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Flexible optoelectronics have attracted much attention in recent years for their potential applications in
healthcare and wearable devices. Narrow bandgap (NBG) semiconductor nanomembranes (NMs) are
promising candidates for flexible near-infrared (NIR) applications due to their light weight, bendability,
and excellent material properties (e.g., fast carrier mobility and appropriate bandgap energy). However, a
comprehensive summary of the current research on the NBG NMs has not been provided yet. This

Received 27th November 2022, review highlights recent advances in the development of NBG semiconductor NMs, including Group IV

Accepted 16th January 2023 (e.g., Ge and GeSn) and IlI-V (e.g., InGaAs) compounds, and 2D materials (e.g., black phosphorus and
DOI: 10.1039/d2tc05041b graphene) and their applications in flexible optoelectronics. The material growth, fabrication process,

and characterization of material properties are summarized. Moreover, abundant applications in flexible
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devices are present, including but not limited to photodetectors, light emitting diodes, and lasers.

1. Introduction

Semiconductors with band-gap energy less than 2.3 eV are
defined as narrow band-gap semiconductors (NBGs)." Typically,
representative examples of such semiconductors are Group IV
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(e.g., Si, Ge, and GeSn) and III-V (e.g., InAs and InGaAs)
compounds, and two-dimensional (2D) materials (e.g., black
phosphorus (BP) and graphene), which are shown in Table 1.
These NBG materials have two outstanding advantages in
respect of optoelectronic and electronic applications due to
their small band-gap energies. First, NBGs are suitable for
applications in near infrared (NIR) devices ranging from imaging
and sensing to communication.>” Second, the carrier mobility is
higher than that of wide band-gap materials, facilitating the
development of high-speed devices and circuits. Numerous
research studies have been devoted to NBG materials and their
device applications. However, application to flexible devices has
been limited, which emphasizes the need for developing new
materials and integration technologies. During the development
of nanotechnology in the past decades, nanowires (NWs) and
nanomembranes (NMs) have been regarded as the most impor-
tant structures of materials, attracting enormous research
interest. NWs and NMs both showed great promise in a wide
range of applications for flexible electronic devices, especially in
the wearable and healthcare areas.®”

Semiconductor NWs, a one-dimensional nanostructure with
a diameter of a few nanometers and a length in the micrometer
scale, are the fundamental building block of both electronic®
and photonic devices.” ™' However, the quality of NWs depends
crucially on substrates and growth methods."” Compared with
NWs, NM materials are more compatible with device fabrication
and packaging as they cover a larger scale area.”® In addition,
NMs are extremely attractive for high-performance flexible
photonic applications because of their excellent material proper-
ties (e.g., fast carrier mobility and high absorption capability)
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and strong bendability. Their ultrathin thickness not only
guarantees high mechanical flexibility and extreme material
uniformity but also ensures their durability and performance
stability after bending multiple times. Furthermore, the fabrica-
tion methods of free-standing NBG NMs are well established. It
is feasible to achieve high-quality NMs with superior uniformity
and scalability through a careful control of the process, laying
the foundation for industrial production."* Another unneglect-
able advantage of free-standing NBG NMs is the suitable mate-
rial platform for strain application. Strain plays a key role in
modulating the optical and electrical properties of semiconduc-
tors. In other words, strain significantly modifies the band
structure and has the potential to improve carrier mobility and
hence device performance.*>

Fig. 1 summarizes the application chart that indicates the
potential or current use of optical (e.g. photodetectors (PDs),
light emitting diodes (LEDs) and lasers) and electrical devices
(e.g. power electronics and radio frequency) based on various
free-standing NBG membranes covered in this review. Ge NM
has been explored widely as an active layer for enhanced
absorption and emission properties in devices.'>?%?¢7!
A. Gassenq et al. suggested that biaxially strained Ge can be a
suitable platform for realizing high-performance lasers.*>*
GeSn has considerable potential for NIR PD applications due
to its direct band-gap and excellent compatibility with the
complementary metal-oxide semiconductor (CMOS) process.
In addition, GeSn shows significant benefits in forming high-
performance lasers with low threshold and high operation
temperature. However, Ge/GeSn based optoelectronic devices
show a high dark current, which hinders their commercializa-
tion. InGaAs is one of the most popular materials used to
fabricate commercial NIR PDs. Although the detection range
is limited to 1700 nm, it covers most optical communication
bands (O-band to L-band) of conventional Si fibers.

2D materials are atomically thin crystalline solids, existing
in the form of one or few-layered sheets where each layer is
bound by van der Waals (vdW) force. So far, 2D materials have
aroused tremendous research interest due to their outstanding
and unique material properties such as large surface area,
nanoscale thickness, flexibility, and remarkable optoelectronic
properties. These material properties allow 2D materials to be
considered as one of the most promising candidates for the
applications of optoelectronic devices. Graphene, the firstly
discovered 2D material, has been extensively studied and
applied to versatile optical and electronic devices because of its
exceptional thermal and electrical conductivity with flexibility.**3¢
Black phosphorous (BP) is an emerging 2D material that has
distinctive material properties, which include not only high con-
ductivity and carrier mobility but also tunable direct band-gap,
unlike graphene. This tunable band-gap of BP enables a wide range
of devices applications.*”*

Free-standing NBG NMs are promising material platforms
for various applications. However, there is no comprehensive
review focused on NBG NMs so far. Therefore, in this paper,
we provide a comprehensive review on the recent progress of
NBG NMs. Representative NBG NMs are discussed, including

J. Mater. Chem. C, 2023, 11, 2430-2448 | 2431


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2tc05041b

Open Access Article. Published on 20 January 2023. Downloaded on 1/25/2026 7:35:39 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Journal of Materials Chemistry C Review
Table 1 List of NBG semiconductors and their important material properties covered in this review
Si Ge GeSn GaAs InGaAs BP Graphene

Band-gap (eV) 1.12 0.66 0.4-0.66 1.43 0.36-1.425 0.3-2.0%° 0*°
Dielectric constant 11.9 16.2 0.4-4.5 13.1 13.9* 2.9-8.3%2 1.8-3%
Electric breakdown field (kV ecm ™) 300 100 100" 400 200 N/A N/A
Electron mobility (em® V=" s™* 1400 3900 698*° 8500 1200 1000 4500"
Hole mobility (cm® V" s ") 450 1900 5408 400 300 1000*° 4500"
Thermal conductivity (W em " K™ ) 1.5 0.58 0.04 0.46 0.014%° 4000 5000°*
Saturated electron drift velocity (x 10” cm s ) 1 0.65 N/A 1 2.95 13 3%

certain critical stages of their growth or processing or at steps

with the final device-integrated form.

Ge has been widely explored as a platform for optoelectronic
devices due to its CMOS capability. Although it is an indirect
band-gap semiconductor, the energy difference between the
lowest indirect L and direct I valleys is only 136 meV as

R D indicated in Fig. 2(a). Additionally, the introduction of tensile
strain or incorporation of Sn can effectively compensate for

—o-Ge the small difference, which turns Ge into a direct band-gap

o GeSn semiconductor.”>>> Numerous studies have shown that the

®— InGaAs band-gap structure of Ge can be modulated from indirect to

—0—BP direct by applying tensile strain. On the other hand, the

Powef aser —@— Graphene incorporation of Sn into Ge also changes the electronic band

Fig. 1 Application chart of single crystalline free-standing NBG NMs in the
photodetector (PD), laser, light emitting diodes (LED), radio frequency (RF)
and power electronics based on the number of publications. Data are
collected by keyword search from Web of Science (year of search: 2022).

Ge, GeSn, InGaAs, and 2D materials (BP and graphene). Our
review covers material characteristics, fabrication methods,
and device applications. Finally, we present the conclusion
and major challenges and future perspectives on single crystal-
line NBG materials.

2. Ge and GeSn nanomembranes

NMs are monocrystalline structures with a thickness of a few
hundred nanometers, leading to the advantages of flexibility,
bendability, and light weight. The main difference from thin
films is that NMs can exist as a free-standing form, either at
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structure by shrinking L and I valleys simultaneously while I
valleys drop faster than L valleys (Fig. 2(b)). As shown in
Fig. 2(c), there is a crossover point of band-gap transition when
Sn composition increases to 8%, indicating that 8% of Sn
successfully changes Ge to a direct band-gap semiconductor
under no external strain conditions. However, the Sn content is
limited by the compressive strain resulted from lattice mis-
match between Sn and Ge.

2.1. Strategies to fabricate GeSn NMs

Typically, the formation of GeSn NMs begins with GeSn on an
insulator (GeSnOI) or GeSn on an Si-on-insulator (SOI) plat-
form. As illustrated in Fig. 3, wet and dry etching are the most
common methods to fabricate GeSn NMs. To give an example
of GeSnOlI, (Fig. 3(a)) array patterns of etching holes (size of
3 x 3 um? and distance of 50 um) are created on the cleaned
substrates followed by reactive ion etching (RIE) to etch down
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Fig. 2 Energy band structure of (a) undoped Ge bulk with indirect bandgap and (b) GeSn alloying with Sn composition higher than 8% with direct
bandgap without mechanically introducing strain. (c) The indirect-to-direct transition of GeSn band-gap energy as a function of Sn composition.>®
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Fig. 3 Schematic illustration of the most common methods used to fabricate GeSn NMs. (a) Wet etching:*® (i) Preparation of strain-free GeSn NMs by
patterning an array of etching holes followed by RIE, HF undercut, and transfer printing. (i) Optical images of GeSn NMs on PET with its magnified
microscopic image. Reproduced with permission from ref. 13. Copyright 2020, IOP Publishing. (b) Dry etching:® (i) Fabrication of GeSn NMs by
anisotropic etching of GeSn sidewalls using Cl,-based plasma, followed by CF4-based selective etching of buffer Ge layer. (ii) SEM of a solitary released
GeSn membrane and (iii—v) Raman spectroscopy maps for an as-grown GeSn layer, partially suspended and fully released GeSn membrane, respectively.

Reproduced with permission from ref. 57. Copyright 2020, Wiley-VCH.

to the sacrificial layer. These etching holes act as a pathway for
etching solutions to reach the oxide layer, which leads to rapid
and uniform undercut. Subsequently, SiO, sacrificial layer is
removed by dipping in hydrofluoric acid (HF, 49%), releasing
top GeSn/Ge template layers. The released NMs are then transfer
printed to a SU-8 coated polyethylene terephthalate (PET) sub-
strate using a direct flip transfer method. Another transfer print-
ing process using a polydimethylsiloxane (PDMS) stamp can also
replace this step as long as NM is present as the uppermost layer.
Finally, the layers on top of GeSn (e.g:, buffer Ge and Si) are etched
by an SFg-based RIE to create fully relaxed flexible GeSn NMs.
Fig. 3(b) shows another approach to obtain GeSn NMs namely
a dry release approach. The starting material is GeSn on Ge
virtual layer grown on an Si substrate. It begins with the
anisotropic Cl,-based RIE of the GeSn sidewalls, followed by a
CF4-based selective etching of the Ge layer. Although the process
is relatively simple, the size of NMs (20 x 20 um?) is limited by
etching the selectivity between GeSn and the buffer Ge layer.
Etching holes facilitate the wet etching process and therefore
no obvious residuals exist due to the adequate chemical reaction
and good selectivity. However, CF,-based dry etching with low
selectivity results in a damaged GeSn surface due to over-etching.
By changing the power and pressure of RIE, the residual can be
reduced by the enhanced selectivity. Although wet and dry etch-
ings are promising to release Ge/GeSn membranes form source
wafers, it is still a great challenge to fabricate large-size strain-free
GeSn membranes with high Sn content and good surface quality.
Moreover, the fabrication of ultrathin GeSn membranes with a
thickness of less than 100 nm is also challenging. A higher
undercut temperature and a more diluted etchant provide a
feasible way to produce large-sized uniform membranes by pro-
moting the contact between the etchant and the sacrificial layer.

2.2. Strain engineering

Strain engineering is an essential research topic for GeSn NMs
because their ultra-thin thickness (nm) enables the application

This journal is © The Royal Society of Chemistry 2023

of the strain by various methods. Practically, the methods used
to apply strain can be divided into two categories depending on
the type of applied strain: (i) internal strain generated during
the growth process; (ii) external strain applied on well-prepared
flexible GeSn NMs using mechanical testing equipment or
home-made mechanical tools.

Among versatile approaches for applying internal strain, one
of the most popular methods is to utilize high-stress layers,
which act as an extrinsic stressing agent to introduce biaxial
tensile strain.>® C. S. Fenrich et al. deposited 260 nm SiN, on
Geg.09345N0. 066 Multiple quantum well microdisk, creating a
direct band-gap by elimination of local biaxial strain. Another
form of internal strain engineering is the rolling up, which is used
to fabricate micro-resonators. Fig. 4(b) illustrates the rolling up
method where GeSn NMs were rolled up from the sample with
pre-defined U-shape patterns formed by lithography and RIE
and subsequent HF etching. The undercutting process releases
NMs from the substrates by self-rolling from the lower side of the
U-shape, which is resulted from different strain in each layer. The
fabricated micro-resonator with this structure showed a high
quality factor (Q factor) of up to 800.>°

In addition to the techniques mentioned above, new tech-
nologies for applying strain on flexible Ge or GeSn NMs have
been developed, as shown in Fig. 4(c) and (d). Fig. 4(c) shows
the flexible Ge NM on polyethylene terephthalate (PET) film
obtained by wet etching or dry etching, and herein, strains were
introduced by externally applied gas pressure.®®®! Further-
more, uniform biaxial strain can be introduced through the
expanding surface sphere, as the increase of the injected gas
into the cavity causes the transformation of the top plane into a
hemispherical shape. This technique could introduce various
accurate minor strains, but the setup is complicated. Another
approach to induce strain is to utilize bending fixtures with
various radii. In this method, the bending fixture induces
specific strain values by placing flexible NMs directly on the
concave or convex fixture. The advantage of this approach is

J. Mater. Chem. C, 2023, 11, 2430-2448 | 2433
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Fig. 4 Various strain-engineering strategies for GeSn NMs: (a) Tensile strained GeSn microdisk using high-stress SiN,, stressor layer.%® Reprinted with
permission from ref. 58. Copyright 2016, American Chemical Society. (b) A schematic diagram describing the rolling up procedure for the GeSn/Ge
bilayer.>® Reproduced with permission from ref. 59. Copyright 2018, IOP Publishing. (c) (i) Schematic illustration of the experimental setup for biaxial
tensile strained Ge NMs,®° (ii) SEM image with a schematic of a Ge NM coated with an a-Si pillar array, and a photograph of the pressure cell loaded with a
Ge NM.®! Reproduced with permission from ref. 60 and 61. Copyright 2018, 2021, MDPI, American Chemical Society. (d) Schematic structure and optical
image of flexible GeSn NMs where uniaxial strains are introduced by placing conformally on bending fixtures.®® Reproduced with permission from ref. 62.

Copyright 2021, IOP Publishing.

that the method is simpler than the gas pressure method.
In addition, we can introduce uniaxial compressive strain to
investigate its effect on the optoelectronic properties. However,
one disadvantage is that only a specific strain can be intro-
duced with one bending fixture, i.e. each bending condition
requires one fixture. Using this bending fixture-based method,
the applied strain can be evaluated using various analysis
techniques. One example is Raman spectroscopy which has the
advantageous feature that the system is highly sensitive with
easy operation. Previously, several researchers have studied the
relationship between the Raman shift and biaxial or uniaxial
strain induced in flexible GeSn with different Sn compositions.®*
Overall, internal or external strain can be easily introduced into
GeSn by using stress layers or mechanical tools. However, the
applicable area with a uniform strain is limited.

2.3. Applications of strain engineered GeSn nanomembranes

2.3.1. Optical sensors. GeSn NMs have attracted much
attention for applications in optoelectronic devices, such as
PDs,">®* lasers, resonators,” and waveguides due to their
outstanding electronic and optical properties. The principle
of PDs exploiting the photon effects is to convert the absorbed
incident photons into electrical signals. Electrons in the valence
band absorb the photons with energy greater than the bandgap
of the functional semiconductors and jump into the empty
conduction band, leaving a hole in the valence band, thereby
creating abundant electron-hole pairs (EHPs). The incident
photons are converted to photocurrent or voltage, completing
the transformation of the light signal to the electric signal. The
important figure-of-merits to evaluate the performance of PDs
include dark current (I4a), responsivity (R), detectivity (D*), rise
time, and bandwidth. Dark current is defined as the current

2434 | J Mater. Chem. C, 2023, 11, 2430-2448

measured under dark conditions. It is a critical parameter to
evaluate PD performance, being considered as noise. Responsivity,
one of the representative parameters to evaluate the optical
response, is determined by the net photocurrent generated
upon excitation of unit incident power. Specific detectivity is
a commonly used parameter to evaluate the capability of
devices to detect weak optical signals, which is defined as the
inverse of the noise-equivalent power (NEP). Rise time, also
known as response time, is derived by calculating the time
required for the PDs to increase photocurrent from 10% to 90% of
the maximum photocurrent. Rise time also can be used to estimate
how fast the PDs respond to a step light input signal. The response
bandwidth is generally represented by the —3dB bandwidth, which
refers to the corresponding frequency bandwidth when the respon-
sivity is reduced to half of the maximum value.

Although the thinness of GeSn NMs reduces absorption,
the external strain and high Sn composition could offset the
reduced absorption by modulating the band-gap structure,
which enhances the absorption coefficient. Fig. 5(a) illustrates
the fabricated flexible GeSn PDs and their performance char-
acterization. Flexible Ge/GeSn NMs with 8% Sn content were
released by wet etching, followed by mesa patterning and RIE to
make rectangular mesa (90 x 100 um?). Finally, interdigitated
pads were deposited to form metal contacts (Fig. 5(a-i) and
(a-ii)). As shown in Fig. 5(a-iii), dark current was increased by
tensile strain, while it was slightly decreased by compressive
strain. This trend was similar to photocurrent, showing that it
was in accordance with strain-dependent modulation of the
band-gap and corresponding change in absorption coefficient.
In addition, responsivity at a wavelength of 2000 nm was
enhanced to 3.68 mA W' by tensile strain, proving that high
performance flexible NIR GeSn PD has been achieved.

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 (a) Device structure and characteristics of flexible GeSn metal semiconductor metal (MSM) NM PD:*° (i) & (i) Schematic and an optical image of
the device structure, (iii) dark current and photocurrent under flat and bending conditions, and (iv) responsivity at 2000 nm as a function of mechanical
strains. Reproduced with permission from ref. 19. Copyright 2020, Royal Society of Chemistry. (b) Structure and characteristics of GeSn NM PD on SiO,/
Si: (i) & (ii) Schematic and an optical image of a fabricated device, (iii) dark current versus bias voltage, (iv) responsivity versus wavelength of as-grown and
membrane devices, and (v) spectral responsivity ratio of the membrane and the as-grown GeSn device.®® Reproduced with permission from ref. 63.

Copyright Copyright 2020, Wiley-VCH.

The responsivities can be further improved to 148.5 mA W™
at 1550 nm by integration of TiN.®® To expand its application
into mid-IR (MIR) optoelectronic devices, a PD with an
extended cut-off wavelength of 4.6 um has been reported using
fully released Gegg3Sng 1, NMs.>” A dry etching based release
process drastically reduces the internal compressive strain
caused by lattice mismatch. Then, the released GeSn NMs were
transferred onto bulk SiO,/Si, and next, the device was fabricated
by depositing interdigitated pad (Fig. 5(b-i) and (b-ii)). Although
it is not intended for flexible device applications, it showed
outstanding performance from the aspect of responsivity and
cut-off wavelength. Fig. 5(b-iii) shows that the dark current of
GeSn membrane PD was decreased by two orders compared to
that of the as-grown GeSn PD because the highly conductive
Ge-virtual substrate (VS)/Si stacking was replaced by an insulating
substrate underneath. The responsivity of two PDs is similar in
the wavelength range from 2.3 to 3.2 um. At the longer wavelength
region, the as-grown GeSn PD reached a sudden cut-off at 3.5 pm,
while the membrane-based device exhibited constant responsivity
up to 4.2 pm until reaching a cut-off wavelength of 4.6 um due to
strain relaxation. This study demonstrates that strain-relaxed
GeSn NM is a great candidate for broad MIR range PDs. However,
the flexible PDs exhibit high dark current, low quantum efficiency
and slow response time compared with the rigid counterpart. The
dark current can be suppressed by surface passivation processes
combined with post-growth annealing to reduce the effect of
defect trapping of charge carriers. Additionally, the device struc-
ture could also be optimized to reduce the carrier transit time to
enhance responsivity and response speed. Light trapping through
nanostructure including resonant cavity, photonic bandgap engi-
neering, and plasmonic absorption enhancement can also be
explored in this system to enhance the external quantum effi-
ciency of the flexible GeSn PDs.

This journal is © The Royal Society of Chemistry 2023

2.3.2. Light emitting application. A laser is one of opto-
electronic devices that emits the coherent light at a specific
wavelength, considered as an indispensable component of
photonic integrated circuits. Lasing wavelength, operating
temperature, and threshold current are key parameters for
lasers. The lasing wavelength is determined by the bandgap of
the semiconductor, and the operating temperature is the tem-
perature that enables the lasing. The threshold current clearly
separates the spontaneous and stimulated emission regime.

GeSn NM is a promising candidate material for lasers due to
the direct band-gap structure. There has been substantial
progress in laser technologies for achieving high-performance
GeSn NM lasers with low threshold and high operating tem-
perature. The first demonstration of Ge/GeSn/Ge quantum-well
microdisk resonator with high Q factor was reported in 2014,
laying the foundation for GeSn-based lasers.>”®® A GeSn laser
with direct band-gap was achieved by undercut GeSn on Ge
microdisk structures with additional strain introduced by
silicon nitride stressor layers, leading to enhanced photolumi-
nescence (PL) intensity and extended PL emission range to
3-5 um.%” However, the PL intensity decreases dramatically by
increasing temperature, which severely limits the device oper-
ating temperature as well as its real-life applications. V. Reboud
et al. attributed the improvement of the lasing temperature up
to 180 K using GeSn layers with a higher Sn composition of 16%
and optimized crystalline quality.®® The operating temperature
was further increased to 230 K by employing a thicker GeSn
optically active layer and a stronger carrier confinement effect
in a double heterostructure.®® A laser using GeSn photonic
crystal membrane was demonstrated by Q. M. Thai et al. with
fine performance. This approach has the potential for flexible
device applications as the device was fabricated on the released
layers rather than non-deformable microdisk.”® Flexible laser
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Table 2 Summary of key parameters for GeSn NMs based lasers

Sn content GeSn layer Strain Method Wavelength Threshold Temperature
10.7%°” 40 nm Tensile SiN, stressor layer 3000 nm low 20 K

16%°® 400 nm Zero Micro-disk 3100 nm 377 kW em™> 180 K

16%°%° 850 nm Compressive Micro-disk 3200 nm 790 kW cm 2 230 K

16%° 520 nm Compressive Step graded GeSn buffer 2880 nm 227 kW cm 2 15 K

5.4%7> 300 nm Tensile SiN, stressor layer 2500 nm 0.8 KW cm > 100 K

7% 500 nm Compressive Micro-disk 2300 nm 10 kW cm™> 25 K

made on Ge NM integrated with photonic-crystal cavities with
Si-pillar arrays have shown PL intensity increase due to strong
optical coupling between Ge NM and the cavities. This device
still preserves the mechanical flexibility advantage of NMs.”*
Recently, some breakthroughs have been made in the field of
low threshold laser. A. Elbaz et al. reported an ultra-low threshold
laser with 0.8 kW cm > based on the GeSn substrate with low Sn
content.”> A higher Sn composition makes it easier to realize
direct band-gap lasers, but it also generates defects that degrade
the laser performance. Therefore, finding an appropriate balance
between defect engineering and Sn composition is the key to
reducing the threshold of GeSn laser.”” The key parameters of
GeSn NMs based lasers are summarized in Table 2.

For MIR optoelectronic devices, many researchers have
attempted to utilize other Group IV materials, such as Ge
waveguide integrated MIR devices. In 2016, Wei et al. demon-
strated Ge-on-SiN waveguides with large core-clad index
contrast by wafer bonding and layer transfer technique. They
employed chemical mechanical polishing (CMP) to remove the
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misfit dislocation between Ge and Si after the layer transfer
process. The results showed that the fabricated waveguide had
a propagation loss as low as 3.35 dB cm™ ' at the wavelength
of 3.8 um.”* Advanced material platform was proposed recently
by W. Li et al., with an optimized structure using GaF, and Y,0;
as cladding where the waveguiding performance was enhanced by
a larger difference of refractive indexes between Ge and insulator.
As a result, the proposed Ge waveguide platform showed
improved performance by covering the MIR wavelength range
up to 13 um.””

3. InGaAs NMs

3.1. Fabrication process

InGaAs, a III-V semiconductor with a band-gap of 0.75 eV, is
the most common material used for commercial NIR photo-
diode, taking advantage of room temperature operation with
high electron mobility, external quantum efficiency, sensitivity,
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N
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(a) The vacuum-induced wrinkling of InGaAs NMs on polydimethylsiloxane microwell array: (i-v) Schematic illustration of the fabrication

procedure. (vi-ix) A series of optical microscope (OM) images of InGaAs NMs during the vacuum-induced wrinkling process: (vi) before the vacuum
process, (vii) right after the vacuum process, (viii) ~15 min after the vacuum process, and (ix) right after the vacuum release.”” (b) Remote epitaxy and layer
transfer process.”® Reproduced with permission from ref. 77 and 78. Copyright 2014, 2022, American Chemical Society, Springer Nature.
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and fast response time.”® Despite the competitive advantages of
InGaAs, narrow detection range and large dark current restrict
its application in optical communication. Therefore, flexible
InGaAs NMs provide a means of extending their detection
range by band-gap modulation via strain engineering. However,
little research on InGaAs NMs has been carried out mainly due
to the difficulties in releasing high-quality InGaAs NMs.

Similar to the fabrication of GeSn NMs, InGaAs NMs can be
released by removing the sacrificial InAlAs layers using hydro-
chloric acid (HCI). As shown in Fig. 6, wrinkled InGaAs NMs
were fabricated by selective wet etching followed by vacuum-
induced stretching of locally constrained InGaAs NMs. This
technique introduces biaxial strain and therefore provides an
approach to modulate carrier mobility and band structure of
InGaAs NMs. However, it has the limitation in the choice of the
sacrificial layer. In general, InGaAs layer was grown on AlAs/InP
substrate using AlAs as a sacrificial layer. Although AlAs could
offer high etching selectivity over both the InP substrate and
the functional InGaAs layer in HF solution, the lattice mis-
match (3.6%) with InP makes it difficult to form high quality
InGaAs layers.

Another emerging approach called remote epitaxy has been
proposed to overcome the limitation and achieve high-quality
single crystalline NMs. GaAs was epitaxy grown on graphene
coated bulk GaAs substrate.””® The ultrathin graphene layer
allows remote interaction between substrates and epilayers,
leading to the formation of crystalline epilayers that continues
the substrate crystals.®"*> GaAs NMs were released after remov-
ing graphene layer by wet or dry etching.

3.2. Applications of InGaAs nanomembranes

Recently, InGaAs NMs were developed for applications in
optoelectronic devices, such as PDs,**** LEDs,*® and field effect
transistors.®® For example, D. Fan et al. demonstrated a thin-
film InGaAs p-i-n PD array fabricated on a thin and flexible
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polyimide Kapton substrate.?” The array was transformed into a
cylindrical shape to achieve a 360° (i.e., 2n) in-plane field of
viewing (FOV). High-performance flexible InGaAs PDs inte-
grated with waveguide were demonstrated, exhibiting a low
noise equivalent power of 0.02 pW Hz'? at room temperature
and the telecommunication C-band. Moreover, significant
improvements include a large linear dynamic range over
70 dB and 3 dB bandwidth of 1.4 GHz, all of which set new
records for flexible detectors, as shown in Fig. 7(a).®® J. Shi et al.
also reported InGaAs/InAlAs high electron mobility transistors
transferred onto a flexible Kapton substrate employing the
adhesive bonding technique. The effect of mechanical
bending conditions on electrical performance has been also
investigated in static and dynamic regimes.®® Although InGaAs
membrane-based optoelectronic devices outperform Group IV
membrane-based devices due to its direct bandgap, the CMOS
compatibility and cost are still obstacles for the commercializa-
tion. To overcome this problem, a monolithic InP/SOI platform
has been developed, where both dislocation-free InP submicron
wires and large-dimension InP membranes are selectively
grown on (001) SOI wafers and intimately placed with the Si
device layer. The InGaAs quantum wells or InAs quantum dots
could be selectively regrown on top of the NMs.”

Another promising application of narrow band-gap NMs is
broadband heterojunction diodes through van der Waals (vdW)
bonding, which is of great importance in high-capacity optical
communication. Conventional approaches to fabricate hetero-
junctions such as epitaxial growth or wafer bonding have
problems of inferior interface quality due to the lattice mis-
match and thermal expansion coefficient mismatch. Thus,
heterojunction formed by transfer printed NMs on dissimilar
layers is a useful approach to avoid such mismatch issues.
High-performance broadband InGaAs NM/Si heterojunction
PDs that cover the detection range from 450 to 1250 nm have
been demonstrated. The devices exhibited a high rectification
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InGaAs NM optoelectronic device applications: (a-i) Photo during the measurement, (a-ii) schematic structure, (a-iii) double logarithm plot

showing the linear dynamic range, (a-iv) spectral response across C-band and bent states of flexible waveguide-integrated InGaAs NM PD.®8 Reproduced
with permission from ref. 88. Copyright 2018, Optical Society of America. (b-i) Schematic device structure, (b-ii) Microscopic image of the device, (b-iii)
photovoltaic characteristics, and (b-iv) the enlarged current response time at —3 V reverse bias under the 750 nm (48 uW) light illumination of InGaAs NM/
Si heterojunction PD.°! Reproduced with permission from ref. 91. Copyright 2016, American Chemical Society.
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ratio of 7.73 x 10* at £3 V, a low leakage current of 7.44 x
10> Acm ™ ? at —3V, and fast response times of 13-16 ms, owing
to the high-quality interface enabled by the transfer printing
technique (Fig. 7(b)).”" This technique has been also applied on
GeSn/Si heterostructures formed by transfer printing of Si NMs on
GeSn layers with various Sn contents. An increase in the Sn
content extended the detection range of GeSn/Si PDs up to
2100 nm.*” Y. Lee et al. have demonstrated an n-InGaAs/BP diode
by adopting double-times transfer printing of each NMs onto a
Si0,/Si substrate vie PDMS stamping.”® This device offers
nonvolatile-memory properties through charge trapping in the
native phosphorus oxide, exhibiting unique diode characteristics
which are gate-controllable and programmable. These multifunc-
tional properties provide numerous potential applications such as
novel advanced logic circuits, controllable electric transformers,
and neuromorphic devices. Therefore, the transfer printing tech-
nique can be more desirable than other approaches to achieve
high-quality heterostructures with dissimilar materials.

4. Black phosphorus

4.1. Fabrication process

BP, one of the most promising NBG 2D materials, is a layered
plane of phosphorus monolayer (called phosphorene) with an
anisotropic puckered honeycomb structure. The unique material
properties of BP include high electron mobility (1000 cm®> V"' s7),
on/off current ratio (<10°),**** anisotropic transport, and tunable
direct band-gap (0.3 eV in bulk to 2.0 eV in a single layer).***®
Owing to these excellent intrinsic optoelectronic properties,
BP has been applied in a wide range of optical and electrical
devices such as lasers, PDs, transistors, and logic inverters.
Contrary to the NMs, which typically use wafer-scale semicon-
ductor-on-insulator platforms, the fabrication of 2D material
NMs relies on exfoliation from bulk crystalline materials using
either top-down exfoliation or bottom-up direct growth
techniques.

Since the first successful synthesis of bulk BP in 1914 by
Bridgman,®® numerous studies have reported high-quality bulk
BP from red or white phosphorus. The high-pressure methods
such as the Bridgman and ball milling methods have disad-
vantages in that they require over 1 GPa pressure with a
limitation in the size of synthesized BP (micrometer scale).””
Thus, new approaches have been developed to obtain millimeter-
sized bulk BP under low pressure, such as BP synthesis with
mercury catalyst,’® and bismuth-flux,’*'°* or chemical vapor
transport.'®'* The synthesized bulk BP is then used to isolate
thin-film BP NMs using isolation techniques, such as mechanical
exfoliation, liquid-phase exfoliation (LPE), and electrochemical
exfoliation (ECE),'® " and herein, the quality of bulk BP is of
utmost importance.

The mechanical exfoliation, which is to peel few-layer BP
from bulk phosphorus by overcoming vdW attraction between
bulk phosphorus flakes, includes micromechanical cleavage with
adhesive tape*®*® and additional subsequent plasma thinning
(Fig. 8 (a))."** For LPE, BP is produced by sonicating dispersed
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liquid of bulk BP in a solvent followed by centrifugation.
Compared to other processes, LPE is suitable for mass production
because of its advantages of low-cost, simple, and efficient
fabrication. Since the first LPE-synthesized BP was demonstrated
by J. R. Brent et al. using N-methyl-2-pyrrolidone (NMP) solvent,'*°
many researchers have shown successful synthesis of BP using
LPE by applying multiple solvents: organic solvents such as
benzonitrile, DMI, PVP, MF,"" dimethylformamide (DMF),
dimethyl sulfoxide (DMSO),""> N-cyclohexyl-2-pyrrolidone (CHP),'**
IPA,""*" and a non-organic solvent such as distilled water."'®
Furthermore, advanced LPE using ionic liquids or solvothermal
reactions also have been developed for large-scale, efficient, and
facile fabrication."'”"'® For the ECE approach, thinfilm BP is
isolated from an electrode with bulk BP crystal by applying the
voltage between two electrodes, triggering redox reactions between
water molecules, electrolytes, and electrodes, and weakening vdW
force. (Fig. 8(b)) After the first ECE trial by M. B. Erande et al. who
demonstrated anodic BP ECE using NA,SO, electrolyte in H,0,'"°
numerous studies have been made with diverse combinations of
electrolyte and solvent: anodic ECEs of H,SO, in H,0,'*°
[EMIM][BF,] in MeCN,"*" [BMIM][PF;] in MeCN,"** cathodic ECEs
of TBAP in DMF,'*® TAA in DMSO,'** TBA-HSO,'* in PC, and PEAP
in PC,"*® and bipolar ECEs."””""*® Here, while anodic ECE resulted in
a dimension of 0.5-5 pm and thickness of 1-10 nm because of the
oxidation of BP at the anodic electrode, cathodic ECE has shown a
larger dimension over 10 um and thinner thickness of 0.76-10 nm.
Nevertheless, the top-down approaches are considered unsuitable for
industrial applications due to the small size of exfoliated BP.

As an alternative approach for wafer-scale mass production,
bottom-up methods have been developed which is a direct-
growth approach of thin-film BP by chemical vapor deposition
(CVD),"*® pulsed laser deposition (PLD),"*®"*' gas-phase
transformations,"** and solid-vapor-solid transformation.™**
Although CVD is widely used for 2D material synthesis, the
CVD approach exhibited poor performance due to high defect
density and poor electrical and optical properties. Although
PLD also showed the successful synthesis of BP on a centimeter
scale) the method is unsuitable for mass production due to its
high cost as well as the low carrier mobility of synthesized BP.
Furthermore, there is an additional issue with utilizing few-
layer BP at the device level which is its poor stability. High
stability can be achieved by applying physical or chemical
methods after the preparation of a few-layer BP. The physical
method is to cover BP by a passivation layer such as oxides such
as Al,0;,"** $i0,,"*° TiO, nanoparticles,"*® or 2D materials (e.g.
graphene and hBN)."*” The chemical method improves stability
through the modification of molecules'*® or metal ions.****4°
In summatry, utilization of BP in optical and electrical devices still
has some challenges due to difficulties in synthesizing highly
crystalline and large-size BP, as well as improving stability in the air.

4.2. Applications

4.2.1. Flexible NIR PDs. The unique material properties of
BP, which are tunable direct band-gap, high carrier mobility,
and superior mechanical flexibility, permit their use in flexible
optoelectronic device applications. However, little progress has

This journal is © The Royal Society of Chemistry 2023
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been made for such applications so far, due to its difficult
synthesis, high-cost fabrication, and rapid degradation upon
exposure to the air.

Using the excellent flexibility of BP reported by Q. Wei
et al.,"*" the first flexible BP transistor has been demonstrated
by W. Zhu et al."** As described in Fig. 9(a), the device was
fabricated by mechanical exfoliation method and exhibited
outstanding carrier mobility of 310 cm®> V' 57! as well as
robust device performance after 5000 cycles of bending with
2% tensile strain. Furthermore, J. Miao et al. showed flexible
NIR BP PDs which have high responsivity of 53 A W~ under
16.5 W cm ™~ laser illumination (4 = 830 nm).'*?

Also, a combination of other 2D materials showed an
improved photodetection performance. Recently, H. Kim et al.

This journal is © The Royal Society of Chemistry 2023

demonstrated flexible and strain-tunable IR optoelectronic
devices based on BP-MoS, heterostructures using mechanical
exfoliation.** Here, different optoelectronic devices including
PD and LED were demonstrated and they showed high
detectivity of 5.97 x 10° cm H w> W' at 4.0 ym and 8.45 x
10° cm Hz"> W' at 2 um under compressive and tensile
conditions, respectively. Y. Zhou et al. also exhibited a superior
flexible PD based on bismuth nanosheets-BP quantum dots
heterojunctions by sonication-assisted LPE, achieving a photo-
current density of 4.6 uA cm ™2 at an applied voltage of 0.8 V,
and 100 nA cm > without external voltage.'*® (Fig. 9(b)) For the
bending test, the device performance revealed the photocurrent
density attenuation of 15% after 2000 times of bending and
8.8% under a bending angle of 60°.

J. Mater. Chem. C, 2023, 11, 2430-2448 | 2439
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4.2.2. Light emitting applications including LEDs and
lasers. So far, a few results on BP light emitting devices have
been reported because of low luminescence efficiency and
challengeable fabrication process. To overcome this obstacle,
BP-based MIR lasers which use coupling BP with optical
microcavities have been reported. Y. Huang et al. applied
distributed Bragg reflector (DBR) consisting of stack layers of
Si0,/Siz;N, for BP MIR lasers, resulting in an optically pumped
lasing at an ~3765 nm MIR range."*® Furthermore, Y. Zhang
et al., reported MIR lasers based on BP coupled with a SiO/Si
DBR cavity, and here, stimulated emission at 3611 nm was
achieved as well as tuning of lasing wavelength from 3.4 um to
4.0 pm by controlled BP thickness.'*®

There has been a recent progress in MIR LEDs using BP-
based heterostructures. X. Zong et al., demonstrated BP-TMDC
heterostructure using either WSe, or MoS,."*” The BP-based
vdWH LED integrated with WSe, or MoS, showed an ~200%
enhancement of the PL intensities in the MIR region due to
efficient energy transfer between BP and WSe,, and MIR lasing
at room temperature, respectively. J. Wang et al. developed
the BP/MoS, MIR LEDs emitting at 3.68 um at room tempera-
ture. It showed enhanced outcoupling efficiency via the use of
low-index or metallic substrate, as well as further improved
quantum efficiency via heterostructure.’*® Recently, H. Kim
et al. demonstrated flexible BP MIR LEDs with strain-tunable
band-gap characteristics, and observed PL peak shift from
5.5 to 3.2 pum under compressive and tensile strain,
respectively.'**

In this review, we focus on BP’s applications in flexible or
optoelectronic devices. Although it is not covered in depth,
there have been a large number of publications on BP-based
electronic devices including transistors, being considered as
the primary application area.'*®

2440 | J Mater. Chem. C, 2023, 11, 2430-2448

5. Graphene

5.1. Fabrication process

Graphene, which is the first discovered 2D material, is a solitary
single layer of carbon atoms bonded in a hexagonal honeycomb
lattice. The unique material properties of graphene include
high carrier mobility (200000 cm® V™' s7"),"** thermal con-
ductivity (5000 W m~' K '),"*! transparency (97.6%, white
light),">* Young’s modulus (1.0 TPa),"> zero band-gap (0 eV),*°
and novel intrinsic physical properties such as high mechanical,
electronic, and thermal transport. Due to its superior properties,
a wide range of applications have been discovered in semicon-
ductor devices such as transistors, sensors, supercapacitors,
batteries, PDs, solar cells, LEDs, and biomedicines. Furthermore,
as a pioneering 2D material, the graphene has been produced by
various techniques, which can be divided into two categories; top-
down and bottom-up.'**'**> Top-down methods where graphene
is isolated from graphite include mechanical exfoliation, LPE,
ECE, reduction of graphene oxide (GO), and laser ablation. For the
bottom-up approaches, graphene can be directly synthesized on a
substrate by CVD, epitaxial growth, arc discharge, and self-
assembly.

Mechanical exfoliation is one of the earliest types of gra-
phene synthesis methods, consisting of repeated attach-and-
peel-off steps using a sticky tape, also well known as the Scotch
tape method discovered by K. S. Novoselov et al.*® (Fig. 10(a))
Not only it is a cost-effective and easy method, but also the
material properties of synthesized graphene are remarkable
including high carrier mobility and ambipolar field effect."*®
However, the size of mechanically exfoliated graphene is small
and inapplicable for mass production, arousing a need for a
large-area synthesis method that is economical and applicable
for industry.

This journal is © The Royal Society of Chemistry 2023
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Chemical exfoliation includes LPE, reduced GO (rGO), and
ECE. LPE which originated in the 1860s">7'*° is a method that
isolates graphene from graphite in aqueous solutions by
sonication,"®® high-shear mixing, or jet cavitation. So far,
sonication-assisted LPE has been vigorously studied under
various solvent and sonication conditions'®" (Fig. 10(b)). How-
ever, due to the low yields and high energy consumption of
sonication-assisted LPE, the emerging LPE methods using
high-shear mixing and jet cavitation are preferred over sonica-
tion, to be more applicable for production of large-size gra-
phene. Here, high-shear stress can be generated by different
methods such as ball milling,"®* tube rotation,'®® and rotor/
stator.'®* The jet cavitation method is a green process that can
produce graphene in a short time by forcing fluids under
pressure to flow through a narrow microchannel, also called
the microfluidization method.'®* Another chemical exfoliation
approach is to chemically reduce GO, forming rGO by strong
acids salts such as KMnO,, NaNO;, and H,SO,. This method is
also widely used and is well known as Hummers’ method."®® In
addition, there have been tremendous studies that showed the
successful synthesis of graphene by the ECE approach with
additional sonication.®®*®” From the series of studies on ECE,
it was found that the sonication-assisted ECE approach can
improve the graphene quality and minimize defects under high
temperature and ultrasonic waves, becoming the commonly
used approach in the science and industrial fields.>* Laser
ablation is an emerging top-down method, having strong
advantages in that the process is environmentally friendly,
stable, patternable, and applicable on flexible substrates with-
out the usage of harmful reactants. Since the first demonstra-
tion of graphene synthesis by laser ablation on polymer films
reported by J. Lin et al,'®® laser-ablation synthesis methods
using various sources such as wood,"® cork,'”® and paper,"”
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and a wide range of lasers such as UV
have been reported.

CVD is an ideal method capable of industrial production of
high-quality and large-area graphene. The first CVD-grown
graphene was reported by Q. Yu et al., exhibiting graphene
synthesis on Ni substrate using CH,, H,, and Ar gases at
1000 °C."”* So far, various metallic elements including Ni,'””
Cu,”® Pd,"” Pt,"”® and Ir'”° were utilized as a substrate for
CVD-grown graphene for a metal catalytic effect (Fig. 10 (c)).
CVD-grown graphene has led to superior material properties
such as large size single-crystalline graphene and outstanding
charge carrier mobility of 350000 cm®> V™' s™" at room tem-
perature. However, the limitations of CVD lie in its high cost
and challenging transfer onto other substances. Another
bottom-up method is the epitaxial growth method through
the graphitization of silicon carbide (SiC)'**'®! or hexagonal
boron nitride (hBN),'®* which is capable of graphene produc-
tion with high crystalline quality and charge carrier mobility of
~27000 cm* V™' s~ (Fig. 10(d)). However, the disadvantages
of the epitaxial growth method lie in its high-cost SiC substrate
and limited size of the synthesized graphene.

After the production process, graphene is transferred
through a wet or dry process (Fig. 10(e and f)). As shown in
Fig. 10(e), a typical wet transfer is conducted by the following
process steps; deposition of a polymethyl methacrylate (PMMA)
film on graphene by spin coating; detachment of the PMMA
film by wet chemicals; attachment of graphene/PMMA film to a
target substrate; drying; dissolution of PMMA by acetone to
release graphene on the substrate. On the other hand, gra-
phene can be transferred through dry transfer, as depicted in
Fig. 10(f); exfoliation of graphene on water-dissoluble polymer
covered by PMMA; floating the sample in water; dissolution of
the water-soluble layer; flipping over the graphene/polymer
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film; placement of graphene on a substrate and pressing;
dissolution of PMMA.

In summary, there have been numerous studies on graphene
synthesis, transfer, and device applications. Additionally, as the
material properties of graphene largely rely on the preparation
method, the fabrication process should be chosen deliberately to
achieve high performance device applications.

5.2. Applications

5.2.1. Flexible NIR PDs. Graphene-based flexible optoelec-
tronics have attracted great attention for wearable devices as
graphene is exceedingly thin, strong, light, flexible, and conduc-
tive. However, the performance of graphene-based PDs is limited
due to low light absorption (~2.3%), fast carrier recombination,
and the absence of a bandgap. Therefore, some strategies to
overcome these drawbacks have been proposed such as integrat-
ing graphene with plasmonic resonators'®*'#* or other semicon-
ductor materials such as perovskite,'®® ZnO nanorods,'®® Cu;_,P
nanocrystals,"®” NMe,-GQDs,'*® and Cu,O quantum dots."®°

As shown in Fig. 11(a), V. Q. Dang et al. reported a flexible
graphene/perovskite hybrid PD, achieving excellent device per-
formance of 115 A W' responsivity at 515 nm as well as 3 x
10" Jones detectivity under 515 nm wavelength light.'®> In this
work, CH;NH,;PbI; perovskite with a band-gap of 1.5 eV was
used as an antenna material, while graphene was a transport
layer. The PD also showed a high stable photocurrent under
tensile strain (0.5%), which endured 3000 bending cycles. In
addition, a graphene/ZnO nanorod hybrid PD was demon-
strated and exhibited 2.5 x 10° A W' responsivity and
8.3 x 10° photoconductive gain under 5 V gate modulation by
inducing the alignment of quasi Eg of ZnO and E¢ of graphene.
This gate modulation also decreased the energy barrier as
well as increased electron transfer from ZnO to graphene
simultaneously, showing highly stable device performance with
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unchanged responsivity under 0.5% tensile strain and 1000
cycles of bending.'®® Nitrogen-functionalized graphene quan-
tum dot (NMe,-GQD), which has a band-gap of 3.3 eV, was also
used to permit graphene to generate photo-induced current
under UV light (~255 nm). Using this 2D/0D hybrid structure
consisting of graphene/NMe,-GQD, a flexible UV PD demon-
strated an outstanding responsivity of 1.5 x 10* A W' and
detectivity of 5.5 x 10" Jones at 255 nm."®® Recently, flexible
PDs based on graphene/CuO, quantum dot hybrid structure
have been developed by Q. Liu et al, exhibiting excellent
responsivity of 1.2 x 10'® A W' and detectivity of 1.4 x
10'* Jones at 450 nm as shown in Fig. 11(b)."*® In addition to
these results, flexible PDs with graphene electrodes have been
reported.*?° 92

5.2.2. Light emitting applications (LED, laser) and other
applications. So far, graphene-based ultrashort-pulse lasers
have been exploited tremendously owing to their nonlinear
absorption property by different types of lasers, including fiber-
based,*>'%* solid-state,’**'*> and waveguide lasers.’®® B. Fu
et al. showed ultrafast broadband graphene fiber lasers cover-
ing 1, 1.5, and 2 pm wavelengths. The laser was fabricated by
sandwiching three graphene films between two fiber ferrule
connectors using CVD growth methods, achieving maximum
output energy up to 16.2 nJ at 1.908 um."** A passively mode-
locked femtosecond laser with graphene saturable absorber
mirror was demonstrated by J. Ma et al., obtaining an average
output power of 60.2 mW at 2018 nm.'>> The graphene-based
saturable absorber mirror is shown with the light intensity
spectrum of the graphene mode-locked laser in the spectral
region of 2 pm. Additionally, R. Mary et al. demonstrated a
monolithic waveguide laser with a graphene-based saturable
absorber mirror, which is an output coupler mirror coated by a
graphene film."®® The device performance such as GHz pico-
second pulses at ~1.039 um, with a 1.5 GHz repetition rate,
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(a) Graphene/perovskite flexible PDs: (a-i) device schematic, (a-ii) a top-view SEM image, (a-iii) time-dependent photocurrent, and (a-iv)

responsivity under different intensities at a 515 nm wavelength and 1 V source-drain voltage.'®> Reproduced with permission from ref. 185. Copyright
2016, Elsevier Ltd. (b) Graphene/Cu,O quantum dots: (b-i) photodetector structure, (b-ii) responsivity vs. incident power under a 450 nm laser, (b-iii) a
plan-view SEM image and (b-iv) temporal response.'® Reproduced with permission from ref. 189. Copyright 2019, Wiley-VCH.
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Table 3 Figures of merit of state-of-art flexible photodetectors based on different single-crystalline NBG NMs

Bias voltage Dark current Responsivity
Materials (\%] Dark current  density Wavelength (nm)  3-dB (Hz) Rise time (s) (A/W) Ref.
Flexible Ge 1 — 9.6 mAcm > 1550 — 2.2 x107°  0.05 15
Flexible GeSn 2 8.1 pA 0.09 Acm™2 2000 — — 1.03 x 107 19
Flexible GeSn 2 — 28 mAcm™> 1550 — — 0.148 65
Flexible InGaAs 5 170 pA — 1550 1.4x 10° — 0.35 88
Flexible BP 0.3 —20to —30 pA — 830 — — 53 143
Flexible BP 0.1 — — 1650 10° 18.6 x 10°° 0.5-2.5 144
Flexible Bi NSs-BP QD 0 — 0.05 uA cm™? Vis light (Xe lamp) — 330 x 107° 2.8 x 107°® 145
Flexible graphene/perovskite 1 4.1 mA — 515 — 3.2 115 185
Flexible graphene/ZnO nanorod 1 3.2 mA — 365 — — 2.5 x 10° 186
Flexible graphene/Cu; P NC 1 20 uA — 405 — 0.42 1.59 x 10° 187
Flexible graphene/NMe,-GQD 0.1 1.3 mA — 255 — 3.7 1.5 x 10* 188
Flexible graphene/Cu0, QD 0.19 0.1A — 450 — — 1.2 x 10" 189

and 202 mW average output power was obtained owing to the
combination of the graphene-based mirror and high-quality
waveguides in the laser glass.

Like BP, graphene also has been applied in a wide range of
electronic devices such as transistors and supercapacitors
owing to its high specific capacitance, power density, stability,
and fast charge-discharge rate compared to conventional
energy storage devices (e.g. batteries and capacitors).**'®” How-
ever, we do not provide a review of the widely researched
applications of Graphene in electronic devices in detail because
our review focuses on flexible optoelectronic devices.

6. Conclusions

In summary, we have presented recent progress in NBG semi-
conductor NMs from their material preparation to applications
in flexible optoelectronic devices, which is provided in Table 3.
For the fabrication process, different approaches can be used
depending on the materials; Ge, GeSn, and InGaAs NMs. They
mainly use a semiconductor-on-insulator platform; meanwhile,
2D materials are typically based on exfoliation procedures. The
material characteristics of NBG semiconductors are summar-
ized in this review. We also cover the recent progressive results
in their device applications such as flexible optical sensors, van
der Waals heterojunction diodes, light emitting diodes, logical
inverters, solar cells, etc. This broad range of device applica-
tions is possible due to their outstanding mechanical and
optoelectronic properties, including superb flexibility, high
carrier mobility, thin thickness, and easiness to apply strain.
Furthermore, advanced techniques, which overcome the draw-
backs of the NBG NMs, are reviewed such as strain engineering
in GeSn and band-gap tuning of 2D materials by controlling
layer thickness or doping. The development of high-
performance flexible PDs using 2D materials has been limited
because of their challengeable synthesis and fabrication meth-
ods, high surface defect density, and poor stability in air and
water. For BP, the fabrication process and stability are the main
challenges in flexible optoelectronic device applications. To
overcome these challenges, the methods to synthesize large-
area BP with large grain sizes and low defects should be
studied. Also, passivation strategies to reduce surface defects

This journal is © The Royal Society of Chemistry 2023

should be investigated and the main causes of the device
degradation under the air should be researched. About gra-
phene, which has been studied much longer than BP in terms
of its fabrication and applications, zero-bandgap has been one
of the main challenges in fabricating heterojunction optoelec-
tronic devices using graphene as a junction. Thus, in-depth
studies on the strategies to control the graphene bandgap are
required. Further improvement in its synthesis for large-area,
low-defect, and highly stable materials and devices are still
needed. In conclusion, the NBG NMs will bring exceptional
advances in wearable devices or biomedical applications
because of their unique material and device characteristics,
which cannot be realized by bulk semiconductors.
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