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ABSTRACT
In this review, the primary focus is the recent advances in the development of freestanding inorganic
crystalline semiconductors and their manipulation technology for flexible optoelectronic applica-
tions. We firstly cover the details of the growth and processing techniques of freestanding inorganic
crystalline semiconductors in various dimensions and their material property under strain con-
dition. Finally, fabrication processes and opto-electrical properties of flexible optoelectronics are
introduced. Future research directions are also discussed, including further enhancement of device
performance, building more types of optoelectronic devices on flexible substrates, and process
integration for the advanced optoelectronic circuits and systems.
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1. Introduction

Optoelectronic devices such as photosensors, light-
emitting devices, and photovoltaics are essential compo-
nents in numerous modern applications: digital imaging,
displays, motion detectors, and energy convergence sys-
tems [1]. Most of the optoelectronics use the quantum
mechanical effect of light such as carrier confinement
and carrier generation/recombination in semiconductors
including a wide range of epitaxially grown inorganic
semiconductors such as Si, Ge, III-V, and III-nitride [2].
Because these semiconductors are grown from their own
wafer substrates, conventional optoelectronic devices
and their applications must accommodate thick, rigid,
fragile, and planar form factors. On the other hand, flex-
ible optoelectronics are different from traditional opto-
electronics in that devices can be built on flexible sub-
strates, permitting their use in unconventionally shaped
optoelectronic applications [3,4]. This major advantage
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allows the development of flexible optoelectronics that
can revolutionize day-to-day life, unshackling the restric-
tions of a rigid and planar design. For example, a conven-
tional charge-coupled device in a digital camera requires
a series of lenses to collimate the beam path before the
light hits the flat photosensor. In contrast, most animal
eye systems have curved retinas that eliminate or mini-
mize beam correction [5–7], thus offering much simpler
and efficient sensing structures. Also, a flexible and rol-
lable display can offer compact andmechanically durable
displays, ideal for compact and lightweight mobile com-
munications [8]. Additionally, flexible optoelectronic
devices can be bent, twisted, and stretched because they
are mechanically flexible, stable, and durable [4], which
offer a great degree of freedom in re-designing optoelec-
tronic applications wherein uneven surfaces such as skin,
organs, or moving parts such as joints or wheels can be
seamlessly covered [5]. Therefore, advances in flexible
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Figure 1. An illustration to show the outline of this review paper, covering various freestanding nanomaterials and processing technolo-
gies for flexible optoelectronics.

optoelectronics will ignite various wearable, attachable,
and implantable bioelectronics that are not possible with
conventional technology [9,10].

To build flexible optoelectronics, as depicted in
Figure 1, two research efforts must be simultaneously
pursued to develop: (1) freestanding low-dimensional
semiconductors and (2) unconventional micro- and
nano-fabrication.

Firstly, freestanding low-dimensional semiconduc-
tors include the freestanding form of conventionally
grown nanomaterials or epitaxially grown semiconduc-
tors that can self-sustain without support from sub-
strates. These freestanding semiconductors exist as one-,
two-, and quasi-two-dimensional objects such as nanowires
(NWs) [11,12], nanobelts [13,14], atomically thin sheets
[15–17], and nanomembranes (NMs) [18]. These are typ-
ically synthesized on rigid host substrates using various
conventional growth methods: chemical vapor deposi-
tion (CVD), molecular-beam epitaxy (MBE), and metal
organic chemical vapor deposition (MOCVD). Secondly,
after growth, the nanostructures are separated from the
host substrates and then converted into freestanding
forms using various conversion approaches. Rogers et al.
have described the details of various separation routes
[18]. These separation processes make the conventional
semiconductors unique as freestanding forms that are
highly flexible and able to be relocated to any new and

foreign substrates. It should be noted that the separation
and relocation processes are as crucial as the material
synthesis itself. As shown in Figure 1, the most popu-
lar methods for handling the freestanding semiconduc-
tors are (1) dispersion and spraying [19,20], (2) growth
directly on metallic foils [21,22], and (3) micro-transfer
printing [22]. The advantage of these approaches lies in
the additive process, which reduces fabrication costs and
offers great freedom when designing atomic- or nano-
scale semiconductor structures using a batch-wise pro-
cess. Other attractive features of this technology include
reduced material waste and scalability to large-area
manufacturing.

In this review, as illustrated in Figure 1, the focus
is primarily on recent advances in the development of
freestanding inorganic crystalline semiconductors and
the associatedmanipulation technology for flexible opto-
electronic applications. After describing the details of
the growth and the process of freestanding inorganic
crystalline semiconductors in various dimensions (one-
dimensional semiconductors such as Si-, GaAs-, ZnO-,
and GaN NWs, two-dimensional semiconductors such
as graphene andMoS2, and quasi-two-dimensional semi-
conductors such as perovskite, PbI2 NMs, In2Se3 NMs,
ZnS NMs, Ge NMs, III-V NMs, III-nitride NMs, and
ZnO NMs), their material properties under strain will
be presented. Finally, fabrication processes and the
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opto-electrical properties of flexible optoelectronics such
as flexible photosensors, lighting devices, and photo-
voltaics will be introduced.

2. Materials synthesis

2.1. Freestanding 1-dimensional nanowire
semiconductors

Semiconductor NWs are 1D nanostructures with their
diameters of the order of a nanometer. Quantum con-
finement in the NWs has been of great interest because
the dimension is either comparable to or smaller than
Bohr radius of materials [23]. An array of the inor-
ganic semiconductor NWs provides an excellent plat-
form for various electronic and optoelectronic devices
demonstrating carrier mobility up to 21,000 cm2/(V·s)
and excellent light absorption capability [24]. In addition,
they are inherently flexible due to significantly reduced
rigidity. This offers promises for high performance flex-
ible and stretchable electronic and optoelectronic appli-
cations which can exceed the performance of organic or
amorphous semiconductor-based flexible devices. Many
different types of the NWs such as core–shell Ge/Si
NWs, InAs NWs, and GaN NWs have been reported
[25–27]. The synthesis of the NWs has been realized by
both bottom-up and top-down approaches via epitaxial
growth and etching, respectively [24]. These NWs can
be prepared with high throughput and controllablemate-
rial properties including shape, size, and doping concen-
tration. However, the synthesized NWs are not directly
applicable for flexible applications because they are still
bound to its original substrates. Therefore, researchers
have endeavored to develop methods to form freestand-
ing NWs by releasing them from donor substrates with-
out sacrificing original material properties.

2.1.1. The direct growth of single crystalline GaNNWs
on flexible substrate
The synthesis of single crystalline NWs has been well
developed by epitaxial growth techniques usingMBE and
metal organic chemical vapor deposition [28,29]. How-
ever, the creation of freestanding single crystalline NWs
has technical issues such as the absence of releasing tech-
niques. Themost effectivemethod is to growNWs on top
of flexible substrates which eliminate the need for releas-
ing process [30]. However, the direct growth of inor-
ganic NWs on flexible substrates is limited by interfacial
reactions between grown NWs and metallic flexible sub-
strates and low melting temperature of organic flexible
substrates.

Calabrese et al. used the plasma-assisted MBE (PA-
MBE) technique to synthesize single crystalline GaN

NWs on a flexible Ti foil [31]. Metal foil is regarded as
an attractive substrate because it is not only flexible but
also exhibits good electrical and thermal properties. The
polycrystalline Ti foil was out-gassed and nitridated at
750°C and 1000°C for 20min, respectively, in the prepa-
ration chamber of the MBE prior to NW growth. The
growth of GaN NWs was performed with Ga and N
fluxes at 730°C for 4 h. Figure 2(a) shows a photograph
of the bent Ti foil after GaN NW growth. Figure 2(b,c)
shows scanning electron microscope (SEM) images of
vertically aligned GaN NWs. Large surface roughness
between the NWs was observed due to interfacial reac-
tions between Ga and Ti at non-nitridated regions of
the substrate. Statistical study indicates that the average
values and standard deviation of the NW length, diame-
ter, and density are (11.4± 0.37) μm, (70± 40) nm, and
8.2 × 107 cm−2, respectively. It is noted that the density
of misoriented NWs is low, which will avoid degrada-
tion of the final performance of devices built on these
GaN NWs because the misoriented NWs will be hardly
contacted during fabrication of the devices. Morphol-
ogy and degree of crystallinity of twenty individual GaN
NWswere characterized by transmission electronmicro-
scope (TEM). Figure 2(d) shows an exemplary bright-
field TEM image of a single GaN NW. No basal-plane
stacking faults were observed from structurally uniform
dislocation-free NW. The selected area electron diffrac-
tion (SAED) pattern of the whole NW confirms the sin-
gle crystallinity in the wurtzite form (Figure 2(e)). The
high-resolution TEM reveals the lattice of the wurtzite
structure (Figure 2(f)), further confirming the structural
perfection of the GaN NWs grown on the Ti foil, which
is comparable to that of uncoalesced NWs grown on
Si(111) substrates. The structural perfection of the GaN
NWs was additionally investigated by continuous-wave-
photoluminescence (CW-PL) spectroscopy. Figure 2(g)
shows a near-band-edge low-temperature PL spectrum
taken at 9 K. The PL spectrum of a standard GaN NW
grown on Si(111) at 835°C was included for comparison.
The spectra indicate the dominant recombination of exci-
tons bound to neutral O donors [(D0, XA]] at 3.471 eV,
showing that GaN NWs are free of homogeneous strain
[32]. The full-width-at-half-maximum (FWHM) of this
transition of the GaN NW grown on Ti foil and Si(111)
is 2.2 and 1.5meV, respectively. The effect of bending
on the luminescence of the NW was characterized by
room-temperature PL. Figure 2(h) shows the compari-
son of the near-band-edge PL spectra prior to and after
bending the foil under a positive radius of curvature of
4mm. Inset shows a photograph of the bent foil. Iden-
tical PL spectra were obtained with the free A exciton
transition centered at 3.41 eV with an FWHM of 64meV
before and after bending. The self-assembled growth
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Figure 2. (a) Photograph of the Ti foil after NW growth demonstrating a high degree of flexibility. [(b) and (c)] Scanning electron micro-
graphs of the GaN NW ensemble grown on the Ti foil taken in bird’s eye view with (b) low and (c) high magnification. (d) Bright-field
transmission electronmicrograph of a single representative GaNNWgrown on the Ti foil. (e) SAED pattern of the NW shown in (d). (f ) Lat-
tice image of a section of theNWshown in (d) taken along the < 1100 > zone axis. (g) Low temperature (9 K) and (h) Room-temperature
PL spectra of the GaN NW ensemble grown on the Ti foil. [31].

of single crystalline, well-oriented, and uncoalesced N-
polar wurtzite GaN NWs on a flexible Ti foil can offer
the pathway for the realization of flexible GaNNW-based
electronic and optoelectronic devices.

2.1.2. Formation of NWs by etching followed by
lift-off and transfer: Si NWs bymetal-assisted chemical
etching
Another method to fabricate NWs is a direct dry or wet
etching of bulk materials. Advantages of this method
include an easy control of dimension and morphology
of the NWs. Conventional or deep RIE has employed to
fabricate various semiconductor NWs. Recently, metal-
assisted chemical etching (MacEtch) has drawn much
interest as an alternative top-down technique to form
various semiconductor nanostructures such as vias, pil-
lars, NWs, pyramids, fins, and nano-groves [33–37]. The
typical Si MacEtch starts by depositing the noble metal
catalyst on the substrate. The catalyst can be patterned
into any arbitrary shapes. Then, the sample is immersed
in the solution mixture of hydrofluoric acid (HF) and
hydrogen peroxide (H2O2) to selectively oxidize and dis-
solve the Si localized under the catalyst. Detailed mecha-
nism and device application of theMacEtch can be found

elsewhere [38]. Weisse et al. recently reported a fabrica-
tion and characterization of flexible vertical Si NWs [39].
MacEtch and PDMS-assisted technique were developed
to form the Si NWs and lift-off and transfer them on
flexible substrates, respectively.

Figure 3 shows a schematic process flow of vertical
Si NW array electronic devices on arbitrary substrates.
The process begins with a formation of cracked vertical
Si NWs by using Ag-assisted chemical etching of p-type
Si wafer (Figure 3(a-i)). The horizontal crack across the
Si NWs was created by inserting a water soaking step
between two consecutive etching steps. Formation of the
horizontal crack was attributed to the delamination and
redistribution ofAg inwater. The sampleswere filledwith
diluted PDMSby spin coating (Figure 3(a-ii)) and further
dry etched byRIEwithCHF3:O2 gasmixture (Figure 3(a-
iii)) to expose the Si NW tips. Then, metal contacts
(Ti/Pd/Al: 5/200/500 nm) were deposited on the exposed
NW tips by e-beam evaporator (Figure 3(a-iv)) and fol-
lowed by flip-transfer on Ag epoxy coated arbitrary sub-
strates (Figure 3(a-v)). The Si NWs were detached from
Si substrates at the horizontal crack lines with the assis-
tance of gentle shear force (Figure 3(a-vi,vii)). Finally, the
same metal contacts were deposited on the other side of
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Figure 3. (a) Schematic of the fabrication procedure for vertical Si NW array electronic devices on non-Si-based substrates with V-TPM.
(b) SEM images of various aspects of Si NW array. (c) Optical images of vertical nonporous Si NW devices fabricated on a stainless steel
foil. (d) I−V curve of a typical vertical nonporous Si NW device. [39].

the NW tips (Figure 5(a-viii)). Figure 3(b,c) shows SEM
images of the NW arrays at each stage of the fabrica-
tion and an optical image of vertical Si NW devices on
a stainless steel foil. I-V characteristic of the devices was
measured, demonstrating the formation of ohmic contact
to the Si NW tips on both sides of the array (Figure 3(d)).

2.2. Two-dimensional material

In the past decade, 2D atomic crystals have gained
tremendous interests in the field of electronic and opto-
electronic devices due to their intriguing physics and
various applications [40,41]. The 2D atomic crystals
are atomically thin and layered crystalline solids with
covalent and van der Waals bonding thus have unique
electro-mechanical properties under the bending con-
ditions [42,43]. Various 2D materials mostly studied in
the past years include graphene, and transition metal
dichalcogenides (TMDs) [44,45]. It is important to real-
ize large size defect-free monolayer to take advantage
of superior properties for device applications. In this
section, we present the recent progress of monolayer
graphene,molybdenumdisulfide (MoS2), and its integra-
tion towards flexible optoelectronic devices.

2.2.1. Monolayer graphene
Graphene is a highly promising material for photo-
detection across the broadband wavelength regions from
visible to infrared (IR) regions due to its strong absorp-
tion per unit mass [46]. It has become a core material
for various types of photodetectors (i.e. metal-graphene-
metal and p-n junction) since the first graphene-based
photodetectors, which operated at a wavelength range
from 300 nm to 6 μm [47]. In addition, constant
photoresponse was observed from the metal-graphene-
metal photodetectors under optical modulations up to
40 GHz [48].

Liu et al. reported the first flexible and transparent
graphene IR photodetectors based on p-n junctions [49].
Firstly, the monolayer graphene was grown on Cu foil
via chemical vapor deposition (CVD). The CVD-grown
graphenewas transferred on a Si substrate by Poly(methyl
methacrylate) (PMMA)-assisted wet transfer method.
The Si substrate consisted of a 300 nm SiO2, capped
with a 20 nm thermally cross-linked divinyltetramethyl-
disiloxane bis-(benzocyclobutene) (BCB). The BCB layer
was intended to provide an effect surface passivation
for hole and electron traps. Then, a layer of photore-
sist was spin-coated on the graphene and Au electrodes
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Figure 4. (a) Optical images of the graphene P-N junctions, highlighting both the P- and N- regions. (b) Raman spectra of undoped (P-
type, blue) and o-MeO-DMBI-I− (6 nm)-doped (red) and photoresist-covered (black) CVD-graphene. (c) Maps of G and 2D peak position
in the junction region. [49].

were patterned. The compound 2-(2-methoxyphenyl)-
1,3-dimethyl-2,3-dihydro-1H-benzoimidazole (o-MeO-
DMBI) was used as a strong n-type dopant for CVD-
grown graphene [50]. The o-MeO-DMBI film was
deposited on the open area by the thermal evaporation.
It is well known that undoped CVD graphene is highly
p-type doped. Therefore, the graphene covered with o-
MeO-DMBI film were n-type doped and p-n junction
was formed in the graphene. This method enables to
selectively form doping areas by controlling the exposed
area by photolithography.

Figure 4(a) shows optical images of the graphene p-
n junctions where p-type region was covered by the
photoresist. Raman spectroscopy was performed on the
graphene to confirm that the photoresist effectively
blocks the covered region (i.e. p-type graphene) from n-
type doping by the o-MeO-DMBI film. Figure 4(b) shows
Raman spectra measured on the p-, n-doped, and cov-
ered graphene. The clear G and 2D peaks were observed
from both p- and n-doped graphene while no peaks
were detected from the photoresist covered graphene.
The G peak of both p-doped (i.e. undoped) and n-doped
graphene shifted to a larger wavenumber, indicating that
the transferred graphene was doped. In addition, Raman
mapping was carried out in the adjacent 5 × 15 μm2

p-type and n-doped regions, using 0.2 μm as a step incre-
ment (Figure 4(c)) to characterize the average level of
doping density.

2.2.2. Monolayer MoS2
MonolayerMoS2 has intriguedmuch research interests as
it has a direct bandgap energy of 1.9 eV [45]. Atomically
thin, uniform, and large-size MoS2 can be synthesized

by one-step CVD technique. In addition, it is regarded
as an excellent material for flexible device applications
due to strong mechanical durability under bent con-
ditions. However, functional layers required for MoS2-
based devices still requires the use of inorganic materials
formed by atomic layer deposition (ALD) and thermal
or e-beam evaporation, which are not compatible with
large-size flexible platforms. Electrical characteristics of
MoS2 can be degraded by processing steps such as pho-
tolithography.

Kim et al. addressed these challenges by using a
drop-on-demand inkjet-printing technology to fabricate
all organic and MoS2 based flexible and transparent
phototransistor arrays [51]. Firstly, a large-size mono-
layer MoS2 film was synthesized by MoO3 and sul-
fur (S) powders and transferred on SiO2/Si substrates.
Then, patterned CVD-grown MoS2 film was trans-
ferred on a polyethylene-naphthalate (PEN) substrate
via the PMMA-assisted transfer method. The material
property of the MoS2 film was characterized by vari-
ous methods such as Raman spectroscopy, PL, TEM,
and XPS. It was confirmed that the MoS2 is uniformly
grown monolayer based on the Raman peak differ-
ence (∼20.7 cm−1) between in-plane (E2g) and out-
of-plane (A1g) (Figure 5(a)) and a distinct PL peak A
(∼670 nm) (Figure 5(b)). The PL signal of the MoS2
on the PEN substrate was blue-shifted by a slight tensile
strain induced in the MoS2 due to the difference in ther-
mal expansion coefficients of theMoS2 and SiO2/Si. Inset
in Figure 5(b) shows a PL mapping scanned over 20 ×
20 μm2, indicating the MoS2 film has a uniform bandgap
energy of 1.85 eV. TEMand energy dispersive X-ray spec-
troscopy (EDS) characterizations further supported that



MATER. RES. LETT. 129

Figure 5. (a) Raman spectrum of a CVD-synthesized monolayer MoS2 film on a SiO2/Si substrate. (b) PL spectra of CVD-synthesized
monolayer MoS2 films on SiO2/Si and PEN substrates. The inset shows a PL intensity mapping at 670 nm (= 1.85 eV). Scale bar is 5 μm.
(c) EDS data of Mo (blue line) and S (yellow line) and a cross-sectional STEM image of a CVD-synthesizedMoS2 film on a SiO2/Si substrate.
Scale bar is 5 nm. (d) Optical images of a CVD-synthesized MoS2 channel before (top) and after (bottom) selective patterning processes.
Scale bar is 400 μm. [51].

the monolayer MoS2 was grown well (Figure 5(c)). Pat-
terning of the MoS2 film is a critical step to fabricate
phototransistor arrays. It is noted that the CVD-grown
monolayer MoS2 film typically has a dark violet color
on 270 nm SiO2. The color difference of the patterned
MoS2 film indicated that the film was selectively etched
by oxygen plasma (Figure 5(d)).

2.3. Quasi-2D nanomembranes (NMs)

Transferrable inorganic semiconductor NMs are one of
the emerging materials in realizing unconventional elec-
tronic and optoelectronic devices [18]. Representative
NMs include group IV (Si and Ge), group III-V (GaAs,
InP, and InAs, etc.), and wide band-gap (GaN and 4H-
SiC) semiconductors [52–59]. Therefore, it is very impor-
tant to secure their original substrates for supplying high-
quality NMs. Newly engineered substrates consisting of
a top semiconductor layer, insulating sacrificial layer,
and handling substrate have attracted much attention
as a source material for the transferrable semiconduc-
tor NMs. Among various fabrication techniques, Smart-
CutTM is the most popular method because excellent
material qualities can be obtained due to the single crys-
tallinity of the top layer [60]. A wide range of X on insu-
lator (X-OI) substrates have been fabricated, including Si
on insulator (SOI) [60], Germanium on insulator (GeOI)

[56], and 4H-SiC on insulator (4H-SiCOI) [59]. These
substrates serve as a donor material for transferrable
semiconductor NMs [57,61]. Transfer printing of semi-
conductorNMs is a unique process which enables delam-
ination of single crystalline NMs from their native sub-
strates (i.e. SOI and GeOI) and its subsequent transfer
onto non-native substrates [62]. The delamination of
NMs is realized by selectively etching underlying sacri-
ficial layers.

The abovementioned semiconductor NMs have been
actively studied to enhance the performance of various
electronic/optoelectronic devices such as reflectors [54],
photodetectors [63–65], light-emitting diodes [66–68],
and transistors [55,69]. They are either becoming the
main body of the devices or adding additional function-
alities as a key enabler for the enhanced performance.
In this section, we will summarize the recent develop-
ment and process of the various semiconductor NMs in a
field of flexible optoelectronic devices. Detailed fabrica-
tion methods and characterizations of the materials will
be discussed.

2.3.1. Ge NMs
Germanium (Ge) is a group IV semiconductor with a
bandgap energy of 0.66 eV. Due to a high absorption
coefficient, Ge has been actively utilized as a light absorp-
tion material in a near-infrared (NIR) region [35]. The
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Figure 6. A schematic process flow of the fabrication of GeOI wafer: (a) Cleaning a bulk Ge wafer. (b) Depositing a 100 nm thick PECVD
SiO2 layer on top of the Ge wafer followed by hydrogen implantation. (c) Wafer bonding to thermally oxidized Si handling wafer. (d)
Annealing the bonded wafers for splitting Ge layers by hydrogen exfoliation. [54].

absorption coefficient remains high and it sharply drops
when the wavelength exceeds 1.55 μm. In addition, Ge
has gainedmuch interests as a candidate for CMOS com-
patible light emitter as its indirect band structure can
be modified to direct under tensile strain [70]. A 4-inch
GeOI, a source material, was fabricated by Smart-Cut
technique [54]. Figure 6(a–e) shows the fabrication pro-
cess of the GeOI wafer. In this process, unintentionally
doped (resistivity > 40 �-cm) bulk Ge wafer was used.
100 nm PECVD SiO2 layer was deposited onto Ge wafer
as a screen oxide to obtain a uniform ion implanta-
tion profile. The Ge wafer coated with the oxide was
implanted by H+ ions with a dose of 1 × 1017 cm−2

and an energy of 100 keV (Figure 6(b)). The hydrogen
implantation profile was carefully designed to be located
at 700 nm from a Ge surface to obtain a Ge layer with
a 400 nm thickness. Then, 200 nm SiO2 was thermally
grown onto a handling Si substrate as the buried oxide
(BOX) to fabricate the final structure of GeOI. The SiO2
on theGewafer was removed byHF (49%) prior to bond-
ing. The oxygen plasma was used to enhance a bond-
ing strength between Ge and oxidized Si substrate. The
wafer bonding process was conducted using wafer bon-
der (EV 801) in a vacuum condition of 7 × 10−5 mbar
(Figure 6(c,d)). Two-step low-temperature annealing at
200 and 250°C was performed in a nitrogen-filled oven
to obtain the complete separation of Ge layer from the
Ge bulk substrate via a nucleation of hydrogen platelets
(Figure 6(e)). Consequently, ∼ 700 nm Ge layer was
transferred onto SiO2/Si handling wafers. Chemical and
mechanical polishing (CMP) was performed to remove
implantation defected Ge regions. Figure 6(f) exhibits an
optical image of the fabricated 4-inch GeOI wafer. No

visible voids were observed across the entire Ge surface.
Figure 6(g–i) shows an SEM image of a vertical struc-
ture of the GeOI wafers. The measured thicknesses of
Ge and BOX layer were measured to be 400 and 200 nm,
respectively. These values correspondedwell with a target
thickness of each layer. It is crucial to identify crystallinity
and residual strain of the Ge layer in the fabricated GeOI
wafer since the thermal annealing process was conducted
with a high pressure.

2.3.2. GaNNMs
Both wide bandgap and thermal stability of GaN can
make it an ideal material choice for various applications
such as high-power and high-temperature field-effect
transistors (FETs), blue light-emitting diodes, and lasers
[71]. Due to its excellent material properties, GaN has
become an interesting material toward large-area flexible
devices and circuits. In general, freestanding GaN thin
films have been realized by laser lift-off and direct sub-
strate removal from GaN grown on sapphire and GaN
on Si substrates, respectively. However, a material qual-
ity of GaN epilayers grown in Si is not superior due to
mismatch of lattice and thermal expansion ofGaN and Si.

Recently, Park et al. obtained high-quality GaN NMs
from GaN grown on sapphire substrates via a conductive
selective electrochemical (EC) etching of highly doped
GaN layers [72]. Figure 7(a–e) shows a schematic of
process flows where it begins from epitaxial growth of
GaN stack layers on sapphire via MOCVD. An undoped
GaN was firstly grown, followed by growth of mod-
erately n-doped layer (thickness: 3.5 μm, doping con-
centration: 1 × 1018 cm−3) to improve lateral current
flow. This n-type layer is protected by another undoped
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Figure 7. Process flow of preparing III−N NMs. (a) Lithography and etching to expose sidewalls of sacrificial layers. (b) Electrochemical
selective lateral etching of the heavily doped GaN sacrificial layer to undercut the NM. (c) Separation of NMs with photoresist (PR) in
hydrofluoric acid-based solution. (d) Extraction and anchoring of NM (with PR) to the target wafer. (e) Removal of PR by wet or dry
cleaning after large-area NM has adhered to the host. [72].

GaN (thickness: 500 nm). Highly doped GaN layer with
a doping concentration of 1.2 × 1019 /cm3 (the red
layer of Figure 7(a)) was subsequently grown as a sac-
rificial layer. The III-N NM device layers with a thick-
ness of 90–300 nm were grown to from either GaN or
GaN/InGaNheterostructures. The standard photolithog-
raphy and RIE were performed to expose the sacrificial
layer. The n+-GaN sacrificial layer was selectively etched
due to a high etching rate under the EC etching. Top
GaN NMs were released and then transfer-printed via
dry or wet procedures (Figure 7(d)). It is noted that the
distance between etching vias can be adjusted to 25–100
μm according to fill factor. The PR functioned as both
protection andmechanical support layer during EC etch-
ing. It was removed after the completion of the transfer-
printing for material characterization and fabrication of
subsequent devices (Figure 7(e)).

3. Flexible optoelectronics

3.1. Flexible optoelectronics using 1-D
semiconductors

The first category to consider for flexible optoelectron-
ics is that of 1D materials which is generally defined as
structures in the form of NWs, nanorods, nanobelts, and
nanoribbons as discussed in Section 2 and are named
as such due to the confinement of charge carriers to
only one spatial dimension due to the nature of the
structure. These materials extend relatively long in one
dimension but are confined in the other two. For the
purpose of this review, we will also treat quantum dots

and core–shell structures, which are sometimes classified
as zero-dimensional (0D), as 1D materials. These struc-
tures can be synthesized from many common materials
such as III-Vs, oxides, metals, and also graphene. Here
we examine several applications of 1D materials in opto-
electronics, namely photodetectors, solar cells, LEDs, and
lasers, which can be seen in Figure 8 along with the
materials considered for each type of device.

3.1.1. photodetectors and photovoltaics
The first structure to consider for 1D photodetectors are
NWs, materials that have diameters on the nanometer
scale but can have lengths of more than 1 μm. Their pho-
todetection characteristics are largely decided by their
bandgap but also affected by the configuration of charge
transport mechanism, because of the surface potential
associated with their nanoscale dimension.

As shown in Figure 9(a–c), the ZnO and GaN NW
based flexible photodetectors show strong solar-blind
light absorption characteristics [73–75], while Ge NW
based ones show good visible blind property [76]. The
use of CNT offers fast photodetection due to their high
mobility value [77]. The advanced NW design routes
such as a multicore layer hybrid structure (GaN/InGaN
NWs) or (CdS NWs/WSe2) were proposed in order to
create or boost the surface states which leads to a further
improvement of photogeneration in the active region.
Similar to photodetectors, 1D materials are also used in
the fabrication of solar cells. However, the bandgap of
active region needs to cover visible wavelengths, thus
the most popular based active material is Si. As shown
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Figure 8. Three main categories of flexible optoelectronics, along with several common device types and materials used in the
fabrication of each device.

Figure 9. (a) SEM image of ZnONWs (center) with Au contacts [73]. (b) Illustration of core-shell InGaN/GaNNW structure and SEM image
of InGaN/GaNNWs [74]. (c) Image of flexible Si NWonPET [75]. (d) Illustration of flexible photodetectorwithGeNWs as the activematerial
along with Ag NWs and SWNTs as charge transport layers [76]. (e) Illustration of CNT photodetector on flexible PI substrate [77]. (f )
Device structure of hybrid ZnO/a-Si NWflexible photodetector on PEN substrate and (g) SEM image of the structure [78]. (h) Si NWdevice
structure on flexible ITO-PET substrate alongwith image of the device under bending [79]. (i) Device structure of GaAsNWphotodetector.
(j) Schematic of InP NW photodetector [80].

in Figure 9(f–g), it is common to form a hybrid struc-
ture based on Si such as ZnO NW/a-Si:H hybrid struc-
ture. This device was built on a polyethylene naphthalate
(PEN) substrate [78] and the hybrid structure of the
device allows for the absorbance range to be extended
similarly to a multi-junction solar cell, with absorption

in the UV from the ZnO and in the visible range from
the Si. Similarly, poly(3,4-ethylenedioxythiophene)/poly-
(styrene sulfonate) (PEDOT:PSS), which absorbs light in
the near-IR spectrum, is deposited to coat the Si NWs
to enhance the absorption performance [79]. Beside Si
NWs, III-V compound such GaAs or InP are other
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Figure 10. (a) Photographs of InGaN/GaN MQW LED in operation under bending [81]. (b) Image of flexible GaAs NW LED along with
SEM image of NWs and emission spectrum of the device [85]. (c) Structure of ZnO/Si NW LED [86]. (d) SEM image of GaAs NWs with
InGaAs/GaAs QDs and (e) the output spectrum of the device [87]. (f ) SEM image of InP NWs and (g) output spectrum along with the
output light intensity vs. the bending radius [88].

popular materials that absorb broader spectrum effec-
tively. Their biggest advantage is the ability of forming
a multilayer structure such as InxGa1−xP-AlyGa1−yAs-
InzGa1−zAs NWs which can form a multi-junction
flexible solar cell, with a theoretical efficiency of over
50% [80].

3.1.2. Light emitting diodes
Toward the demonstration of flexible light-emitting
devices, the most common materials used are III-nitride
semiconductors NWs (InGaN/GaN), and also III-V
NWs (GaAs/InGaAs). These NW-based light-emitting
devices cover the spectrum ranging from the visible to
near-IR wavelength. In the same manner, as reported for
InGaN/GaNNWphotodetectors [74], flexible LEDs con-
taining InGaN/GaN NWmulti-quantum wells are fabri-
cated by techniques such as MOCVD on a rigid donor
substrate as discussed in Section 2 [81–83]. These NWs
contain many alternating layers of InGaN and GaN in
a so-called core–shell pattern to form a multi-quantum
well. One such device produces a blue LED, with a sharp
emission peak at 415 nm and a broader peak from 400 to
500 nmwith high external quantum efficiencies (EQE) of
over 80% [81,84]. A similar concept can be utilized to cre-
ate stackedLEDstructures using InGaN/GaNNWsas the
activemedia, each layer producing a different wavelength
to produce multiple color outputs (Figure 10(a) [81]) To
produce a red to a near-IR light emission, GaAs/InGaAs
NWs can be used as the active material, as is with the
device shown in Figure 10(b). The fabrication process

for this type of flexible LED is slightly different than
for InGaN/GaN NWs, with the detachment of the NWs
from the substrate via plasma etching followed by the
transfer of the free-standing NWs to a flexible plastic
substrate [85]. For this device, high-efficiency light emis-
sion is possible with peaks in the region of 830–850 nm,
with emission from the GaAs growth clusters resulting
in a broad peak, or from the NWs resulting in a sharp
peak [85]. For UV light emission, ZnO NWs are also
used for flexible LED fabrication. By embedding ZnO
NWs in various polymer substrates, it is possible to pro-
duce flexible white LEDs resulting from emission from
the NWs (∼450 nm) as depicted in Figure 10(c) [86].
Beside light emission, flexible 1D lasers are also possible
with the same structure for the active material by imple-
menting core–shell NWs. Figure 10(d) shows an SEM
image ofGaAsNWswith an In0.2Ga0.8Asmulti-quantum
well and GaAs/Ga0.1Ga0.9As/GaAs core–shell-cap layers
grown byMOVPE. The NWswere embedded in a PDMS
substrate and lasing was observed with a sharp stimu-
lated emission peak at 870 nm and a broader background
peak resulting from spontaneous emission from theNWs
[87], as seen in Figure 10(e). InP lasers are also possi-
ble on flexible substrates, and have been demonstrated
with waveguide coupling to enhance output. Figure 10(f)
shows an SEM image of InP NWs that can be coupled
with a waveguide on a flexible glass substrate resulting in
emission peaks at 861 and 882 nmwithminimal variation
in power output during bending up to 1.6 cm of radius, at
which point the glass substrate fractures [88].
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Figure 11. Three main categories of flexible optoelectronics, along with several common device types and materials used in the
fabrication of each device.

3.2. Flexible optoelectronics using 2-D
semiconductors

The category of 2Dmaterial-based flexible optoelectron-
ics contains planar forms of semiconductors such as
nanosheets and nanoplates [89] where the charge carriers
are confined to only two spatial dimensions. As discussed
in Section 2, 2D materials commonly include graphene,
TMDs such as MoS2 or WSe2, II-VI group such as CdSe,
hexagonal boron nitride (h-BN), and more, as shown in
Figures 11 and 12. Owing to their atomic thinness, 2D
materials possess great mechanical stability and dura-
bility which are ideal material choice in the fabrication
of flexible optoelectronic devices such as photodetectors,
LEDs, and transparent electronics.

3.2.1. Photodetectors
The most common application of 2D materials in flexi-
ble optoelectronics is towards photodetectors. Materials
such as graphene, TMDs, and others are used for this
purpose. Figure 13 shows common graphene photode-
tectors on flexible substrates, with Figure 13(a), showing
a crumpled photodetector on an elastomer substrate. The
device exhibits a responsivity of only 0.019mA/Wbut has
excellent mechanical performance, with the photocur-
rent unchanged after more than 1000 bending cycles
and a capability of handling strains of up to 200% [90].
The responsivity is able to be improved to 0.044mA/W
with the addition of the Au plasmonic structure [90].
It is also possible to dope graphene in order to cre-
ate a PN junction, which can be operated as a pho-
todetector, as shown in Figure 13(b) [49]. In this case,
the graphene that is CVD-grown and transferred in
air is considered as the p-type material. To achieve
n-type doping, 2-(2-methoxyphenyl)-1,3-dimethyl-2,3-
dihydro-1H-benzoimidazole (o-MeO-DMBI) is chosen

Figure 12. Bandgap and absorptionwavelengths formany semi-
conductors, including 2D and TMDmaterials.

as the n-type dopant and can be exposed to the graphene
via vapor deposition or inkjet printing methods.

Graphene is also commonly used in conjunction with
other materials to form a hybrid photodetector. It is
possible to add other nanomaterials such as nanoparti-
cles or other 2D materials to graphene to enhance the
optical properties and device performance. Figure 13(c)
shows a hybrid graphene/MoS2 quantum dot photode-
tector fabricated by the unzipping of carbon nanotubes
and the deposition of MoS2 quantum dots by a solu-
tion process showing six orders ofmagnitude higher than
a pure graphene photodetector [91]. As another exam-
ple, MoS2 nanosheets have also been combined with
graphene to create hybrid photodetectors as shown in
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Figure 13. (a) Crumpled-graphene photodetector device structure while relaxed and under strain [90]. (b) Device structure of doped-
graphene PN junction photodetector [49]. (c) Illustration of hybrid graphene-MoS2 QD photodetector [91]. (d) Hybrid graphene-MoS2
nanosheet hybrid structure on PDMS [92]. (e) Hybrid graphene-MoS2 photodetector on PET [93]. (f ) Graphene-SWNT photodetector
device structure [95]. (g) Typical device structure of TMD photodetector, in this case WSe2 on PI substrate [96]. (h) MoSe2 nanosheets
exfoliated with amine-terminated polymers to form composite structure [98].

Figure 13(d–e), exhibiting superior responsivities at low
voltage bias [92,93]. In addition, a reduced graphene
oxide (rGO) was used to realize UV photodetector with
an excellent mechanical performance on a flexible sub-
strate [94]. Other than employing rGO, TiO2 particles
or SWNTs have been employed to modify graphene-
based photodetectors as shown in Figure 13(f). These
devices demonstrate a high responsivity with a robust
performance under bending condition [95].

TMD materials are also used to fabricate flexible
photodetectors. Figure 13(g) shows the device struc-
ture of a monolayer WSe2 photodetector on a poly-
imide (PI) substrate. It is possible to only have a mono-
layer of the material present in the device, but in the
case of this device the thickness of the WSe2 nanosheet
is 48 nm. This photodetector is sensitive over a broad
range from 370 to 1064 nm with a peak responsivity of
0.92 A/W at 635 nm, which only decreases by 5% at a
bending radius of 5mm [96]. Similar TMD photode-
tectors with MoS2 nanosheets on PET are also possible,
with thicknesses of 1–5 nm [97] which is much thinner

than for the previous device. This flexible photodetec-
tor indicates a responsivity of 0.02 A/W, similar to other
MoS2 photodetectors [97]. Figure 13(h) shows a flex-
ible photodetector with TMDs such as MoS2, MoSe2,
WS2, and WSe2 hybridized with amine-terminated
polymers polystyrene (PS), poly(methyl methacrylate)
(PMMA), poly(butadiene) (PBd), poly(ethylene) (PE),
poly(ethylene oxide) (PEO), and poly(styrene-b-iso
prene) (Ps-b-PI). The resulting devices with compos-
ite active materials are highly photoconductive with a
responsivity of 16 A/W for MoSe2 nanosheets coated
with PS and are stable at bending radii as low as 200 μm
under near-IR and visible light [98].

Other nanosheet materials are often used to produce
flexible photodetectors with much higher responsivities
than for TMDmaterials. Figure 14 shows commonmate-
rials used for flexible 2D photodetectors, with respon-
sivities of 131.7 A/W for PbI2 over the visible region
[99,100] (Figure 14(a–b)), 363 A/W for In2Se3 over the
UV-visible region [101] (Figure 27(c)), 703 A/W for
CdSxSe(1−x) over the visible region [102] (Figure 14(d)),
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Figure 14. (a) Image of PbI2 on PET substrate, along with AFM image of PbI2 nanosheets [99]. (b) Illustration of PbI2 on graphene pho-
todetector structure [100]. (c) In2Se3 photodetector structure [101]. (d) CdSxSe(1−x) structure [102]. (e) Bi2Se3 photodetector device
structure [103]. (f ) Illustration of CsPbBr3 on PET/ITO substrate [104]. (g) Device structure of flexible LED with ZnS:Cu nanosheet as the
active layer [105]. (h) Illustration of device structure of transparent h-BN TFT with graphene as metal electrode, h-BN as gate dielectric
and WSe2 as the semiconducting channel material [106].

4.4 A/W for Bi2Se3 over the visible-near-IR region [103]
(Figure 14(e)), and 0.25 A/W for CsPbBr3 suitable for
green photodetection [104] (Figure 14(f)). For these
devices, any performance changes are negligible under
bending after 10,000 bending cycles [104]with the excep-
tion of CdSxSe(1−x) which suffered some decrease in
light and dark current after 50 cycles [102], although this
device was fabricated on a mica substrate which is more
brittle and prone to failure than a polymer substrate such
as PET.

3.2.2. Other flexible optoelectronic applications
based on 2D semiconductors
Few applications exist for flexible 2D optoelectronics out-
side of photodetection, with the exception of LEDs and
transparent thin-film transistors (TFTs). Figure 14(g,h)
shows some examples of these applications with a flexible
Cu-doped ZnS (ZnS:Cu) nanosheets LED (Figure 14(g)
[105]) and a transparent flexible h-BN-WSe2 TFT
(Figure 14(h) [106]). The LED emitted light centered
around 500 nm and suffered no significant degradation
under bending, torsion, and cyclic loading [105]. There-
fore, although the research in flexible 2D light source is
in the premature stage, it shows a great promise toward a
future flexible light source. Also, considering a bandgap
tunability of someof 2Dmaterials such as phosphorene, it
is probably possible to demonstrate flexible tunable light
source based on 2D materials.

3.3. Quasi-Two dimensional materials

A third category of flexible optoelectronic devices uses
quasi-two-dimensional (Q2D) materials as the active

material. This category consists of structures such as
NMs, similar to the nanosheets of 2D materials but do
not consist of only a few layers and are in the range of
tens to hundreds of nanometers in thickness. Similar to
1D and 2D materials, it is common to fabricate flexible
photodetectors, photovoltaics, LEDs, and other devices
from conventional semiconductor materials such as Si,
Ge, and III-Vs. Figure 15 shows the categories of devices
and materials used for each device. Under normal condi-
tions, a bulk single-crystal Si or GaAs wafer is very brittle
and cannot handle much strain before fracture. However,
these materials can be fabricated in such a method as to
yield NMs with extremely small thicknesses and can be
more than 15 orders of magnitude more flexible than the
bulk substrate [18]. Once an NM of sufficient thickness
is achieved, it can be integrated with flexible substrates to
produce flexible electronic and optoelectronic devices.

3.3.1. Photodetectors
Aswith 1D and 2Dmaterials, photodetector is the typical
device to be fabricated from Q2D materials. Most Q2D
flexible photodetectors are fabricated using single-crystal
NMs frommaterials such as Si, Ge, or III-V semiconduc-
tors. Their absorption spectrum is primarily decided

by their bandgaps, thus, as shown in Figure 16(a,b), Si
NM and Ge NM offer superior near-infrared detection
with the responsivity greater than a few A/W [64,107].
The advantage of these Q2D flexible photodetectors is
the stable photodetection under the bending condition
due to their excellent mechanical properties compared
to other III-V based NMs, namely less fragility, and
relatively high absorption coefficient. III-V materials,
specifically InP, GaN, GaAs, InGaAs, and AlGaAs can be
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Figure 15. Three main categories of flexible optoelectronics, along with several common device types and materials used in the
fabrication of each device.

Figure 16. (a) Device structure of Ge NM photodetector on PET [64]. (b) Device structure of Ge photodetector [107]. (c) Device structure
and current-voltage characteristics of InP NM photodetector [108].

processed and fabricated into NMs and can be achieved
decent flexibility. As III-V materials can form various
alloys, this material set offers a great freedom to design
their absorption peak or bandwidth by controlling their
bandgap and thickness. Figure 16(c) shows an exam-
ple of a PIN photodetector on PET fabricated from InP
NMs, along with the current–voltage characteristics of
the device. The responsivity values of this device exceeds
0.1 A/W at near IR. Also, there is little loss in responsiv-
ity after 1000 bending cycles and similar current–voltage
characteristics for both linear and bent devices, present-
ing good stability of the devices [108]. GaN compound
NMs has a capable of a solar-blind photodetection due
to their wide bandgap properties. GaN/AlGaN com-
pound semiconductors can selectively absorb UV light
and transparent to visible range. Although these wide
bandgap NMs are not as flexible as other Si, Ge, or III-
V materials due to their high poison ratio, flexible UV
photodetector can open up the new avenue to the brain
signal detection in the biomedical area due to the solar-
blind photodetection with a great visible light rejection
ratio.

Here it is worth noting a very promising applica-
tion of Q2D NM based photodetectors in the field of
biomimicry. It is possible to exploit the mechanical prop-
erties of sufficiently thin semiconductor nanomembranes
to fabricate an array of photodetectors, as would be used
for various imaging purposes, and conform them to a
flexible polymer substrate mimicking the surface of the
human eye, as does a contact lens. Figure 17 displays
several such devices involving variousmaterials and opti-
mized device structures. By combining with a separated
fluid reservoir, advanced version of electronic eyes that
are capable of changing the magnification level of the
detected image, as shown in Figure 17(i) [109].

Moving away from the popular Si, Ge, and III-Vmate-
rials, other compound materials such as ZnO, GaOx and
SnTe can be used as activematerials for flexibleQ2Dpho-
todetectors. Figure 18(a) shows a flexible ZnOmicrowire
photodetector on a polyvinyl alcohol (PVAL) substrate.
Normally, a wire-type structure would be categorized
under 1Dmaterials, but the dimensions of the ZnO struc-
tures employed in this device are on the micron scale,
with the diameter ranging from 40 to 50 μm and the
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Figure 17. (a) Device structure of Si NM based flexible electronic eye. (b) Optical image of flexible photodetector array for use as an
electronic eye, along with detailed optical and SEM images of the array. (c) Original image (bottom and side) and image detected by
electronic eye (top) [6]. (d) Device layout of flexible Si NMphotodetector array the design ofwhich has beenmodified into a half truncated
icosahedron and folded into a hemisphere. (e) Detailed optical image and illustration of the device layout of the photodetector array. (f )
Image of the letter ‘W’ captured by the hemispherical electronic eye [61]. (g) Illustration of flexible Si NM camera with a polymer lens. (h)
Higher magnification view of the photodetector array under the flat condition and under bending. (i) Low-magnification (left) and high
magnification (right) images from the electronic eye obtained by adjusting the radius of curvature via the fluid pressure [109].

Figure 18. (a) Device structure of ZnO photodetector [110]. (b) Device structure of amorphous GaOx thin-film photodetector [112]. (c)
Illustration of SnTe NM photodetector [113].

length from 3 to 5 mm, justifying the name microwire
and its treatment as a Q2D material. The single-crystal
microwires are grown by CVD and transferred to a PAVL
substrate, where it operates as a flexible UV photodetec-
tor with a sharp absorption cutoff at wavelengths above
380 nm [110]. Figure 18(b) shows a flexible GaOx thin-
film photodetector on PI substrate. Although there has
been an increasing amount of attention on single-crystal
β-Ga2O3 for flexible applications [111], it is still possible
to use amorphous GaOx thin films for various devices.
This device demonstrates a detection capability over UV

wavelengths in the range of 200–300 nm, with a peak
responsivity of 45.11 A/W a 235 nm, and can with-
stand bending with a radius as low as 14 mm with sta-
ble performance [112]. SnTe is an additional material
from which Q2D photodetectors can be fabricated, inte-
grating nanoflakes instead of NMs. Figure 18(c) shows
the structure of a flexible SnTe on PET photodetector
with the nanoflake thickness ranging from 120 to 2200
nm. This device offers photodetection capabilities over
a wide range from 254 to 4650 nm, making it suit-
able for a UV-near-IR photodetector [111]. However, the
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device’s peak responsivity of 71.11 A/W occurs at 254
nm and decreases to 4.17 A/W at 4650 nm wavelength
[113]. The high responsivity is due to the p-type doping
of SnTe, which in many topological crystalline insula-
tors can greatly increase the responsivity by suppressing
the rapid recombination of holes generated from light
absorption [113].

3.3.2. Q2d based flexible photovoltaics and light
emitting devices
It is common to use Si and III-V NMs in the fabrica-
tion of flexible photovoltaic devices as well. Figure 19
shows several flexible solar cells with Si and GaAs
as the active materials. Similar to the rigid ver-
sion of photovoltaics, light absorption was enhanced
with the addition of lanthanide-doped NaYF4 upcon-
version nanocrystals (NaYF4:Yb3+,Er3+) yielding a

solar-to-electric conversion efficiency of 12%, which is an
increase of 130% over bare Si microcells on a SU-8 sub-
strate, 41% over nanostructured Si solar cells on a bare
Ag substrate, and 13% over nanostructured Si solar cells
on a nanostructured Ag substrate [114] (Figure 19(a-
b)). Therefore, further enhancement is expected by opti-
mizing the dimensions and distributions of features on
nanostructured Si membranes. For example, the thick-
nesses of these active layers varying between 40 nm and 2
μm result in an EQE of 14.5% to 20.5% with the addition
of antireflection coatings [115] (Figure 19(c)).

The material selection of Q2D material-based flexible
LEDs varies by their light emission wavelength. Typi-
cally, III-V materials such as GaAs or InP NMs emit
near infrared (IR) to orange light and III-nitride mate-
rials such as GaN/InGaN emit green or UV light. It
should be noted that these NMs must have a pre-grown

Figure 19. (a) Fabrication procedure for patterned Si nanostructure solar cells. (b) Image of printable nanostructured Si wrapped on
glass rod [114]. (c) Device structure of flexible GaAs NM solar cell [115].

Figure 20. (a) Illustration of flexible GaN LED. (b) Image of device operation under bending [116]. (c) Optical images of InP NM LED
device [117].
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high-quality multi-quantum wells in the NMs in order
to generate photons. Therefore, maintaining the LED
structure without being cracked or deformed during a
transfer printing process is a key step to realize flexi-
ble light-emitting devices. Figure 20(a,b) shows a flex-
ible InGaN/GaN NM LED on a PET/PDMS substrate.
This device uses InGaN/GaN pyramid structures as a
multi-quantum well for light emission and exhibited
maximum light emission intensities at 483 and 514 nm
and showed a stable emission performance after bending
[116]. Figure 20(c) shows a flexible InP NM LED on a
PET substrate. For this device, InP NMs are transferred
onto a PET substrate and combined with InGaAsP NMs
to form amulti-quantumwell structure. This LED is suit-
able for near-IR emission, with an electroluminescence
peak at 1527 nm [117].

4. Conclusion and future perspective

In this paper, we primarily reviewed the recent advances
in the development of freestanding inorganic crystalline
semiconductors and their manipulation technology. We
firstly covered the details of the growth, processing
of freestanding inorganic crystalline semiconductors in
various dimensions: (1D semiconductors such as Si-,
GaAs-, ZnO-, and GaN-NWs, 2D semiconductors
such as graphene, MoS2, and quasi-2D semiconduc-
tors such as perovskite, PbI2 NM, In2Se3 NMs ZnS
NMs, Ge NMs, III-V NMs, III-nitride NMs and ZnO
NMs), and their material property under strain con-
dition. Finally, fabrication processes and opto-electrical
properties of flexible optoelectronics such as flexible
photosensors, lighting devices, and photovoltaics was
introduced.

Given that research in flexible optoelectronics is in its
early stage, two future research directions could be sug-
gested to drive the flexible optoelectronics to the next
level. For one, high-performance low-dimensional semi-
conductors could be developed. In addition, the device
structure could be engineered to build advanced flexi-
ble optoelectronics. A major challenge with the mate-
rials and device structures is the limited physical form
factors of freestanding semiconductors. In other words,
light–matter interaction inside all the freestanding semi-
conductors introduced in this review is weak because
they have sub-micron thicknesses regardless of their
material and mechanical properties. In fact, flexible pho-
tovoltaics or photosensors suffer frompoor quantum effi-
ciency primarily due to poor light absorption in the active
region. This limitation has been overcome through sev-
eral recently proposed approaches. One is to re-design
the structure of the device by manipulation during fab-
rication such as a flip-transfer. A flip-transfer allows us

to access both the top and bottom surfaces of the active
material and enables to form an anti-reflective layer that
can boost light absorption. This approach was recently
utilized by Seo et al. by forming a reflector on the bottom
and an anti-reflective coating on the top of a photo-
sensor, doubling its photosensitivity [69]. Similarly, var-
ious optically functional layers can be formed on both
sides of freestanding semiconductors to simply enhance
their optical properties. Implementing a photonic con-
cept with flexible optoelectronics is another route to
boosting the opto-electrical performance of these devices
[118]. Photonic crystals on the surface of freestanding
semiconductors can tune their absorption coefficients,
improving their effective light absorption depth. In this
way, thin freestanding semiconductors can absorb more
photons up to the levels in their bulk counterparts. Con-
versely, some groups are trying to utilize this limited light
absorption which can be beneficial for designing new
applications for flexible optoelectronics. Because free-
standing semiconductors can be precisely placed using
a micro-transfer printing method, stacked freestanding
semiconductors with various optical bandgaps can be
used to demonstrate multicolor photosensors or multi-
junction solar cells which are difficult to realize with tra-
ditional optoelectronic materials. Rigid versions of these
photosensors and photovoltaics were recently realized by
Menon et al. and Chang et al. [119,120] which showed
that this concept can be applied to flexible optoelectron-
ics, taking advantage of transferable/stackable freestand-
ing semiconductors.

In the other research direction is to develop the pro-
cess integration technology for advanced optoelectronic
systems. The next-generation high-performance com-
puter is expected to have more optical parts compared to
existing computer solutions. Together with flexible elec-
tronic devices, flexible optoelectronic devices will play
major roles in future IoT devices that will be able tomon-
itor various environmental data, receive/transmit infor-
mation, and display 3D or high definition (HD) pictures
and videos. To realize these applications, seamless side-
by-side or vertical integration will be an important pro-
cess technology. Although several research groups have
been pioneering a variety of integration approaches for
combining various types of partially or fully fabricated
devices, more efforts should be made toward the devel-
opment of an advanced integration process. Integration,
not only between electronic and optoelectronic devices,
but also within photonic components, will lead to a sub-
stantial technological leap.
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