchers have

considered graphene for enhancing the performance of solar
cells. To this end, Ahn et al. developed a graphene–insula-
tor–silicon solar cell with an Al2O3 insulator layer. The device
is fabricated on thin foils where the graphene is used as the top
contact due to its electrical conductivity and optical transpar-
ency. Graphene layers were initially grown by CVD on copper–
nickel foils and doped with gold nanoparticles to achieve the
p-doping. Finally, the device was encapsulated using poly
(methyl methacrylate) (PMMA) which exhibited great stability
with negligible performance drop over a period of 30 days
under ambient conditions. The flexible silicon thin film
was developed using a kerf-less exfoliation approach via spall-
ing. The Al2O3 insulator layer is used as a tunneling barrier for
holes in addition to its role as a passivation layer to enhance
the minority carrier lifetime from 2 to 27 μs [Fig. 7(b)].
Using this approach, a solar cell with a 7.4% efficiency
is achieved.154 In addition, Li et al. have reported a solar
cell with a similar efficiency (7.5%) using carbon nanotubes.

Figure 7. (a) Schematics of the a-SiGe:H solar cell with Ge-QDs and its corresponding external quantum efficiency (EQE) measurement. Reprinted with
permission from Ref. 152. (b) Solar cell fabrication graphene-insulator-silicon (GIS) cell schematic showing the steps for forming the backside contact,
electroplating, exfoliating, interlayer Al2O3 deposition, graphene/PMMA transfer, and frontside contact. Reprinted with permission from Ref. 154.
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In specific, single-walled carbon nanotube/Si (p–n) solar
cells are developed via scalable room temperature
processes.158

Bulk silicon

Flexible photovoltaic cells based on crystalline silicon with
enhanced efficiency are very promising thanks to the excep-
tional carrier transport characteristics in c-Si. Even though
sub-50-μm-thick Si shows flexural rigidity, two main challenges
that arise include an increased mechanical fragility and reduced
light absorption. In fact, most of the commercially available
c-Si-based solar cells use a 170–250-μm Si substrate. This is
because Si with thickness below 50 μm becomes very challeng-
ing to handle during the fabrication process, especially at the
wafer scale, which makes the development process more costly.
In addition, due to the indirect bandgap of silicon, the absorp-
tion of light needs phonons support. As a result, in very thin sil-
icon, the absorption of light is significantly reduced leading to a
reduction in the power output. These two challenges further
increase the $/W for ultra-thin flexible crystalline silicon.

To overcome these challenges, Bahabry et al. and El-Atab
et al. demonstrated ultra-flexibility in thick (170 μm)monocrys-
talline silicon using a corrugation approach.159,160 The corru-
gation technique is applied on large-scale commercial grade
monocrystalline silicon solar cells with interdigitated back con-
tacts (IBC) as shown in Fig. 8. Deep reactive ion etching is used
to create grooves within the solar cell until the back contacts are
exposed which achieves flexibility through the IBC grid with no

deterioration in the original efficiency. Bahabry et al. used kap-
ton tape with linear patterns as the hard mask material which
was manually placed on the solar cell. As a result, wide grooves
are achieved which resulted in the world record minimum bend-
ing radius of 140 μmwith an efficiency of 17%. A negligible deg-
radation in the efficiency is observed when bending the cells up
to 1000 cycles with a bending radius of 4.5 cm in both convex
and concave modes. However, due to the linear patterns, only
flexing in one direction was possible.159 El-Atab et al. used kap-
ton tape as the hard mask as well; however, the mask was pat-
terned using the CO2 laser. As a result, different patterns
were studied including honeycomb and diamond. The results
show that the flexing capability in terms of minimum bending
radius, flexing directionality, specific weight, and active area
loss can be tuned to meet the different application require-
ments. The technique is shown to achieve ultra-flexibility in
19% efficient cells. Moreover, the minimum bending radius is
shown to depend on the corrugation pattern, for instance,
with the diamond patterns, the cells can be bent down to
5 mm up to 500 cycles with negligible degradation in the effi-
ciency.160 The corrugated solar cells also showed enhanced
thermal dissipation compared with conventional flat cells as a
result of the increased surface area to volume ratio. The devices
were also encapsulated using polydimethylsiloxane (PDMS)
which resulted in a robust performance under different environ-
mental conditions such as rain, acid rain, and snow exposure. It
is worth to note that up till now the IBC technology can provide
efficiencies up to 26%; therefore, the corrugation technique

Figure 8. Fabrication process flow of the corrugated flexible solar cells. Optical and microscope images of the interconnected Si islands show that grooves are
created in Si until the back contacts are exposed. The flexible solar cells can be flexed in different directions based on the corrugation patterns. Reprinted with
permission from Refs. 159,160.
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promises the realization of flexible monocrystalline silicon solar
cells with efficiencies up to 26%. Nevertheless, it should be
noted that the actual power output is reduced compared with
the original rigid cell due to the loss of active silicon area in
the etched grooves (Fig. 8). The corrugation approach is also
found to enhance the thermal dissipation in the solar cells by
natural convection due to the increased surface area to volume
ratio.

Stretchable solar cells
While flexibility in solar cells can be realized by thinning

down the active layers such that the produced strain is below
the fracture limit of the material, however, stretchability
involves the change of material size which may be reversible
in addition to potential out-of-plane deformations. Therefore,
achieving stretchability in solar cells needs to be tackled differ-
ently. Semiconductor-based solar cells show higher efficiencies
than their organic counterpart; however, they are inherently
rigid and brittle. To overcome these constraints, three different
techniques have been demonstrated to achieve stretchable inor-
ganic solar cells. The first approach is based on the development
of various forms of shape engineering such as wavy, serpentine,
and stiff-island structures,161–163 which enable stretching as a
result of various mechanisms, including out-of-plane deforma-
tion, twisting, and buckling.164 The first inorganic material-
based stretchable solar cell was demonstrated in 2011 by

Rogers and coworkers where single-junction GaAs cells with
the small area (3.6 μm-thick) were transferred onto a pre-
strained elastomer which included interconnects that are down-
ward buckled [Fig. 9(a)]. As a result, an efficiency of ∼13% with
stretchability up to 20% was achieved with a robust mechanical
performance up to 500 cycles.165 In a follow-up work, ultra-thin
with optimized geometry microcells based on dual-junction
GaInP–GaAs were used to show a 19% efficiency and 60%
stretchability but with a 33% loss of active area.166

Nevertheless, the demonstrated inorganic material-based
stretchable solar cells require a transfer process with the excel-
lent alignment of the ultra-thin and patterned inorganic III–V
material from the parent wafer onto the permanent prestrained
elastomer, with great adhesion and negligible alignment
mismatch.167

The second technique is based on the development of
organic/inorganic solar cells where silicon microwire-based
solar cells are encapsulated in an elastomer, such as PDMS.
Yoon and Khang demonstrated a stretchable solar cell based
on an array of vertical Si micropillars embedded into the
PDMS elastomer as depicted in Fig. 9(b).168 The cell has the
capability to be stretched reversibly up to 100% with no obvious
performance deterioration. In addition, the solar cell can be
converted into a bifacial cell by using stretchable Ag nanowire
electrodes. Nevertheless, the achieved efficiency with this tech-
nique is low (3.3%). In addition, this technique requires the
preparation of an ordered array of siliconmicrowires; otherwise,

Figure 9. (a) Development of the stretchable GaAs solar cell where the array of ultra-thin GaAs microcells is bonded onto a prestrained, structured substrate of
PDMS. Reprinted with permission from Ref. 165. (b) Schematic illustration for stretchable vertical array of Si wires array embedded into an elastomer, PDMS.
Reprinted with permission from Ref. 168. (c) Fabrication process flow of the stretchable solar cells. Inset shows SEM cross-section of the solar cell and the IBC
structures connecting two silicon islands. The optical images of the stretchable solar cell before stretching and after stretching by ∼33% are shown. Reprinted
with permission from Ref. 169.
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a variation in the performance from cell-to-cell would be
observed.

Thirdly, El-Atab et al. used the corrugation technique to
demonstrate an ultra-stretchable solar cell in thick (170 μm)
monocrystalline silicon cell with the IBC technology.169,170

The method is based on the patterning of the hard mask such
that islands are obtained which are readily interconnected via
the IBC grid [Fig. 9(c)]. The different patterns are shown to
enable different stretching capabilities where the stretchability
is achieved by orthogonally aligning the rigid islands to the
applied tensile stress in addition to employing an Ecoflex elas-
tomer as a stretchable substrate. The achieved mechanics guar-
antee that the brittle rigid islands do not experience substantial
mechanical stress during the stretching process. Using this
approach, a world record in stretchability of inorganic solar
cells is achieved (95%) with a world record efficiency (19%)
and an excellent mechanical resilience up to 500 cycles. It is
worth to note again that the IBC technology has enabled effi-
ciencies up to 26% up till now; thus, this approach can lead
to ultrastretchable silicon cells with similar efficiencies.
Moreover, the corrugation technique is shown to enhance the
thermal dissipation by natural convection. It is also important
to note that the corrugation approach enables both in-plane
and out-of-plane stretching capabilities which can further
widen the range of its applications. Nevertheless, due to the
common electrodes at the edges of the IBC grid and due to
the linear patterns in the grid, stretching was only possible in
one direction – perpendicularly to the IBC lines. However,
designing an IBC grid with different fractal patterns in the
future, such as the serpentine design, could achieve ultra-
stretchability inmulti-directions. In terms of commercial status,
no stretchable solar cell is currently being produced by any man-
ufacturer probably due to the lack of a wide range of applica-
tions. However, in recent years, wearables and foldables have
gained a lot of interest, and to make these systems self-powered,
stretchable energy-harvesting devices must be integrated for
which stretchable solar cells would be one promising option.
In specific, the corrugation technique is simple and can be
applied on large-scale commercial grade solar cells, and there-
fore, it holds promises for potential future commercialization.

Encapsulation
Flexible solar cells need to be encapsulated using a transpar-

ent layer with a low water vapor transmission rate. Moreover,
they have to protect the plastic substrate (in case, plastic is
used as the substrate) from UV radiation as well as being
UV-resistant themselves. Generally, a polymeric encapsulation
is employed including polyvinyl fluoride films, Teflon ethylene
tetrafluoroethylene or “EVA” resin encapsulant; however, these
increase the cost of the module. Multilayers of organic/inor-
ganic films have been used to address this issue such as the
CVD-deposited stack of a-SiNx/PGMA/a-SiNx (PGMA stands
for poly(glycidyl methacrylate)) with a lowwater vapor transmis-
sion rate,171 in addition to other options including atomic layer-

deposited Al2O3,172 sputtered SiOx,173 and silica-like layer
deposited using PECVD.174 Finally, the curing process or the
deposition temperature of the different encapsulants needs to
be below the glass transition temperature of the substrates and
thus not all substrates are compatible with the listed encapsu-
lants. For instance, EVA resin is usually cured at 220 °C,175

which is above the glass transition temperature of flexible plas-
tic substrates (PET and PEN) of 150–200 °C, thus, in this case,
employing an encapsulant which can be cured at lower temper-
atures is necessary (e.g. PDMS).

It should be noted that the flexible solar cells based on plastic
substrates exhibit high water vapor transmission rates and gas
permeation, unlike rigid cells which are encapsulated in glass
with an ultra-low water vapor transmission rate. The flexible
devices developed on metal foils show this benefit only on the
metallic side, while the other side still has to be encapsulated
with a flexible layer that shows high transparency and a low
water vapor transmission rate. Currently, the encapsulation of
flexible cells with polymers makes the resulting module very
costly. Thus, more efforts need to be made to develop low cost
polymers which show excellent transparency, low water vapor
transmission rates, good stability, and UV resistance.

Outlook and conclusion
In this review, the achieved advancements and current pro-

gress in the areas of inorganic material-based flexible and
stretchable photovoltaic devices have been highlighted with a
focus on various practical aspects and up to date industrial
data. Flexible solar cells can be divided into three main catego-
ries based on the type of inorganic material used, including thin
films, low-dimensional materials, and bulk material.

Thin film-based solar cells are advantageous when used in
large modules thanks to the smallest loss in efficiency with
upscaling, in addition to the simple monolithic integration
when compared with other technologies. Nevertheless, the
mass production of silicon wafers reduces the cost of silicon-
based modules and keeps thin film-based modules at a compet-
itive disadvantage. However, flexible thin film-based solar cells
promise further cost reduction if developed on a wider range of
substrates as they could be more easily integrated, on roofs and
buildings for instance.

Flexible a-Si thin film-based solar cells have a wide range of
application from space, medical application, agriculture, tex-
tiles to outdoor utility. In addition to niche applications, the
market growth of flexible a-Si-based solar cells will depend on
the encapsulation material cost, warranty, and stability of the
efficiency under different mechanical and environmental
conditions.

CIGS thin film solar cells provide the best efficiencies and
mature technology for conventional applications. The achieved
efficiency is larger than that of organic cells, and unlike inor-
ganic perovskites, instability, and toxicity are minor. As a mat-
ter of fact, currently produced flexible CIGS modules compete
with the polycrystalline Si-based modules in terms of efficiency.
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Flexible CIGS solar cells can be further improved when a wider
range of substrates that can sustain high temperatures can be
developed, which is needed to fabricate high-quality CIGS
thin films. Currently, the transfer approach looks promising
since the impact of high temperature can be mitigated.

Flexible CdTe thin film-based solar cells are currently being
mass produced due to their promising performance and excel-
lent reproducibility. They can be further improved when a
wider range of viable substrates are available, innovative buffer
layers could be introduced to mitigate impurity diffusion from
the substrate, novel back contacts with improved stability to
the fabrication processes can be developed, and enhanced dop-
ing methods can be applied to improve the electrical perfor-
mance of the cells. In addition, more testing to determine the
stability of flexible CdTe solar cells during and after bending
should be conducted.

III–V thin film-based flexible solar cells promise the highest
efficiencies; however, the lack of a cost effective fabrication
technique inhibits their further commercialization and thus
they are now limited to niche applications. Therefore, currently,
it is essential to develop new techniques that allow the fabrica-
tion of high-quality III–V solar cells on low-cost substrates with a
good interface quality.

Inorganic perovskite thin film PVs have shown an unprece-
dented enhancement in achieved efficiencies with good stability
unlike their organic counterparts. Nevertheless, the obtained
efficiencies can be further improved by optimizing the doping
density, energy-level matching, in addition to improving the
carrier transport and collection to achieve higher Jsc, reducing
the energy loss, and developing the perovkite material at
reduced temperatures.

Low-dimensional material-based solar cells have achieved
only low efficiencies, so far <10%. The limited potential of scal-
ing up the development processes in addition to the concern of
cell-to-cell variability inhibits their potential commercializa-
tion. However, the use of low-dimensional materials on top of
solar cells to enhance light trapping and photon-energy down-
shifting is a more promising application.

The development of flexible solar cells based on bulk and
rigid silicon using the corrugation technique is very recent
(2018) and not yet commercialized. Nevertheless, the tech-
nique is very promising since it allows the conversion of rigid
and large-scale commercial grade solar cells into their flexible
version with high efficiencies and ultra-flexibility with a rolling
capability. Moreover, since the technique is applied on
IBC-based solar cells which provide the highest efficiencies so
far among the silicon solar cell technologies, then the corru-
gated flexible solar cells promise the highest efficiencies in flex-
ible silicon-based solar cells.

Stretchable solar cells, which are more recent than their flex-
ible counterpart and not yet commercialized, can be divided
into three main categories as well: ultra-thin microcells inter-
connected with downward buckled interconnects, microwires
embedded in an elastomer, and corrugated bulk solar cell
with IBC technology. With the advances in potential applica-
tions including wearable and foldable electronics, the

stretchable solar cell field is expected to grow further with
potential future commercialization of the first stretchable PV
products.

Currently, the characterization of the flexible solar cells is far
from standardized. Many of the researchers report data related
to the electrical performance of the flexible solar cells in
terms of efficiency, fill factor, open circuit voltage, and current
density without providing details about the minimum bending
radius that could be achieved. Thus, researchers are encouraged
to report data related to the mechanical resilience, thermal per-
formance, and stability of the solar cells in terms of minimum
bending radius, cycling tests, thermal dissipation rate or tem-
perature coefficient, and the effect of extended exposure to
light and humidity. The same applied to the more recently
developed stretchable solar cells where the % elongation
needs to be reported instead of the minimum bending radius.

In summary, a-Si:H thin film-based flexible solar cells have
been successful and promising as a result of the high through-
put, large area deposition, and extended PECVD deposition
times without the need for a “time off”. Moreover, the standard
deposition tool employed for the thin film growth is PECVD
which allows the growth at reduced temperatures (200 °C);
therefore, in this case, substrates which are temperature-
sensitive can be used such as plastic foils. Moreover, in compar-
ison with traditional Si-based rigid solar cells, the achieved effi-
ciency in flexible CIGS-based cells is comparable with a good
stability. On the other hand, a prosperous industrial production
has been achieved in CdTe thin film-based solar cells as a result
of the high reproducibility, simple stoichiometry, high effi-
ciency, and development using both substrate and superstrate
configurations. Thus, future progress is bright for flexible
a-Si:H, CIGS, and CdTe thin film-based solar cells. Narrowing
and bridging the gap between the efficiency of rigid and flexible
photovoltaic devices is also possible by applying the techniques
and understanding established on the glass substrate. SiGe and
III–V solar cells on the other hand are showing the highest effi-
ciencies but at the highest costs as well due to the high cost of
wafer. Thus, they are still limited to niche applications such as
space applications. Inorganic perovskite solar cells have
shown enhanced stabilities with good efficiencies; nevertheless,
the efficiency and reliability still need to be further improved to
compete with the semiconductor thin film-based solar cells.
Finally, the recently developed corrugation technique is prom-
ising for achieving ultra-flexibility and ultra-stretchability in
high efficiency Si solar cells with excellent mechanical resil-
ience due to the thicker Si layer and with the rolling capability.
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