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6.1 Introduction

Over the last decade, thanks to technology developments and economies of scale,
the photovoltaic (PV) industry has been booming with growth rates well in excess
of 30% per year and the PV system cost is continuously reduced by approxi-
mately 20% each time the cumulative production doubled [1–3]. In spite of the
high growth rate and the lower price, the PV industry is still dependent on sub-
sidies in the major markets of the world, which is highly affected by govern-
ment policies [3]. In order to further develop the PV market and attract more
industrial companies, costs should be further reduced and solar cell efficiencies
should be enhanced, in order to overcome grid parity [4]. Among all the PV tech-
niques, III–V-based solar cells are the most successful technique for achieving
the highest PV conversion efficiencies, mainly attributed to their unique char-
acteristics such as high crystallinity and strong optical absorption. In particular,
multijunction (MJ) III–V-based solar cells make the best use of the broadband
solar spectrum by utilizing multiple optically and electrically coupled subcells
with different bandgaps, and their performance is steadily improved by absolute
∼1% efficiency increase per year, with the recent record efficiency reaching 46%
[1] (https://www.nrel.gov/pv/).

III–V solar cell structures are conventionally grown on thick single crystalline
semiconductor substrates, which significantly inhibit the mechanical flexibility
of the solar cells and limit their specific power per weight [5]. Recently devel-
oped thin-film III–V solar cells based on flexible substrates represent an attrac-
tive class of PV devices in terms of their high performance, light weight, and the
ease of heterogeneous integration with other systems such as wearable, portable,
and deployable devices [6–8]. Nowadays, thin-film, high-efficiency III–V solar
cells on flexible substrates have attracted enormous interest in applications such
as terrestrial and space solar energy harvest, power supplies for unmanned aerial
vehicles (UAVs), and healthcare systems [9–12].
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6.2 III–V Solar cells

6.2.1 Single Junction Solar Cells

According to the Shockley–Queisser (SQ) theory [13], the limiting PV energy
conversion efficiency for a single junction solar cell is 33.7% with an optimum
semiconductor bandgap of 1.34 eV. Figure 6.1 shows the maximum theoretical
efficiency of the single p–n junction solar cell with different bandgap materials
and some of the record efficiencies under the standard AM1.5g solar spectrum
illumination [1, 13]. In order to approach the thermodynamic efficiency limits,
solar cells should employ perfect semiconducting materials, as well as ideal elec-
tronic and optical structures to capture as many photons as possible and effec-
tively convert them into free carriers that can generate electricity [14].

6.2.1.1 GaAs
Gallium arsenide (GaAs) is a typical III–V direct-bandgap semiconductor mate-
rial, which has a bandgap of about 1.42 eV. Among all types of single junction
solar cells, GaAs solar cells experimentally demonstrate the highest power con-
version efficiency and approach the SQ limit (Figure 6.1) [1]. The efficiency record
of GaAs solar cells has been constantly broken over the past several years. Most
GaAs solar cells with high conversion efficiency that have been reported so far
use semiconductor materials with exceptionally high quality for relatively thick
absorbers with smooth top surfaces and rear mirrors. Steiner et al. have fabricated
high-quality GaAs solar cells with back reflectance, achieving high conversion
efficiencies around 27.8 % and an increased open-circuit voltage of 1.1 V under
the global solar spectrum [15]. In such cells, strong photon recycling effects with
high back reflectance increase the equilibrium density of minority carriers, with
a corresponding increase in the radiative lifetime. Thus, it dramatically increases
the external luminescence-yielding cells, resulting in high efficiency.

In order to further increase the efficiency and reduce manufacturing cost,
thin-film GaAs solar cells have been focused and studied. Using commonly
available materials with routinely achievable quality, it becomes necessary
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to implement light management structures (e.g. textured surface) to achieve
maximum absorption and minimum nonradiative recombination in a thin
absorber. Recently, Alta Devices Inc. has achieved a new certified world record
efficiency of 28.8% for single junction GaAs solar cells under AM1.5g illu-
mination [1, 16]. The improved efficiency is mainly due to enhanced photon
recycling in the thin-film cell architecture by using pristine semiconductors and
highly reflective mirrors, which in turn result in high open-circuit voltages. By
taking advantage of the epitaxial lift-off (ELO) process [17], the thin-film device
on a flexible substrate was made from its grown single-crystal GaAs handle
substrates, which can be subsequently reused for another growth for significant
cost reduction.

6.2.1.2 InP
Crystalline indium phosphide (InP) is another important III–V compound semi-
conductor for PV devices, whose bandgap of 1.35 eV lies close to the optimum for
single junction solar cells. Even though the current efficiency of InP solar cells is
less than that demonstrated for GaAs ones due to their lower open-circuit volt-
ages and fill factors, they still offer a suitable option for both space and terrestrial
PV applications, especially for the MJ solar system. In addition, the inherently
high resistance of InP to radiation damage gives it a special advantage for space
applications compared to GaAs or silicon materials [18].

There has been significant interest in the development of InP solar cell technol-
ogy for several years after the discovery of its high radiation resistance during the
middle 1980s [19]. Several years later, Keavney et al. have shown the most efficient
InP solar cells using a homojunction configuration fabricated by metal–organic
vapor deposition (MOCVD), reaching efficiencies of up to 22.1% [20]. Nowa-
days, an efficiency of 24.2% has been reported for a 1 cm2 InP cell fabricated and
measured at the US National Renewable Energy Laboratory (NREL) [21]. Fur-
thermore, the composing of InP with other materials, e.g. TiO2, to form the het-
erojunction solar cell has been reported by Yin et al. in 2014 [22]. With improved
long-wavelength response through hydrogen plasma treatment of the InP sur-
face, the InP heterojunction solar cell with electron-selective TiO2 contact has a
high short-circuit current density of 30.5 mA/cm2 and a high power conversion
efficiency of 19.2%.

6.2.1.3 InGaP
Indium gallium phosphide (InGaP) is a semiconductor composed of indium, gal-
lium, and phosphorus, which is almost lattice matched to GaAs [23]. The bandgap
of InGaP is influenced by the growth conditions, and values ranging from 1.80 eV
for an ordered lattice to 1.9–2.0 eV for a disordered one have been reported
[24–26]. Geisz et al. demonstrated a bandgap of 1.81 eV for InGaP single junction
solar cells approaching the SQ limit with 20.8% solar conversion efficiency at
AM1.5g conditions, which is mainly attributed to a higher bandgap AlInGaP
layer and the back metal reflector [27]. This rear heterojunction design can also
result in significant voltage improvement in inverted MJ solar cells.

Single junction InGaP solar cells could not benefit from all the light photons,
and the maximum wastage is of the photons of energy much above and below the



180 6 Thin-Film III–V Single Junction

bandgap. Several strategies including multijunction or enhanced single junction
solar cells have been proposed to fully profit from the solar spectrum to have
higher conversion efficiency. Yang et al. recently reported that an optical design
with a reflective backscattering layer can potentially offer the maximal conver-
sion efficiency for double-heterostructure (DH) single junction solar cells. The
final In0.49Ga0.51P/GaAs/In0.49Ga0.51P solar cells were monolithically integrated
with a lattice-matched Al0.52In0.48P substrate coated with a Au reflector, achieving
an efficiency of 19.1% under AM1.5g illumination [28]. Sheng et al. introduced a
Eu-based phosphor doped poly(methyl methacrylate) (PMMA) on the surface of
the single junction InGaP cells, increasing the cells’ spectral responses at wave-
lengths between 300 and 360 nm by downshifting ultraviolet (UV) light into the
visible range [7].

As introduced previously, a thin-film GaAs solar cell holds record single junc-
tion efficiency at 28.8% under 1-sun AM1.5d illumination [16] and InGaP solar
cells have been tailored to reach efficiency values exceeding 20% [27]. With sat-
isfactory quality and performance, as well as appropriate bandgap energy, InGaP
has been regarded as the most promising top layer in the MJ structure to absorb
high-energy photons and will be introduced in the following sections.

6.2.2 Double Junction Cells

6.2.2.1 InGaP/GaAs
As shown in Figure 6.2a, single junction solar cells can only have a maximum
work condition when absorbing a certain wavelength of photons, the energy of
which is equal to the bandgap (h𝜈 = Eg). For incident light with a photon energy
higher than the cell bandgap (h𝜈 >Eg), only part of the photon energy can be con-
verted to electrical energy and the remaining excess energy (h𝜈 −Eg) is wasted
as thermalization loss. On the other hand, photons with energies lower than
the bandgap (h𝜈 <Eg) cannot be absorbed and converted into electricity. Since
PV cells are operated under broadband solar irradiation with photons at wave-
lengths from ultraviolet to infrared (300–1700 nm), such thermalization loss and
sub-bandgap transparency result in low efficiencies in single junction solar cells.
To overcome this obstacle of energy loss in solar cells, MJ PV structures that com-
prise subcells with different bandgaps are developed.

Figure 6.2b schematically presents the operation principal of a typical MJ
solar cell, in which the broadband sunlight penetrates into multiple cells, with
high-energy photons being absorbed by the top cells with large bandgaps and
low-energy photons absorbed by the corresponding lower cells with small
bandgaps. Conventional MJ solar cells are formed by epitaxial growth methods,
with each subcell being electrically connected in series. To obtain MJ solar cells
with ideal efficiencies, issues including lattice matching and current matching
among the subcell junctions are to be considered.

Double junction (2J) AlGaAs/GaAs solar cells were first developed in early
days, and efficiencies less than 20.2% were achieved due to low performance
and unstable tunnel junctions, and the defects related to the oxygen in the
AlGaAs materials [30]. Thus, a tandem combination of InGaP material for the
top cell with GaAs cell in the bottom was proposed by Olson et al. [31]. With
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Figure 6.2 (a) Schematic illustration of the electron–hole pairs generation process in the
bandgap material (Eg) excited by light photons with different energies (h𝜈). (b) Schematic
illustration of the absorption of solar spectrum for each subcell in multijunction (MJ) solar
cells. (c) Schematic illustration of flexible InGaP/GaAs tandem solar cells, (d) and the
corresponding EQE spectrum of each subcell. Source: Reproduced with permission [8, 29].
Copyright 1997, AIP Publishing LLC.

the improved performance on the tunnel junction between the subcells and
top cell of the InGaP layer in the epitaxial growth process, Takamoto et al.
achieved InGaP/GaAs tandem cells with an efficiency over 30% under AM1.5g
illumination [29, 32]. In 2013, Alta Device Inc. reported a 30.8% efficiency 2J
InGaP/GaAs solar cell as shown in Figure 6.2c [8]. In the same year, NREL
achieved a new record of 31.1% under AM1.5g illumination with improved
voltage in the bottom cell, mainly due to the enhanced photon recycling effect
with a gold back mirror contact [33]. By far, NREL demonstrated a world record
32.6% efficiency of 2J solar cells under AM1.5g illumination, which is made of the
1.7 eV InGaAsP top cell and 1.1 eV InGaAs bottom cell as well as a transparent
buffer layer of AlInGaAs in between by atmospheric pressure metal–organic
vapor-phase epitaxy (MOVPE) method [34]. Owing to the excellent materials
qualities and close-to-optimal bandgap of 1.6/0.9 eV, higher efficiency could be
obtained compared to the InGaP/GaAs (∼1.9/1.42 eV) 2J case.

The external quantum efficiency (EQE) spectra of each subcell in a typical
InGaP/GaAs cell are shown in Figure 6.2d, indicating the fraction of the incident
light of given wavelengths that are converted into electricity [8]. Furthermore,
the InGaP/GaAs cells have great potential for future space applications and have
shown superior radiation-resistant properties in comparison to single junction
solar cells [35].

The 2J solar cells serve as a starter for MJ cell research, and then triple, quadru-
ple, and even more than four junction (4J)-based cells have been designed to
further make the best use of the entire solar spectrum. With the development
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of material properties and advanced concept designs, efficiency record-breaking
has been occurring continuously recently, with an absolute efficiency increase of
about 1% each year [5].

6.2.3 Triple Junction Cells

6.2.3.1 InGaP/GaAs/Ge
As stated previously, the InGaP/GaAs 2J solar cells have a theoretical efficiency
of 36.4% under 1000-sun AM1.5d illumination [36], because part of the solar
spectrum, especially for wavelengths longer than 900 nm, still cannot be fully
absorbed. Thus, a third subcell with a lower bandgap is needed on the rear side
of the 2J solar cells, forming a triple junction (3J) cell structure. Currently, the
most widely used high-efficiency III–V solar cells utilize a three junction design
that includes a germanium (Ge) cell in conjunction with lattice-matched InGaP
and GaAs top junction cells. The bulk crystalline Ge PV material has a bandgap of
0.66 eV, and a lattice constant almost perfectly matched to that of GaAs (0.566 nm
for Ge and 0.565 nm for GaAs). The InGaP/GaAs/Ge 3J solar cells have realized
conversion efficiencies of over 40% under concentrated 240-sun AM1.5d illumi-
nation with, and have been applied extensively to, space and terrestrial use [37].

Although Ge is well lattice matched to GaAs, it should be noted that a
low-bandgap Ge bottom subcell in 3J solar cells produces approximately a
current density (>20 mA/cm2) much higher than the upper InGaP and GaAs
subcells (∼14.5 mA/cm2), leading to non-ideal current matching [38]. As the
output current of a MJ cell is limited by the subcell producing the lowest
photocurrent, architectures that more closely balance the photocurrent among
all subcells typically improve the efficiency. Furthermore, a more proper material
with a larger bandgap could be a preferable choice, which could potentially lead
to an increased open-circuit voltage.

6.2.3.2 InGaP/GaAs/InGaAs
As stated in the previous section, the triple junction InGaP/GaAs/Ge MJ solar
cells have been widely used as a mature technique. However, the combination
of subcell bandgaps in this design is not optimized for the solar spectrum.
Therefore, a bottom subcell with an optimal bandgap needs to be further
explored. Higher efficiencies can be obtained by optimizing the bandgaps of
all three subcells, in which the Ge bottom junction could be replaced with
a 1.0 eV junction In0.3Ga0.7As-based subcell. In a typical 3J cell architecture,
the InGaP/GaAs/InGaAs structure is epitaxially grown by molecular beam
epitaxy (MBE) or MOCVD methods in an inverted order: on a GaAs substrate,
lattice-matched top InGaP and bottom GaAs subcells are grown at first, followed
by transparent graded-composition buffer layers, and finally a metamorphic
1 eV InGaAs bottom cell [39, 40]. The GaAs substrate is subsequently removed
via mechanical polishing and/or chemical wet etching and the thin-film device
is bonded to a carrier substrate for the remaining processing steps. The reason
to employ such an inverted cell structure is mainly attributed to the ∼2% lattice
mismatch between InGaAs and GaAs. Such an inverted cell structure can
ensure that the high-quality InGaP and GaAs cells are first fully lattice matched
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grown on the GaAs substrates, with defects such as misfit dislocations only
forming in the lastly grown InGaAs cell. Furthermore, this lattice matching
presents the elastic strain property; a tunable bandgap energy can be achieved
by shifts of the valence/conduction bands, heavy/light hole valence bands, or
by inducing coupling between neighboring bands. So, these lattice-mismatched
heterostructures exhibit a high flexibility in tailoring their electrical and optical
properties, offering an additional degree of freedom to design the optimal
bandgap configuration. It has been proved to offer an increased efficiency by the
introduction of the lattice mismatch subcells in the 3J solar cells [41].

In 2013, Sasaki et al. have developed InGaP/GaAs/InGaAs MJ solar cells with
an efficiency of 37.7% under AM1.5g illumination by improving the growth
crystal quality and optimizing the cell structure. Meanwhile, Sharp Corporation
obtained the highest monolithic InGaP/GaAs/InGaAs solar cell conversion
efficiency of 44.4% within a lens-based concentrator system providing 302-sun
illumination [42]. Because of their particularly high conversion efficiency and
cost, such MJ compound solar cells have thus far been used primarily on space
satellites.

6.2.3.3 InGaP/GaAs/InGaAsNSb
Lattice mismatch between GaAs and InGaAs cells causes challenges during the
fabrication process, so designing a 1 eV bottom cell lattice matched to GaAs
would be highly desirable for high-efficiency MJ solar cells. By introducing an
InGaAsNSb (also called dilute nitride) material with a bandgap of 1 eV that is
lattice matched to GaAs or Ge in the bottom cell design, the corresponding MJ
solar cells could grow upright, eliminating complexities associated with growth
strain and wafer bowing [43]. Wiemer et al. fabricated InGaP/GaAs/InGaAsNSb
3J cells with efficiencies of 43.5% under illumination of 400–600 suns, which
maintained efficiencies above 43% under 1000-sun conditions [44].

6.3 Thin-Film III–V Solar Cells on Flexible Substrates

Conventional single and MJ III–V solar cells are usually not thin-film cells, as the
cell structures are grown on thick GaAs or Ge wafers. These materials are typ-
ically direct-bandgap semiconductors with large optical absorption coefficients;
thereby, thin films with thicknesses of only a few micrometers are sufficient to
absorb photons with energies above their bandgaps. GaAs and Ge growth wafers
are not only expensive but also mechanically rigid, thus preventing cost reduction
and their further use in versatile applications. The main driving forces for inno-
vation in PV research involve increasing the cell and module efficiencies as well
as decreasing the system cost. One advantage of forming flexible III–V solar cells
is related to significant cost saving by reusing the expensive growth substrates. In
addition, some emerging application fields call for lightweight solar cells that can
be integrated with flexible substrates and still maintain high efficiencies.

Many ingenious thin-film release methods, including the smart-cut [45],
eltran [46], controlled spalling technology (CST) [47, 48], ELO [17, 49]
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and their variants have been developed over the last few decades. These
methods allow successful retrieval of thin-film semiconductor membranes
from growth substrates and their transfer onto other substrates, enabling a
variety of applications such as silicon-on-insulators (SOIs) for complementary
metal-oxide-semiconductor (CMOS), 3D integration, optoelectronic devices,
and flexible electronics [8, 48, 49]. In addition to the cost reduction associated
with substrate recycling, freestanding thin-film III–V cells create new oppor-
tunities because of their flexibility and light weight. It will be beneficial for
both terrestrial and space applications if III–V MJ solar cells can significantly
reduce weight and be manufactured cost-effectively while maintaining their high
efficiencies. Strategies to form thin-film released solar cells and their integration
with heterogeneous substrates are overviewed and discussed in the following
sections.

6.3.1 Mechanical Spalling

CST is based on a unique mode of brittle fracture whereby a surface layer with
tensile stress induces fracture parallel to (and below) the film/substrate interface
[47, 48]. It can be performed at room temperature using inexpensive laboratory
equipment and applied at nearly any point in the semiconductor manufacturing
process – from ingots to starting substrates to completed devices.

Figure 6.3a schematically illustrates the controlled spalling process [48, 52]. The
key steps of this technology are (i) depositing a tensile stressor layer with a crit-
ical thickness, (ii) applying a flexible handle layer to the surface of the stressor,
(iii) initiating a crack near the edge of the wafer, and (iv) mechanically guiding
the fracture front across the substrate to release the semiconductor membranes.
The origin of this spalling effect lies in a combination of two mode components
for the pure opening and shear stress. As shown in Figure 6.3b, the formed crack
prefers to propagate along the direction where the shear stress (K II) is minimized.
For a compressive layer, the crack deflects up and breaks the film. For a tensile
layer, the crack deflects into the substrate at the depth where K II = 0, forming a
stable crack trajectory [47, 50, 51]. The stressor layer with a suitable thickness can
be made of many different materials and formed by methods such as sputtering
or electroplating. A commonly used stressing material is nickel (Ni), because of
its low cost and controllable mechanical properties in the films.

In CST, the handle layer plays an important role by promoting pure spalling
mode fracture while suppressing parasitic modes of fracture (such as channel
mode fracture). However, since there is no spontaneous fracture, a crack must
be introduced at the edge of the wafer. Because the spalled film/substrate com-
bination forms a stressed bilayer, the semiconductor is capable of cracking if it is
mishandled. Therefore, the handle layer also provides a convenient way to manip-
ulate the thin semiconductor layer without introducing cracks [5, 48].

Operating at room temperature, the CST can be applied to kerf-free ingot
dicing, removal of preformed p–n junctions or epitaxial layers, or even com-
pleted devices. Bedell et al. successfully demonstrated kerf-free ingot dicing, as
well as the removal of III–V single junction epitaxial layers from a Ge substrate
[47]. Shahrjerdi et al. reported ultralight flexible dual-junction InGaP/(In)GaAs
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solar cells on plastics with a conversion efficiency of 28% by employing CST
(Figure 6.3c). Solar cells formed on the spalled GaAs substrates and transferred
on plastic substrate own characteristics similar to nonspalled (bulk) ones,
indicating that the quality of the epitaxial layers is not compromised after
spalling (Figure 6.3d,f ). The released solar cells exhibit remarkably high specific
power and excellent stability under different bending conditions (Figure 6.3e,f )
[5]. In the fabrication scheme, the Ni stressor layer used for removing the solar
cells structure from the growth wafer simultaneously functions as the backside
ohmic contact. In addition, a thin polyimide tape was utilized as the flexible
handle layer to further serve as the supporting substrate throughout the device
fabrication process owing to its exceptional high-temperature stability. During
the layer transfer process, it was demonstrated that the integrity of the entire
device structure is maintained.

6.3.2 Epitaxial Lift-Off

ELO methods allow the separation of a III–V device structure from its grown sub-
strate using selective wet etching of a thin sacrificial layer, as shown in Figure 6.4a,
which was first reported by Konagai et al. in 1978 by separating a GaAs-based
device layer from a GaAs substrate by using hydrofluoric acid (HF) to selectively
etch a sacrificial AlGaAs layer inserted between the device film and the sub-
strate during growth [54]. Subsequently, similar approaches have been applied
by many researchers to successfully peel GaAs thin-film devices from the parent
substrates and transfer them onto desirable substrates for various applications
[10, 49, 55].

The basis of the ELO process relies on a thin sacrificial layer deposited on the
wafer between the substrate and the thin-film device structure layer, which is typ-
ically 10–1000 nm AlxGa1−xAs (with x> 0.6, mostly x is taken as 1 to be AlAs) for
GaAs- and InGaP-based optoelectronic devices. In the AlxGa1−xAs film, increas-
ing the fraction of Al results in significantly enhanced etching rates in HF. Since
AlxGa1−xAs has a lattice constant that is almost identical to GaAs, only a minimal
additional lattice misfit strain is introduced during growth and the perfect single
crystal structure in the active device layer can be maintained. During the ELO
process, the sacrificial AlxGa1−xAs layer is removed by wet chemical etching in
an HF solution, while keeping the other cell structures free of damage. Based on
selective removal of the sacrificial layer, we could separate the thin epitaxial wafer
from the growth substrates (top, Figure 6.4c).

In the past few years, companies such as Alta Devices [8] and Microlink Devices
[56, 57] have developed a wafer-scale, ELO manufacturing process and are
currently in pilot production. For the removal process of sacrificial layers, wet
chemical etchants are typically used [10]. Conventionally, a low-concentration
HF solution is needed to etch the thin AlAs layers, because otherwise the
hydrogen produced during the etching process can form gas bubbles, resulting
in cracks in the layer structure and blocking the etching channel (Figure 6.4b).
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The reaction of AlAs with an aqueous HF solution can be described by the
following set of overall reactions:

AlAs + 3HF → AlF3 + AsH3

AlAs + 3HF + 6H2O → AsH3 + [AlFn × (H2O)6−n](3−n)+

+ (3 − n)F− + nH2O

Three primary by-products from the etching reactions are AlF3, [AlFn⋅
(H2O)6−n](3−n)+, and AsH3. AsH3 is gaseous and can form bubbles and diffuse
away from the interface to the solvent. These primary solid by-products of AlF3
and [AlFn⋅(H2O)6−n](3−n)+ are hard to be dissolved into the solution. In addition,
solid As2O3 can also be generated during the etch process according to the
oxygen concentration of the etchant [10, 58, 59].

Yoon et al. fabricated GaAs optoelectronic devices including solar cells, tran-
sistors, and infrared imagers by using the releasable GaAs/AlAs multilayers with
the ELO and transfer printing technique shown in Figure 6.5a−d [49]. Via these
approaches, devices made of compound semiconductors such as GaAs can be
fabricated and implemented in applications that are incompatible with conven-
tional growth or integration strategies, in term of their cost structures, formats,
area coverages and/or modes of use. However, one challenge associated with the
HF-based etchant is the damages to the vulnerable p-ohmic contact, resulting in
restrictions on the transfer implementation for the n-on-p structure. To address
this issue, Moon et al. proposed a new low-resistivity p-ohmic metal that could
withstand the HF etching in the ELO process [58].

As shown in Figure 6.4c, another ELO process with a sacrificial layer made
of phosphide-based materials and the hydrochloric acid (HCl) etchant can be
applied to selective etching, avoiding the insoluble etching by-products gener-
ated on the substrate surface [10, 60]. For example, phosphide-based materials
(InGaP, InAlP, InP, etc.) have been widely applied as etch stop layers for the selec-
tive etching of arsenide-based materials (GaAs, InGaAs, etc.), and vice versa. It
is known that HCl-based solutions can etch phosphide-based materials:

InXP + HCl → InCl3 + XCl3 + PH3

X could be Al or Ga; the gaseous PH3 diffuses away from the interface and the
rest of the etching by-products are highly soluble; thus, no residues are left on the
wafer surface. This uniqueness stems from the perfect etch selectivity between
GaAs and phosphides within the HCl etchant. Cheng et al. enhanced the through-
put of this ELO process in a surface tension-assisted (STA) method, in which
the wafer was placed obliquely with an angle (𝜃) of 1–20∘ from the etchant solu-
tion surface, and HCl was added to the level of the etching front [10]. During
the STA-ELO process, the film was pulled by the surface tension away from the
substrate and flattened on the surface of the etchant. In the meantime, the HCl
etchant fills the gap between the GaAs substrate and the released device film via
capillary action, sustaining the reaction process (bottom, Figure 6.4c) [10].

In addition, other strategies for interlayers have also been explored to facilitate
the epitaxial release process. For example, Kim et al. introduced a graphene
assisted “remote” homoepitaxy method shown in Figure 6.5e. Before depositing
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Figure 6.5 (a) Scanning electron microscopy (SEM) image and schematic illustrations of a
multilayer stack of GaAs/AlAs and epitaxial lift-off (ELO) process by selective etching of the
AlAs layers. (b) Schematic illustration of GaAs single junction solar cells on a polyethylene
terephthalate (PET) substrate, where the single junction solar cells are epitaxially grown in
trilayer assemblies separated by sacrificial layers of AlAs. (c) The current density–voltage
curves for the three individual solar cells under AM1.5d illumination measured on the source
wafer with an antireflection coating layer of Si3N4, and (d) the short-circuit current density,
open-circuit voltage, and fill factor of the three solar cells. Source: Reproduced with permission
from Yoon et al. [49]. Copyright 2010, Nature Publishing Group. (e) Scanning transmission
electron microscopy (STEM) images of GaAs grown on the monolayer graphene–GaAs
substrate with excellent remote alignment. (f ) Schematic illustration of epitaxy lift-off process
for the single-crystalline III–V films exfoliated from graphene–III–V substrate. Source:
Reproduced with permission from Kim et al. [53]. Copyright 2017, Nature Publishing Group.

active device layers, a graphene monolayer was applied on III–V substrates,
without disrupting the continuity of lattice-matched epi-growth. The inserted
graphene monolayer significantly reduced mechanical bonding between the
grown III–V layers and substrates; thereby, the thin-film devices can be easily
exfoliated (Figure 6.5f ) [53]. Such approaches have been applied to GaAs, InP,
GaP, and GaN based materials. Being separated from the brittle and bulky
substrates, highly bendable thin-film III–V devices such as LEDs and solar cells
are formed.
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6.3.3 Mechanical Designs

By taking advantage of various epitaxial releasable methods, thin-film semicon-
ductor membranes and devices can be realized by replacing rigid bulky growth
substrates with thin-film supporting materials (such as organics), enabling
unusual light weight, flexibility, stretchability, and even biocompatibility. With
the aid of heterogeneous integration of inorganic devices and organic substrates,
as well as unique mechanical design concepts, highly flexible and stretchable
solar cells and modules are achieved.

Yoon et al. fabricated large-scale single crystalline Si-based thin-film micro-
cell arrays from bulk (111) Si wafers and integrated them on flexible substrates
via the transfer printing technique [61]. The resulting microcell array systems
offer high mechanical flexibility. Similarly, III–V solar cells could also be trans-
ferred and combined with various organic substrates such as polyimide or poly-
dimethylsiloxane (PDMS), forming mechanically flexible and even stretchable
electronic/optoelectronic systems. Lee et al. reported mechanical designs to form
highly stretchable solar modules that use ultrathin, single junction GaAs solar
cells and dual-junction InGaP/GaAs cells, respectively shown in Figure 6.6a,b
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Figure 6.6 (a) Optical images (b) and SEM cross-sectional images of the GaAs solar cells in
relaxed and stretched states. (c) The current density–voltage curves for a single microscale
solar cell and seven cells connected in series in relaxed and stretched states. (d) Stability of the
mechanical cycling tests for the interconnected microscale solar cells. Source: Reproduced
with permission from Lee et al. [62]. Copyright 2011, John Wiley & Sons.
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[62, 63]. In these platforms, PDMS-based elastomeric substrates are mechanically
designed, including surface relief regions that confine strains at specific intercon-
nected places away from the microcells. The performance of the solar cell arrays
was unchanged under a biaxial strain up to 20% in the cycling test (Figure 6.6c,d).
This stretchable and high areal coverage system presented a naturally formed
strain-limiting behavior, in order to avoid destructive effects of extreme defor-
mations.

6.3.4 Microcells with Luminescent Solar Concentrators

Luminescent solar concentrators (LSCs) utilize wavelength shifting lumino-
phores including phosphors, luminescent dyes, and quantum dots (QDs), which
are embedded in the transparent glass sheets or polymeric waveguides, to
absorb part of the sunlight and re-emit light at other wavelengths that can then
be concentrated onto the surfaces of small-scale solar cells. With LSC designs,
photocurrents of solar cells could be significantly increased, in proportion to
solar concentration. Meanwhile, higher open-circuit voltages (V oc) are obtained,
as well as increased efficiencies [64–66]. Unlike conventional concentrators that
require complicated trackers and are inefficient to capture diffuse light, LSCs
overcome the fundamental etendue limit by downshifting the wavelengths of
incident light, thus eliminating the need for trackers, accepting sunlight from
all the angles and potentially being able to obtain ultrahigh concentration ratios
[67]. Yoon et al. designed ultrathin, flexible LSCs with embedded Si microscale
solar cells (dimensions of 50 μm× 24 μm× 15 μm), in which the photons emitted
could be guided into the side and bottom surfaces of the Si cells, resulting in a
>300% output power enhancement [66]. Compared to the conventional LSC
layout with bulky architectures, this LSC design (Figure 6.7a) offered improved
performance by accepting the sunlight onto all-around surfaces for the embed-
ded micro Si solar cells. Additionally, systematic studies on the LSC structural
parameters are performed to reveal the light concentration mechanism of the
LSCs (Figure 6.7b,c).

LSCs based on different optical designs could offer various levels of concentra-
tion by focusing diffuse light. In order to reduce waveguide loss leakages, various
surrounding materials with different refractive indexes for LSCs were studied
[69]. Sheng et al. transferred thin-film, microscale GaAs solar cells and arrays
printed onto LSC waveguides, achieving a more than doubled power output
(Figure 6.7d) [68, 70]. Carefully designed GaAs thin-film solar cells exhibit
bifacial responses, receiving photons from both front and back surfaces. With
optimized LSCs surrounded by air and an underlying diffuse reflector, both
waveguided and scattered photons were captured (Figure 6.7e). With the ELO
and transfer printing techniques, such LSC-integrated microscale III–V solar
cells and modules provide a routine for further scale-up module production.

Alternatively, QD-based LSCs are of great interest due to their superior
stability under long-term sunlight exposure [71, 72]. QDs with large Stocks shift,
near-field energy transfer, and phosphorescence properties could potentially
reduce the spectral overlap of absorbed/emitted photons, thereby reducing the
reabsorption of luminescence in LSCs [69, 73–75]. Bronstein et al. designed
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et al. [66]. Copyright 2011, Nature Publishing Group. (d) Schematic illustrations of GaAs microscale cells embedded on LSC waveguides with different
surroundings and BSRs, (e) and the corresponding measured current–voltage curves under AM1.5g illumination. Source: Reproduced with permission from
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LSCs with a combination of nanocrystal lumophores (CdSe/CdS QDs) and
photonic cavities to trap the emitted photons [76]. The optical cavity was formed
by coupling a photonic mirror with a luminescent waveguide, resulting in
omnidirectionally trapped emitted luminescence. By mitigating scattering losses
and minimizing the escape cone, the LSCs offered a concentration ratio over 30
while maintaining a waveguide efficiency of 82%. Eventually, this design provided
a potentially low-cost and high-performance alternative to costly high-bandgap
III–V semiconductor materials to serve as a top junction in MJ PV devices for
efficient utilization of blue photons.

6.4 Applications

The continuously increased conversion efficiency of III–V solar cells in recent
years can be attributed to developments in high-quality semiconductor mate-
rials and devices, as well as advanced electronic and optical designs (e.g.
inverted metamorphic growth, wafer bonding, mechanical stacking, and LSCs).
Combining with emerging techniques such as controlled spalling and ELO,
thin-film inorganic solar cells can be separated from the expensive growth
substrate, allowing substrate reuse. Meanwhile, the released thin-film devices
can be transferred onto new substrates, such as flexible and stretchable sheets,
enabling novel functionalities via heterogeneous integration. Because of their
significantly reduced weight, high conversion efficiency, excellent stability, and
unique mechanical properties, flexible III–V solar cells have been applied to
many domains, including space, aircraft, and life sciences.

Outer space is a harsh environment. Its characteristics of high vacuum,
intense radiations, temperature cycling, etc. bring additional design challenges
for solar cell implementations [11]. Since the first solar-powered satellite
Vanguard I (Figure 6.8a) was launched in 1958 (https://nssdc.gsfc.nasa.gov/
nmc/spacecraftDisplay.do?id=1958-002B), solar cells have become the most
used power supply for space applications. It should be noted that efficiencies of
space solar cells are measured and operated under the extraterrestrial reference
spectrum AM0 (1347.9 W/m2), different from the terrestrial solar spectrum
AM1.5g (1000.4 W/m2) (http://rredc.nrel.gov/solar/spectra/am1.5/). Compared
to the solar technology with Si cells that has been used on many of the preceding
satellites, III–V solar cells have higher ascendancy due to many of their own
characteristics: e.g. more robust adaptation to radiation in space environment,
high conversion efficiencies, and extremely low performance degradation
with temperature changes. Additionally, high optical absorption coefficients
of direct-bandgap III–V semiconductors lead to thin-film PV cells with high
power per weight. Efficiencies of MJ III–V solar cells for space uses reach
more than 30% for InGaP/GaAs/Ge 3J cells and as high as 38.8% for 5J cells
(2.2/1.7/1.4/1.05/0.73 eV), under the AM0 condition [79]. As the efficiencies of
III–V MJ solar cells and panels approach more than 30%, they become more
and more attractive for implementation onto many satellites and space vehicles
[1, 80].
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With increasing demand for an aircraft that can operate away from large
airports and fuel supplies, solar powered air vehicles would be an ideal solution
(https://www.nasa.gov/centers/armstrong/news/FactSheets/FS-054-DFRC
.html). In 2015–2016, a solar aircraft named Solar Impulse 2 started circumnav-
igation of the Earth (Figure 6.8b), which achieved the longest solo solar flight
of ∼40 000 km (http://www.solarimpulse.com/). If the monocrystalline Si solar
panels in this aircraft are replaced with high-efficiency thin-film III–V MJ solar
cells, a longer cruise time, faster and better carrying capacity aircraft can be
achieved with the extra high power supply and less weight.

Flexible and lightweight thin-film solar cells have attracted considerable
attention for their potential uses as portable electronic chargers, bendable
display devices, and wearable electronic textiles, on account of their comfort,
convenience, and versatile functionality (Figure 6.8c) [81]. Dogen et al. designed
a prototyped costume made of wool and leather integrated with 48 rigid solar
cells on the coat and 72 flexible solar cells on the dress (Figure 6.8d) (http://
www.paulinevandongen.nl/project/wearable-solar/). Under sunlight, a typical
smartphone can be charged by about 50% in one hour.

Nowadays, the demand for implantable medical devices and systems
is also greatly increased, associated with factors including the increasing
aging/baby boomer population, chronic degenerative diseases with inef-
fective pharmacological treatments, congenital diseases, etc. (http://www
.todaysmedicaldevelopments.com/article/global-implantable-medical-device-
market-2024-31517/). Although the performance and functionality of the
implantable devices are being improved and extended, the electrical capacities
of most implants are limited by integrated batteries. Replacement procedure is
required when the battery is depleted, causing risks of medical complications for
patients. The employment of integrated solar cells to drive or recharge implanted
electronic medical devices provides a viable solution for power delivery in
medical devices.

To acquire and analyze the data of received power after the implantation as
time goes on, Bereuter et al. used subcutaneous solar cells monitored by portable
light measurement to analyze the real-life validation data of energy harvesting in
different seasons [82]. Park et al. designed a wireless control/harvesting system
using radio frequency (RF) control with InGaP/GaAs PV cell-based energy
harvesters [78]. With lightweight 2J solar cells, the wireless RF signal coverage
was greatly enhanced. Combined with injectable microscale inorganic LEDs,
such an energy supply platform offered versatile capabilities in optogenetics
by modulating light signals in the brain region of freely behaving animals
(Figure 6.8e). This solar harvester was still placed outside the tissue, while
fully implanted devices could be more attractive for some specific clinical
research. Song et al. designed an implantable solar energy harvester by using
flexible, ultrathin, and high-efficiency InGaP/GaAs 2J solar cells (Figure 6.8f–h),
which could be transfer-assembled and encapsulated with biocompatible
materials for subdermal electricity generation [12]. Because of its small size, the
implantation procedure only required a simple dermatological surgery. These
high-performance, flexible III–V cell arrays generate sufficient power to operate
implanted devices such as electronic sensors and light emitters (Figure 6.8i,j).
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6.5 Future Generations

6.5.1 More Junctions

MJ solar cells achieve much higher conversion efficiency than single junction
cells, mainly due to the efficient use of the broadband solar spectrum by
subcells with different bandgaps. Double and triple junction III–V solar cells
are applied in standard PV modules for industrial applications, among which
the state-of-the-art inverted metamorphic InGaP/GaAs/InGaAs 3J solar cells
achieved an efficiency record up to 44.4% [42, 83]. In order to fully utilize the
solar spectrum, III–V solar cells with 4J, 5J, and even more junctions are being
actively investigated to reach even higher efficiencies.

Theoretically, more junctions generally offer higher conversion efficiencies
for MJ solar cells. However, challenges associated with combination of materi-
als need to be considered, including material growth quality, lattice constant,
bandgap, absorption coefficient, mobility, minority carrier lifetime, and availabil-
ity of suitable barrier materials [84, 85]. For example, InGaP/GaAs/InGaNAs/Ge
4J cells are derived from the InGaP/GaAs/Ge 3J cells by insertion of an InGaNAs
junction, which is lattice matched to GaAs and can be grown by MBE or
MOCVD methods. However, the poor minority carrier transport in InGaNAs
layers causes lower photogenerated currents and voltages than theoretical
predictions [86, 87]. Five- and six-junction (5J and 6J) solar cells have been
proposed to realize more than 50% conversion efficiencies. King et al. designed
fully lattice-matched (Al)InGaP/InGaP/Al(In)GaAs/(In)GaAs/InGaNAs/Ge 6J
solar cells with corresponding bandgaps of 2.00/1.78/1.50/1.22/0.98/0.67 eV
[88]. However, such devices with high efficiencies have not been experimentally
realized due to the daunting challenges related to monolithic growth and
fabrication.

6.5.2 Mechanical Stack

Alternatively, lattice-mismatched MJ cells with optimum bandgap combinations
formed by mechanical stacking overcome challenges such as lattice and current
matching associated with the epitaxial growth mentioned above [88, 89]. Zhao
et al. designed GaAs//Ge mechanical 2J solar cells with a conversion efficiency
of 27.2% at 1-sun and 32.1% at 30-sun AM1.5d illumination, and it could be eas-
ily extended to the InGaP/GaAs//Ge 3J solar cells [90]. Thus, current matching
issues can be solved in MJ solar cells and the performance is only limited by the
series resistance instead of the intrinsic properties of the cells. Sheng et al. real-
ized 4J, four-terminal InGaP/GaAs/InGaAsNSb//Ge MJ solar cells by introduc-
ing a stick interlayer of As2Se3 via sol–gel process (Figure 6.9a–d), the measured
efficiency of which was 43.9% at concentrated 1000-sun condition, and the effi-
ciency of the modules was up to 36.5% [91]. Chiu et al. fabricated 5J cells with
the bandgap of 2.2/1.7/1.4/1.05/0.73 eV, the top 3J cells of which are grown on
GaAs and the bottom 2J cells are grown on InP. Owing to the low temperature
for the direct bonding of InP and GaAs cells, the proprietary process offered an
increased mechanical yield and reduced large void density, with an efficiency
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of 35.1% under standard AM0 irradiation for the space application and 37.8%
under AM1.5g irradiation for the terrestrial application [79]. Recent efficiency
records were set by wafer bonded InGaP/GaAs//InGaAsP/InGaAs 4J solar cells
with efficiencies up to 46.1% under 312-sun AM1.5d illumination [84]. Further-
more, other 4J architectures based on InP, Ge, or GaSb bottom cells were pro-
posed with theoretical efficiencies of more than 50% [85, 92].

Combining III–V compounds with other semiconductor materials has been
widely explored for different optoelectronic applications, in order to further
decrease production costs, add new functions, and increase cell efficiencies
[93–95]. Integrating high-efficiency III–V MJ solar cells on Si-based cell or
substrate, which could achieve better performance and reduced cost, has
attracted immense interest (Figure 6.9e). Essig et al. fabricated III–V//Si MJ solar
cells via adhesive bonding, including the architectures of GaAs//Si, InGaP//Si
and InGaP/GaAs//Si, achieving efficiencies of 32.8%, 32.5%, and 35.9% under
AM1.5g illumination, respectively (Figure 6.9f,g) [55]. Compared to the theoret-
ical 29.4% efficiency of conventional Si technology and the record InGaP/GaAs
2J solar cells with 32.6% efficiency, Si-based MJ III–V solar cells show great
potential in the future.

6.5.3 Spectral Splitting

Splitting and absorbing the solar spectrum with MJ solar cells is considered to be
an effective method to overcome the SQ limit and realize high conversion effi-
ciency [13]. As introduced previously, the vertical MJ solar cells based on mono-
lithic or mechanical concepts are widely used. Alternatively, the laterally arranged
MJ solar cells with spectrum splitting and concentration architectures have also
attracted significant attention. As shown in Figure 6.10a, spectral splitting ele-
ments redirect light with different wavelengths onto individual subcells with cor-
responding bandgaps. As an example, Xiong et al. designed a spectral splitting
system with dichroic mirrors to separate the sunlight into two bands, which were
then absorbed by two 2J solar cells (InGaP/GaAs and InGaAsP/InGaAs) respec-
tively (Figure 6.10b) [96, 98].

Recently, advanced photon managements based on the wavelength scale com-
pact structures have been explored to realize deterministic and efficient spectrum
splitting and concentrating [99, 100]. Based on the principle of diffractive optics,
Huang et al. fabricated a single thin planar diffractive optical element (DOE)
shown in Figure 6.10c,d, in order to simultaneously split and concentrate the inci-
dent sunlight into several different spectral bands for lateral MJ solar cells [97].

6.5.4 Photon Recycling

Detailed balance theories determine that solar cell efficiency is highly correlated
to the light emitting efficiency of the semiconductor diode, exemplified by the
mantra “a good solar cell should also be a good LED” [101]. In other words,
optimized materials quality and device structures lead to increased carrier life-
times and enhanced radiative emission via electron–hole recombination from
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Figure 6.10 (a) Schematic illustrations of spectrum splitting in multijunction (MJ) solar cells,
including the lateral (left) and vertical arrangements (right). (b) Schematic illustration of
non-concentrating photovoltaic receiver with a dichroic mirror that splits the sun spectrum
into two bands, and each part is separated again in the tandem cells resulting in conversion of
light in four regions. Source: Reproduced with permission from Xiong et al. [96]. Copyright
2010, Elsevier Ltd. (c) Schematic illustration (d) and the profile view of lateral MJ solar cells with
spectrum splitting solar concentrator based on diffractive optical element (DOE) architecture.
Source: Reproduced with permission from Huang et al. [97]. Copyright 2013, Optical Society of
America.

the device surface, thereby improving the open-circuit voltage and cell efficiency
(Figure 6.11a) [102].

Recently, Alta Devices Inc. achieved a certified world-record efficiency of
28.8% for single junction GaAs solar cells under AM1.5g illumination by
enhanced photon recycling design with a highly reflective mirror at the rear
surface [8]. García et al. implemented an Al2O3-based reflector simply created
by lateral oxidation of an AlAs layer in the GaAs solar cells, showing an increase
of V oc up to 18 mV. With analysis of different rear reflectors, the relation of
the photon recycling effect and the refractive index of the backside reflector
(BSR) was discovered [103]. Sheng et al. presented MJ solar cell architectures
with improved photon recycling. Instead of using metallic reflectors, this design
involves low refractive index materials (air, SU-8 photoresist) as angular and
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Figure 6.11 (a) Schematic illustrations of photon dynamics in multijunction (MJ) solar cells
with a high- (top) or low-index (bottom) interface. (b) Schematic illustrations of GaAs DH solar
cell on substrates with different interface materials. (c) SEM image of the GaAs solar cell
printed on patterned SU-8 with interface of a 25 μm air gap. (d) Measured open-circuit voltage
of microscale GaAs solar cells on substrates with different interface materials. Source:
Reproduced with permission from Sheng et al. [70]. Copyright 2015, John Wiley & Sons.

wavelength selective bandpass interfaces between different subcells in the MJ
structures (Figure 6.11b,c), ensuring that the top cell recycles and re-emits more
luminescent photons to obtain higher photovoltages (Figure 6.11d) [70].

6.6 Conclusion

In this chapter, high-performance thin-film single junction and MJ III–V solar
cells are reviewed. Employing advanced release methods such as controlled
spalling or ELO, thin-film devices can be released and separated from growth
substrates and integrated with lightweight flexible substrates. Their formation
and integration strategies onto heterogeneous substrates are discussed not
only as versatile options for solar energy harvesting in the terrestrial or space
environment, but also as promising solutions to advanced wearable and portable
systems with example applications in healthcare. So far, monolithically grown
3J III–V cells have reached a record efficiency of 44.4% under concentration
(InGaP/GaAs/InGaAs cell by Sharp [42]), and further efficiency improvements
would require more (>3) junctions that are difficult to grow monolithically and
realize both lattice matching and current matching. Emerging concepts such
as spectral splitting, luminescent concentrators, and photon recycling and the
corresponding fabrication and integration processes are proposed to further
enhance the photon conversion efficiencies and approach theoretical limits.

Because of their excellent performances and recently developed fabrication
schemes, III–V based thin-film solar cells could potentially provide a viable solu-
tion to cost-effective electricity generation. By taking advantage of their high effi-
ciencies, light weight and convenient uses, thin-film microscale III–V solar cells



References 203

and arrays on flexible substrates will serve as a high-performance remote power
supply for our daily uses. Cell modules can be integrated with costumes, auto-
mobiles, buildings, aircraft, satellites, etc. On the other hand, the microscale PV
cells will find applications in miniaturized systems, for example, being integrated
with integrated circuits comprising batteries, sensors, transistors, and actuators
for multifunctional sensing, diagnosis, and therapy in biomedicine.
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