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ABSTRACT

Due to their unique structures and properties, emerging two-dimensional (2D) materials have been at the frontier of research in, e.g., materials
science, physics, and engineering. Three-dimensional (3D) tubular geometry enables 2D materials unparalleled advantages for various applica-
tions, for example, wide-angle infrared photodetectors, extremely sensitive molecular sensors, and memory with high density. Furthermore, 3D
tubular structures offer a promising integration platform into chips with a broad range of materials, especially 2D materials. In this Perspective,
we highlight state-of-the-art methods to assemble/manufacture 2D materials into 3D tubular structures/devices via self-rolled-up or template
methods. These tubular 3D devices inspire unique physical, chemical, and mechanical properties for optical microcavity, photodetector, on-chip
electronics, and bubble-propelled microengines. On-chip manufacture of 3D tubular structures/devices provides great opportunity and challenge
for 2D materials for More than Moore applications such as unconventional electronics, smart sensors, and miniaturized robots.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0098838

I. INTRODUCTION

The promotion of nanomembrane materials makes manufactured
structures more miniaturized and inexpensive, and corresponding
device components have high performance and reliable."” The assembly
of nanomembranes into 3D tubular structures through a micro/
nanofabrication process offers advanced design for the L-C filter
network,” infrared photodetectors,” ® optical microresonator,” ” energy
storage device,'’”"” and micro/nano-engine,"” "> which significantly
accelerates the functional development of integrated circuit chips in
applications for More than Moore. In general, the vast majority of con-
ventional inorganic/organic nanomembrane materials fabricated by
membrane deposition, crystal epitaxy, or thinning processes are suitable
for 3D structural assembly, including but not limited to metallic con-
ductors (e.g., Cr, Fe),'*!” semiconductors (e.g. Si, Ge),”"® and insulators
(e.g,, ZrO,, SizN,).>"” For example, silicon bulk wafers, the cornerstone
of advanced semiconductor chip fabrication, can be thinned to provide

the flexural rigidity required for the fabrication of 3D assembled struc-
tures.”’ Researchers have developed a series of fabrication methods for
the challenges raised by the fabrication of 3D micro/nano-devices such
as membrane rolling, folding, buckling, and 3D printing.”' > The
research on membrane materials and 3D assembly methods is still in
the stage of rapid development, and the technological maturity is diffi-
cult to meet the needs of commercial product manufacturing.

Recently, as emerging nanomembrane materials, graphene-like lay-
ered 2D materials are constructed into 3D structures such as nano-
scrolls,”** orig i, and kirigami,m’31 arousing interest in the
exploration of tubular devices based on 2D materials. Graphene,” com-
posed of a single layer of carbon atoms, exhibits excellent electrical, opti-
cal, thermal, and mechanical properties. The discovery of graphene’s
unique properties motivates researchers to investigate materials with
similar structures and outstanding properties. 2D materials have received
increasing attention, and they consist of stacks of independent ultrathin
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monolayers with atomically flat surfaces and no dangling bonds, which
are naturally excellent nanomembrane materials with unique physical
and chemical properties. Compared with traditional bulk materials, 2D
materials have ultra-high carrier mobility, excellent bending flexibility,
and optical transparency. Hence, 2D materials are revolutionary materi-
als for both academia and industry in the 21st century. In recent years,
the combination of nanomembrane rolled-up technology and 2D mate-
rials has attracted great attention, and various 3D tubular devices with
different functions were fabricated and demonstrated, such as field-effect
transistors (FETs),””* pho'[ode'[ectors,27 and molecular sensors.”

Here, we first introduce three promising methods for the assem-
bly of tubular structures, which are compatible with the structural
properties and growth processes of 2D materials. Then, we detail sev-
eral state-of-the-art 3D tubular devices produced based on 2D

No Adhe

(i)

Cr/Pt
N

—)

/g
Sio,

.“OSz
coating

Rolled-up method with auxiliary layers S

scitation.org/journal/apl

materials. We review the physical properties of 2D materials and the
effects of strain and stacking effects in 3D tubular structures. Finally,
we provide an outlook on this rapidly evolving field and the challenges
of transition from laboratory demonstrations of individual elements to
large-scale production of integrated circuits for future applications.

Il. ASSEMBLY METHODS FOR TUBULAR STRUCTURES
OF 2D MATERIALS

The assembly of 2D materials into 3D structures has become a
rapidly developing research hotspot.”””” Based on the inheritance of
previous research results and the unique structure of 2D materials, a
series of fabrication technologies for tubular 2D materials have been
developed.®********! "Three advanced assembly methods are dis-
cussed in Secs. IIA-C, as shown in Figs. 1(a)-1(c). These three

2 =S,Se [ =wafer

(ii)
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FIG. 1. State-of-the-art assembly methods for tubular 2D materials. (a) Rolled-up process of TMDs’ nanoscrolls with a drop of ethanol. (b) Rolled-up MoSe, nanomembranes
with auxiliary layers. (c) Scheme for the synthetic processes of the tubular MoS, composite by the template method. Panel (a) is adapted from Nat. Commun. 9, 1301
(2017).° Copyright 2017 Springer Nature. Panel (b) is adapted from Small 15, 1902528 (2019).”” Copyright 2019 Wiley-VCH. Panel (c) is adapted from Nano Res. 11, 3603
(2018)."" Copyright 2018 Tsinghua University Press and Springer-Verlag GmbH Germany.
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methods have their own advantages and disadvantages, and they can
highlight their respective advantages in different fields and face chal-
lenges. Tubular devices are still a long way from practical application.

A. Rolled-up method without auxiliary layers

Compared with traditional materials, the most notable features of
2D layered materials are their strong in-plane bonds and weak van der
Waals (vdW) interlayer coupling.’” The key to the rolled-up method
without an auxiliary layer is to overcome the vdW force between the
2D material with internal strain and substrate or intermediate layers.
General methods to form freestanding nanomembrane tubes are ion
intercalation,”” defect control,”” surface treatment,”® etc. Viculis et al.””
prepared graphene tubes with a chemical method. The compound
KC; is first inserted into the graphite in an inert gas atmosphere. After
the chemical reaction between KCg and ethanol, the solvation of potas-
sium ions, and the release of hydrogen, the graphite is dispersed into
monolayer or few-layer graphene nanosheets. Finally, the graphene
tubes are fabricated after the subsequent sonication process. Although
this method can produce graphene tubes with high yield, the graphene
tubes are suffered from the difficult separation process from the resid-
ual solvent. Meng et al.” selectively and partially removed the top sul-
fur atoms of monolayer MoS, by weak argon plasma and thereby
created tension within the MoS, basal plane. After the plasma treat-
ment, the MoS, nanomembrane was peeled off from the substrate and
rolled-up. This low-cost, solvent-free rolled-up technology is also
applicable to other 2D materials, but there are some shortcomings as it
will inevitably damage the crystalline structure of 2D materials and
introduce numerous interfacial defects.

In order to preserve the structural and electrical integrity of the
2D materials, a rolled-up method without chemical and physical dam-
age is urgently needed. Typically, 2D materials are synthesized on sub-
strates at high temperatures. While the samples are cooled down to
room temperature, strain is introduced into the 2D materials due to
different thermal expansion coefficients between the substrate and the
as-synthesized materials. MoS, is released from the substrate when the
solution intercalates between MoS, and the substrate. Free-standing
MoS, self-rolls into tubular structures under internal strain. Whether
the substrate is 3D bulk (such as SiO, and sapphire) or 2D layered
(such as mica), the 2D materials are always adhered to the substrate by
weak vdW force.”” Cui et al™ introduced a method to fabricate
transition-metal dichalcogenides (TMDs) tubes by intercalating etha-
nol between 2D materials and substrates, as shown in Fig. 1(a). This
strategy can be used to create high-order superlattices consisting of
monolayer, bilayer, and multilayer 2D materials. A high-order SnS,/
WSe, vdW superlattice was created by rolling up SnS,/WSe, hetero-
junctions.”® The structure and dimensions of an electronic band are
tuned by the construction of these superlattices, and the bandgap is
dramatically narrowed to greatly increase the charge transport in
rolled-up vdW superlattices. The rolled-up 2D materials perfectly
inherit the crystalline structures of the original 2D materials with
improved electrical and optical properties.””” Moreover, the strategy
can also be applied to the fabrication of mixed-dimensional high-order
superlattice devices involving other dimensional materials such as 0D
quantum dots, 1D nanowires, and 3D nanomembranes, providing
superior material platforms for next-generation fundamental research
and engineering applications.

PERSPECTIVE scitation.org/journal/apl

B. Rolled-up method with auxiliary layers

Before monolayer graphene was discovered, inspired by ancient
origami techniques, researchers have been working on establishing a
sophisticated process for assembling nanomembranes into 3D micro/
nanostructures>>7>***> such as tubes, wrinkles, and microchannels.
The preparation of self-rolled nanomembrane tubes requires a large
vertical strain gradient within the nanomembranes, which can be
introduced by lattice mismatch, altering parameters during nanomem-
brane deposition or introducing a strain layer.'”**"*’ Furthermore, the
diameters of the tubular structure devices can be adjusted according to
the thickness, strain gradient, and material selection of the nanomem-
branes."”"” This method has achieved a large amount of self-rolled
microtubules from the nanomembrane of various materials. For exam-
ple, Wang et al.* fabricated a GaAs/AlGaAs quantum well-embedded
self-rolled microtube for mid-wave infrared photodetectors. These
tubular photodetectors exhibit enhanced photoresponsivity and wide
detection angle without the assistance of external optical coupling
structures. Nanomembranes with 3D structures combine the excellent
properties of traditional materials with tubular geometries, overcome
some shortcomings in planar configuration, and have been widely
applied in the research of electronics,”” electromagnetic waves,’
robotics,”' and energy storage devices."’

It is worth noting that the rolled-up technique is not only practi-
cable for traditional nanomembranes but also is useful for both mono-
layer and multilayer 2D materials. Similarly, for 3D tubular structures
assembly of 2D materials, the key of rolled-up method with an auxil-
iary layer is to control the gradient and the distribution of strain of the
2D material.” Because neither the growth nor the transfer process
of 2D materials involves lattice mismatch,’>”” which introduces con-
trollable strain. The rolled-up method with auxiliary layers is currently
the most popular method for the assembly of 2D materials. In addi-
tion, as mentioned in Sec. I A, the strain introduced into 2D materials
by the high-temperature growth process only rolls up tubes with nano-
scale diameters, making it difficult to roll up microtubes with precisely
controlled diameters.”” SiN, layers grown by CVD under different
plasma frequencies’* and metallic chromium layers deposited by elec-
tron beam evaporation'” can be the most commonly used strain layers.
An auxiliary layer that completely covers or supports the entire 2D
material protects the integrity of the 2D material,”” which can greatly
improve the yield and uniformity of tubular devices.’* However, there
are also disadvantages that the introduction of auxiliary layers inevita-
bly destroys the crystal structure and physical and chemical properties
of 2D materials.”* Using sparse strips as auxiliary layers enables 2D
materials to be free-standing on the substrate in a completely bare
form,'””” which provides an excellent experimental platform for
studying the intrinsic properties of 2D materials. As shown in Fig.
1(b), the 2D MoSe, materials and substrates are separated by the dry
etching or wet etching process to prepare free-standing nanomem-
brane tubes.

Rolling 2D materials into microtubes by introducing strain layers
is a well-established process that is inherited from traditional techni-
ques for nanomembranes. Combining with the CMOS-compatible
micro-nanofabrication technique, the constructed 2D material tubes
have great potential for applications in FETs,” photodetectors, optical
microcavities,”* and actuators.”” Tubular components based on 2D
materials can greatly advance the development of future integrated
chips.

Appl. Phys. Lett. 121, 060503 (2022); doi: 10.1063/5.0098838
Published under an exclusive license by AIP Publishing

121, 060503-3

£4:9€:70 920z Asenuer og


https://scitation.org/journal/apl

Applied Physics Letters

C. Template method

As a method to directly fabricate 3D tubular structures of 2D
materials, the template method'"** " usually starts with the prepara-
tion of columnar molds as the substrate for the growth of 2D materi-
als. Monolayer or multilayer 2D materials are then grown on selected
templates by common material growth methods such as hydrothermal
method,'' chemical vapor deposition (CVD),”” and atomic layer depo-
sition (ALD),”” as shown in Fig. 1(c). Recent reports show that molds
ranging from hundreds of micrometers'* to 10nm®” in diameter are
suitable for producing 2D material tubes, which can be used for FETs,
energy storage devices, etc. The other significant advantage of this
method is that the diameter and orientation of the tubes can be tuned
by careful design of the template, for example, to obtain a curved tube
with uniform diameter. Under the guidance of the template method, a
multi-functional system with integrated micro-channels can be
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prepared,'” which is expected to be used for drug delivery, nanofluidic
channels, etc.

. STATE-OF-THE-ART TUBULAR DEVICES BASED
ON 2D MATERIALS

A. Tubular electronics

The development of semiconductor technologies has become
strict requirements on the size and power consumption of devices.
The traditional planar semiconductor devices are limited by Moore’s
law, which makes them difficult to meet the needs of current and
future development of integrated circuits. The 3D tubular structures
provide an opportunity for planar 2D materials devices to keep up
with the development trend of Moore’s law. Hou et al.” constructed
tubular 3D resistive random access memory (RRAM) by rolling up a
planar Cr/h-BN/Ti sandwich structure, as shown in Fig. 2(a). Unlike
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FIG. 2. 2D materials electronic devices with tubular geometry. (a) The formation process of the conductive filament in the tubular RRAM. (b) Retention property of nonvolatile
tubular RRAM. (c) Transfer characteristics of a tubular MoS; FET tested in N, (red) and air (blue). (d) Schematic representations of current conduction in tubular, monolayer,
and multilayer MoS, under bias. Panels (a)-(b) are adapted from Small 15, 1803876 (2019).”* Copyright 2019 Wiley-VCH. Panels (c)-(d) are adapted from Nat. Commun. 9,

1301 (2017).%° Copyright 2017 Springer Nature.
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the planar devices, the electric field distribution between the titanium
and chromium electrodes in the coiled tubular devices is not uniform,
resulting in relatively few B vacancy migrations and the formation of
conductive filaments. Therefore, the rolled-up tubular RRAM exhibits
higher set voltage and lower programming current, which has impor-
tant implications for RRAM applications. As shown in Fig. 3(b), the
tubular RRAM demonstrates a nonvolatile ON/OFF current ratio up
to 10, In addition, the footprint of tubular RRAM is reduced by six
times, and there is room for further improvement by increasing the
number of turns. This tubular memory architecture lays the founda-
tion for higher data storage density and low power consumption
devices.

Ultrathin 2D materials with extremely high carrier mobility are
considered to have the potential to replace silicon.””®' However, experi-
mental values reported by various laboratories are far below the theoreti-
cal value yet. While inheriting the excellent properties of the original
materials, the tubular structures also acquire unique electrical and opto-
electrical properties that are different from existing material systems.”**®
Unlike carbon nanotubes, the tubular structures are open and cannot be
uniquely determined by the chiral vector.”””” The 2D material tubes
rolled-up by nondestructive techniques are dense, impurity-free, and
highly crystalline. Fig. 2(c) shows the transfer characteristic of a self-
rolled MoS,-based FET prepared by Cui et al”® with an on-off ratio
over 10° and an electron mobility of 200-700cm V' s~'. Based on
their Archimedes spiral structures, the entire 2D material
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nanomembranes in the tubes can participate in the transportation of
carriers, as shown in Fig. 2(d). Compared with planar 2D material devi-
ces, the carrier mobility in rolled-up tubular devices is enhanced by
more than an order of magnitude. In addition, the unique self-
encapsulating geometry enables the 2D material tubes to exhibit higher
optical and electrical stability.

B. Tubular photodetectors

Compared with conventional materials used for photodetection,
such as silicon, germanium, and mercury cadmium telluride, 2D mate-
rials possess the characteristics of rich bandgap, high carrier mobility,
room temperature operability, and low cost.”* °° Typically, graphene
is a semiconductor material with zero bandgap, which is expected to
break the limitation of wavelength in conventional semiconductor
optoelectronics. However, the ultra-thin thickness results in low light
absorption efficiency and, thus, leads to lower quantum efficiency.
Although conventional design of silicon waveguides,” quantum
dots,”* and microcavities” combined with two-dimensional materials
are able to improve the absorption efficiency, at the same time, unfa-
vorable factors, such as strong wavelength selectivity and complex fab-
rication processes, will be introduced inevitably.

Tubular designs are also applied to the enhancement of photon
absorption and the broadening of the response wavelength. Zhou
et al”” deposited chromium (Cr, 20 nm)/platinum (Pt, 5nm) as a

FIG. 3.2D material photodetectors
with tubular structures. (a) |-V charac-
teristics of a tubular MoSe, device in
the dark and under laser illumination.
(b) Simulated electric field distribution
at the illumination wavelength of
808 nm in a 3D tubular MoSe, device.
(c) 3D tubular monolayer graphene
phototransistors. (d) The measured
photoresponsivity of the 3D GFETs at

) wavelengths of 325nm to 96 um.
{19 Panels (a)-(b) are adapted with per-
__10° 1 @ 3D GFET (@-(b)
g e -% 2D GFET mission from Small 15, 1902528
10°- (>} (2019).*" Copyright 2019 Wiley-VCH.
é Yy Panels (c)-(d) are adapted from Nano
< 2 Lett. 19, 1494 (2019).° Copyright
-‘? 10*- =" ] 2019 American Chemical Society.
2 .
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strain layer on MoSe, to fabricate tubular photodetectors, as shown in
Fig. 3(a). Under the illumination condition, the vertical incident light
is reflected multiple times by the wall of a tubular structure. Moreover,
the electromagnetic field inside the microtubules is locally enhanced,
as shown in Fig. 3(b), and the light is partly trapped in the microtubes,
increasing the light absorption of the photodetectors. In this way, the
poor photoresponsivity of a planar 2D materials photodetector deriv-
ing from its extremely thin thickness can be greatly compensated by
the tubular structures. In addition, tubular structures also bring higher
surface state density and modify the bandgap modification, resulting
in increased photosensitivity of the tubular MoSe, photodetectors
while reducing the dark current. Similarly, Deng et al® fabricated a
monolayer graphene FET with a 3D tubular structure, as shown in
Fig. 3(c). With the assistance of the self-rolled structure, a 3D graphene
FET exhibits the capability of room-temperature photodetection
among the ultraviolet, visible, mid-infrared, and terahertz regions with
bandwidths over 1 MHz, as shown in Fig. 3(d). 2D material optoelec-
tronic devices with tubular geometry are perfectly capable to achieve
the goal of high photoresponsivity, wide spectral range, and outstand-
ing operating speed.

scitation.org/journal/apl

C. Optical microcavities

As discussed in Sec. 3.2, electromagnetic waves can be confined
by successive internal reflections in microtubules, leading to an inten-
sified local electric field in the tubes.”” Enhanced photon-
phonon interaction in the tubular structures results in strong surface-
enhanced Raman scattering, providing a powerful nondestructive and
ultrasensitive spectroscopic characterization technique.

Wang et al.”* fabricated graphene-encapsulated oxide microtu-
bules by a nanomembrane rolled-up technique, as shown in Fig. 4(a).
Compared with graphene on planar germanium, the Raman signal
intensity of the tubular graphene is enhanced drastically, which is
caused by the strong confinement of an electromagnetic field around
the 3D tubular structure, as shown in Fig. 4(b). In addition, the resid-
ual uniaxial strain in graphene introduced by the self-rolled process
results in an in-plane anisotropic feature in the graphene lattice. Fig.
4(c) shows the polarization-dependent properties of the observed
Raman scattering intensity due to the anisotropic absorption of
graphene, which matches the simulations well. Compared with oxide-
supported graphene microtubes, double-sided bare graphene micro-
tubes have higher performance in surface-enhanced Raman scattering,
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FIG. 4. Tubular 2D material optical microcavity. (a) SEM image of the rolled-up graphene oxide microtube on the Ge wafer. (b) Raman spectra of as-grown, released, and
rolled-up graphene under an excitation laser wavelength of 514 nm. (c) Polarization-dependent characteristics of the graphene microtubes. (d) Schematic illustration of the
Raman experiment for probing R6G molecules. (¢) Raman spectra of R6G (8 x 10~° M) on graphene microtubes with different diameters. (f) Raman spectra of R6G on gra-
phene microtubes (~9.5 um) with different R6G concentrations. Panels (a)-(c) are adapted from Small 15, 1805477 (2019).”* Copyright 2019 Wiley-VCH. Panels (d)-(f) are
adapted from ACS Appl. Mater. Interfaces 19, 1494 (2021)."” Copyright 2021 American Chemical Society.
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As shown in Fig. 4(d), Ma et al.'” proposed a monolayer graphene
tubular device for ultrasensitive molecular sensing. The tubular geom-
etry of the device further enhances the surface-to-volume ratio of the
graphene devices, resulting in a significant increase in Raman intensi-
ties, and this greatly improves the sensitivity of molecular concentra-
tion detection. Fig. 4(e) shows the Raman spectra of R6G at a
concentration of 8 x 107° M on graphene microtubes with different
diameters. A smaller radius means that more layers of graphene with
adsorbed R6G are probed, resulting in obvious enhancement of
Raman scattering. Finally, an unprecedented low concentration of
R6G molecules of 107" M was detected by a 9.5 um diameter gra-
phene tube, as shown in Fig. 4(f).

D. Bubble-propelled micromotors

In 2009, a bubble-driven microrocket is reported by utilizing
rolled-up technology,”' laying the groundwork for catalytic tubular
micromachines, in which the bubble is an important factor to drive
the movement of micromotors in liquid. However, the micromotors
are easy to be absorbed by the bubbles in the liquid, as it is difficult to
overcome the huge surface tension of the bubbles. Zhang et al.”” pro-
posed a tubular catalytic micromotor with single-layer graphene as the
outermost layer [Fig. 5(a)]. Ti/Cr was sequentially grown on graphene
as a strain layer. 2 nm Pt was then deposited on the top, acting as a cat-
alyst for the decomposition of hydrogen peroxide to power the micro-
motor. The graphene/Ti/Cr/Pt nanomembrane was released and

scitation.org/journal/apl

rolled-up under the control of built-in strain. In the tubular structure,
graphene wrapped the outermost layer of the micromotor, which is
characterized by Raman spectra as shown in Fig. 5(b). The problem of
bubble absorbent is then solved due to the graphene hydrophobicity
and the reduced interaction between the micromotors and air bubbles
in the surrounding liquid. In Fig. 5(c), the micromotors without gra-
phene coating adsorb numerous bubbles after passing through the
bubbles, and the speed drops significantly. At the same time, the
graphene-covered micromotors maintain their speed without adsorb-
ing bubbles after passing through the bubble group. Sensing devices or
actuators fabricated by combining graphene with other materials are
continuously reported.”””* For example, Gracias et al.”” introduced a
solvent-driven self-folding method using graphene-polymer bilayers,
laying the foundation for the creation of functionally critical 3D self-
folding sensors and stimuli-responsive actuators. Currently, 2D mate-
rials have been found to be toxic to certain viruses and tissue cells and
have also been reported to promote cell differentiation. As for biologi-
cal applications such as surface or in vivo detection and microbial cul-
ture, it is necessary to further identify the biocompatibility and
biodegradability of 2D materials to reveal the possible health risks of
2D materials.

IV. OUTLOOK

High-performance 3D tubular devices based on 2D materials can
overcome the bottleneck of planar chip technology limited by Moore’s

(b)
—— Graphene on Ge substrate
—— Graphene/Ti/Cr/Pt microtube

-y
i\

1400 1600 2400 2600 2800
Raman Shift (cm™)

Intensity (a.u.)

FIG. 5. Rolled-up monolayer graphene tubular microengines. (a) SEM image of a rolled-up tubular micromotor. (b) Raman spectra of graphene on the Ge substrate and the
rolled-up graphene/Ti/Cr/Pt microtube. (c)Time lapse images of the micromotor without graphene covered moving with bubbles attached (1), the graphene-covered micromotor
moving through a string of bubbles without bubbles attached to its surface (1), and the graphene-covered micromotor encountering a large bubble and bypassing it (IIl). Panels
(a)-(c) are adapted from Chem. Asian J. 14, 2479 (2019).” Copyright 2019 Wiley-VCH.
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Law, ™" providing a solution for future high-performance and multi-
functional integrated chips. However, not only a tubular device based
on 2D materials is a brand emerging field of research but also the
study of 2D materials alone still faces a series of challenges.”* Most of
the research works about the integration of 2D materials with 3D
tubular structures today are still in the proof-of-concept stage, and
there are still huge challenges toward practical applications. As shown
in Fig.6, we discuss the obstacles in fabrication and promising solu-
tions for 2D material-based tubular devices at the material, device, and
system levels.

As for the material level, although 2D materials can be easily pro-
duced by mechanical exfoliation, the mass production of large-area
and misorientation-free 2D materials is still very challenging.””™*' The
quality and integrity of 2D materials greatly depend on the lattice-
matched substrates and the strong interaction between the epitaxial
layer and the substrate. Several works have demonstrated that high-
quality 2D materials can be grown by CVD techniques on specially
treated substrates® ** such as graphene and h-BN on copper (111)
foils.”** However, the high-temperature environment during the
CVD process, pulsed laser deposition, and molecular beam epitaxy is
not suitable for a silicon-process compatible substrate yet.
Furthermore, wafer-level transfer technology of 2D materials also faces
challenges. The transfer of 2D materials from the epitaxial substrate to
the working substrate can cause wrinkles, cracks, and residual contam-
inants that are unfavorable to the devices. Aside from that, surface
contamination during the material synthesis and device fabrication
process, which affects the intrinsic properties and device performance
of 2D materials, has long been an unsolved key problem.

At the device level, it mainly includes three parts: fabrication of
planar devices, assembly of 3D tubular devices, and post-packaging.
After more than ten years of development, great progress has been
made in planar devices based on 2D materials.””*”’® There have
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already been many excellent articles discussing the upcoming chal-
lenges of planar 2D materials in the next generation, such as efficient
doping methods,”” Ohmic contacts,”*** " and vdW integration,‘lz’g1
so we will not discuss them here. Even with outstanding planar devi-
ces, advanced assembly and encapsulation processes are indispensable
for device fabrication. The assembly of the 3D architectures is the
most complex and vital step in the fabrication of tubular devices based
on 2D materials, and there are numerous challenges that need to be
solved. The characteristics and applications of the 2D materials’ tubu-
lar devices are summarized in Table I. In addition to the three methods
specifically discussed in this Perspective, other methods, such as chem-
ical intercalation and plasma/microwave spark assistance, are also enu-
merated therein. Currently, the one of the most effective methods for
assembling 3D structures is the nanomembrane rolled-up technique.
There are a lot of variables that affect the assembly of 3D structures
such as nanomembrane morphology, strain gradient distribution,
deposition temperature, and various external disturbances.*”””’
Additionally, the introduction of controllable strain gradient and dis-
tributions into 2D nanomembranes and precisely tunable tube diame-
ters still face great challenges due to the process complexity. For now,
introducing a well-designed strain layer with a corresponding sacrifi-
cial layer is a wise choice to meet the demand. Nevertheless, the com-
monly used physical vapor deposition methods for nanomembranes
(such as electron beam evaporation and magnetron sputtering) will
cause certain damage to the surface of 2D materials,”* which is fatal to
semiconductor devices. Furthermore, once the nanomembrane is
rolled up, the stability of the device will be impaired, whether the cur-
rent passivation technology can solve this problem still needs more
experimental verification in the future. For the time being, it is also
uncertain if the rolled-up ultrathin 2D material can satisfy the need of
a reasonably thick tube wall for the practical implementation of the
optical cavity. Furthermore, during the 3D assembly process, slight

evices based on

1
1
Promising solutions ]
(1) Epitaxial growth technology !
(2) Low-temperature growth process !

1

1

Promising solutions

(1) Remotely programming assembly
(2) Construction process standards
(3) Non-destructive encapsulation

1
1
Promising solutions :
(1) Large scale arrays of tubes !
(2) High-density ordered assembly 1
(3) On-chip experimental validation E

FIG. 6. Challenges and promising solutions of tubular devices based on 2D materials for an integrated chip.
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TABLE I. Characteristics and applications of tubular structures based on 2D materials.

scitation.org/journal/apl

Assembly method Material Tube diameter Application Reference
Rolled-up method with auxiliary layers Graphene 60 um Phototransistor 6
60 um Field-effect transistor 34
5-14 um Molecular sensor 17
~3.6 um Micromotor 55
MoSe, ~6.2 um Photodetector 27
MoS, ~62 um Photodetector 40
h-BN ~10 um Memory 53
Rolled-up method without auxiliary layers MoS, ~20nm Field-effect transistor 26
SnS,/WSe, ~20 nm High-order superlattice 36
Template method Graphene 40-150 um Micromotor 12
80 um Graphene-copper wire 59
MoS, ~1 pum Lithium storage 57
216.6 nm Ton batteries 11
10-200 nm Field-effect transistor 37
Chemical route Graphene ~40 nm Nonoscroll 39
Plasma assistance MoS, 5.673 nm Nonoscroll 38
Microwave spark assistance Graphene 15-150 nm Field-effect transistor 41

external disturbances can cause nanomembranes to assemble in unex-
pected shapes such as bubbles generated by wet etching and flow fields
in a solution.”* All of these will cause the tearing of the nanomem-
brane, deviation of the curling path, and poor tightness of the tube
wall, which ultimately lead to poor stability and repeatability of these
devices. In addition, similar to the rolling process, the folding of 2D
materials can also regulate corresponding physical properties for devi-
ces such as changes in the energy band structure’” "’ and electrical”**’
and optical properties'” of materials. Precise control of the angle and
the number of layers ~ provides a feasible platform for exploring
physical mechanisms such as magic-angle graphene'*'"> and moiré
patternsll()iifl(](w

After assembly, the collapse of the 3D tubular structure occurs
occasionally because of environmental disturbances. Moreover, 2D
materials also lack stability in atmospheric environments. For exam-
ple, oxygen and water vapor, which can oxidize the surface of black
phosphorus, significantly reduce device performance and life-
time.'””"'"” Therefore, it is necessary to use a passivation layer for
encapsulation. The most commonly used 3D encapsulation method is
to utilize ALD to deposit dense oxides to cover the surfaces of the devi-
ces.” Compared with the previous 3D devices (such as MEMS), the
complexity of the tubular structure based on 2D materials in the
manufacturing process is greatly reduced. For example, the fabrication
of the rolling-up tubular structure usually only requires several pro-
cesses of coating and etching. In addition, the fabrication of tubular
devices is compatible with conventional silicon chip fabrication pro-
cesses. Therefore, tubular devices are low-cost method to fabricate 3D
devices.

At the system level, miniaturization and high integration of com-
ponents contribute to the outstanding performance and high area effi-
ciency of chips. Devices based on 2D materials allow components to
be integrated on a variety of substrates, which will potentially break
the previously unachievable limitations of single-chip integration.

101

However, compared with planar devices, tubular devices are more
likely to be affected by factors, such as complex fabrication processes
and structural instability, resulting in low yields of high-quality devi-
ces. On the other hand, nanomembrane tubes are distributed on the
chip in an array because of the area occupied for planar patterns before
release. This results in low area efficiency for devices with large arrays
such as infrared focal plane array detectors. Furthermore, although
high-performance devices have been verified in the laboratories, their
practical applications on chips have not yet been realized. More atten-
tion should be paid to the interconnection of the tubular device on the
chip during the fabrication process.

In conclusion, unique 3D tubular devices based on 2D materials
show potential in electronics, optics, and many other fields defining a
rich material platform for fundamental research and exploring a path
for the development of next-generation integrated chips with 2D
materials. Despite the excellent achievements, there is still a series of
challenges in material fabrication, device process, and system integra-
tion which require joint efforts in the coming decades.

ACKNOWLEDGMENTS

This work was supported by the National Key Technologies R&D
Program of China (Nos. 2021YFE0191800 and 2021YFA0715302),
the National Natural Science Foundation of China (Nos. 61975035,
51961145108, and 51925208), the Science and Technology
Commission of Shanghai Municipality (Nos. 21142200200 and
20501130700), and the Program of Shanghai Academic Research
Leader (No. 19XD1400600).

AUTHOR DECLARATIONS
Conflict of Interest

The authors have no conflicts to disclose.

Appl. Phys. Lett. 121, 060503 (2022); doi: 10.1063/5.0098838
Published under an exclusive license by AIP Publishing

121, 060503-9

£4:9€:70 920z Asenuer og


https://scitation.org/journal/apl

Applied Physics Letters

Author Contributions

Binmin Wu: Writing - original draft (equal); Writing - review and
editing (equal). Ziyu Zhang: Writing - review and editing (equal).
Chao Wang: Writing - review and editing (equal). Enming Song:
Writing - review and editing (equal). Jizhai Cui: Writing — review and
editing (equal). GaoShan Huang: Writing - review and editing
(equal). Peng Zhou: Writing - review and editing (equal). Zengfeng
Di: Writing - review and editing (equal). Yongfeng Mei: Supervision
(equal); Validation (equal); Visualization (equal); Writing — original
draft (equal); Writing - review and editing (equal).

DATA AVAILABILITY

Data sharing is not applicable to this article as no new data were
created or analyzed in this study.

REFERENCES

1S. Xu, Z. Yan, K. L. Jang, W. Huang, H. R. Fu, J. Kim, Z. J. Wei, M. Flavin, J.
McCracken, R. H. Wang, A. Badea, Y. H. Liu, D. Q. Xiao, G. Y. Zhou, J. Lee,
H. U. Chung, H. Y. Cheng, W. Ren, A. Banks, X. L. Li, U. Paik, R. G. Nuzzo,
Y. G. Huang, Y. H. Zhang, and J. A. Rogers, “Assembly of micro/nanomateri-
als into complex, three-dimensional architectures by compressive buckling,”
Science 347, 154-159 (2015).
2G. S. Huang and Y. F. Mei, “Assembly and self-assembly of nanomembrane
materials-from 2D to 3D,” Small 14, €1703665 (2018).

37. Yang, M. D. Kraman, Z. Zheng, H. Zhao, J. Zhang, S. Gong, Y. V. Shao, W.

Huang, P. Wang, and X. Li, “Monolithic heterogeneous integration of 3D

radio frequency L-C elements by self-rolled-up membrane nanotechnology,”

Adv. Funct. Mater. 30, 2004034 (2020).

H. Wang, H. L. Zhen, S. L. Li, Y. L. Jing, G. S. Huang, Y. F. Mei, and W. Lu,
“Self-rolling and light-trapping in flexible quantum well-embedded nano-

membranes for wide-angle infrared photodetectors,” Sci. Adv. 2, 1600027
(2016).
5C. H. Xu, R. B. Pan, Q. L. Guo, X. Wu, G. J. Li, G. S. Huang, Z. H. An, X. L.

Li, and Y. F. Mei, “Ultrathin silicon nanomembrane in a tubular geometry for
enhanced photodetection,” Adv. Optical Mater. 7, 1900823 (2019).

®T. Deng, Z. H. Zhang, Y. X. Liu, Y. X. Wang, F. Su, S. S. Li, Y. Zhang, H. Li,
H. J. Chen, Z. R. Zhao, Y. Li, and Z. W. Liu, “Three-dimensional graphene
field-effect transistors as high-performance photodetectors,” Nano Lett. 19,
1494-1503 (2019).

7Z. Tian, S. L. Li, S. Kiravittaya, B. R. Xu, S. W. Tang, H. L. Zhen, W. Lu, and
Y. F. Mei, “Selected and enhanced single whispering-gallery mode emission
from a mesostructured nanomembrane microcavity,” Nano Lett. 18,
8035-8040 (2018).

8G. Huang, V. A. Bolanos Quinones, F. Ding, S. Kiravittaya, Y. Mei, and O. G.
Schmidt, “Rolled-up optical microcavities with subwavelength wall thick-
nesses for enhanced liquid sensing applications,” ACS Nano 4, 3123-3130
(2010).

9G. S. Huang and Y. F. Mei, “Electromagnetic wave propagation in a rolled-up
tubular microcavity,” J. Mater. Chem. C 5, 2758-2770 (2017).
19Y. Chen, C. Yan, and O. G. Schmidt, “Strain-driven formation of multilayer
graphene/GeO, tubular nanostructures as high-capacity and very long-life
anodes for lithium-ion batteries,” Adv. Energy Mater. 3, 1269-1274 (2013).
T'X. J. Zhao, G. Wang, X. J. Liu, X. L. Zheng, and H. Wang, “Ultrathin Mo$,
with expanded interlayers supported on hierarchical polypyrrole-derived
amorphous N-doped carbon tubular structures for high-performance Li/Na-
ion batteries,” Nano Res. 11, 3603-3618 (2018).
2C. G. Hu, Y. Zhao, H. H. Cheng, Y. H. Wang, Z. L. Dong, C. C. Jiang, X. Q.
Zhai, L. Jiang, and L. T. Qu, “Graphene microtubings: Controlled fabrication
and site-specific functionalization,” Nano Lett. 12, 5879-5884 (2012).

3. X. Li, W. J. Liu, J. Y. Wang, 1. Rozen, S. He, C. R. Chen, H. G. Kim, H. J.
Lee, H. B. R. Lee, S. H. Kwon, T. L. Li, L. Q. Li, J. Wang, and Y. F. Mei,
“Nanoconfined atomic layer deposition of TiO2/Pt nanotubes: Toward

»

PERSPECTIVE scitation.org/journal/apl

ultrasmall highly efficient catalytic nanorockets,” Adv. Funct. Mater. 27,
1700598 (2017).

%Y. Zhang, H. Zhu, W. Qiu, Y. Zhou, G. Huang, Y. Mei, and A. A. Solovev,
“Carbon dioxide bubble-propelled microengines in carbonated water and bev-
erages,” Chem. Commun. 54, 5692-5695 (2018).

'57. Tian, B. R. Xu, B. Hsu, L. Stan, Z. Yang, and Y. F. Mei, “Reconfigurable
vanadium dioxide nanomembranes and microtubes with controllable phase
transition temperatures,” Nano Lett. 18, 3017-3023 (2018).

'®B. Xu, X. Zhang, Z. Tian, D. Han, X. Fan, Y. Chen, Z. Di, T. Qiu, and Y. Mei,
“Microdroplet-guided intercalation and deterministic delamination towards
intelligent rolling origami,” Nat. Commun. 10, 5019 (2019).

77. Ma, Z. Tian, X. Li, C. You, Y. Wang, Y. Mei, and Z. Di, “Self-rolling of
monolayer graphene for ultrasensitive molecular sensing,” ACS Appl. Mater.
Interfaces 13, 49146-49152 (2021).

8X. Wu, Z. Tian, H. Cong, Y. Wang, R. Edy, G. Huang, Z. Di, C. Xue, and Y.
Mei, “Infrared tubular microcavity based on rolled-up GeSn/Ge nano-
membranes,” Nanotechnol. 29, 42LT02 (2018).

'9S. Yang, Y. Wang, Y. Kong, G. Huang, Z. Zhao, Y. Wang, B. Xu, J. Cui, and Y.
Mei, “Enhanced evanescent field coupling of smart particles in tubular optical
microcavity for sensing application,” Adv. Optical Mater. 10, 2102158 (2022).

20y A. Rogers, M. G. Lagally, and R. G. Nuzzo, “Synthesis, assembly and appli-
cations of semiconductor nanomembranes,” Nature 477, 45-53 (2011).

2ly. Wakafuji, R. Moriya, S. Masubuchi, K. Watanabe, T. Taniguchi, and T.
Machida, “3D manipulation of 2d materials using microdome polymer,”
Nano Lett. 20, 2486-2492 (2020).

22p_ 7. Hanakata, Z. A. Qi, D. K. Campbell, and H. S. Park, “Highly stretchable
MoS, kirigami,” Nanoscale 8, 458-463 (2016).

237 Yan, F. Zhang, J. Wang, F. Liu, X. Guo, K. Nan, Q. Lin, M. Gao, D. Xiao, Y.
Shi, Y. Qiu, H. Luan, J. H. Kim, Y. Wang, H. Luo, M. Han, Y. Huang, Y.
Zhang, and J. A. Rogers, “Controlled mechanical buckling for origami-
inspired construction of 3D microstructures in advanced materials,” Adv.
Funct. Mater. 26, 2629-2639 (2016).

2%, Wang, Z. Tian, B. Zhang, B. Xu, T. Wang, Y. Wang, S. Li, Z. Di, and Y.
Mei, “On-chip rolling design for controllable strain engineering and enhanced
photon-phonon interaction in graphene,” Small 15, 1805477 (2019).

25X. Cheng and Y. Zhang, “Micro/nanoscale 3D assembly by rolling, folding,
curving, and buckling approaches,” Adv. Mater. 31, €1901895 (2019).

26X. P. Cui, Z. Z. Kong, E. L. Gao, D. Z. Huang, Y. Hao, H. G. Shen, C. A. Di, Z.
P. Xu, J. Zheng, and D. B. Zhu, “Rolling up transition metal dichalcogenide
nanoscrolls via one drop of ethanol,” Nat. Commun. 9, 1301 (2018).

27X. F. Zhou, Z. Tian, H. J. Kim, Y. Wang, B. R. Xu, R. B. Pan, Y. J. Chang, Z. F.
Di, P. Zhou, and Y. F. Mei, “Rolling up MoSe, nanomembranes as a sensitive
tubular photodetector,” Small 15, €1902528 (2019).

28M. Z. Miskin, K. J. Dorsey, B. Bircan, Y. Han, D. A. Muller, P. L. McEuen,
and L. Cohen, “Graphene-based bimorphs for micron-sized, autonomous ori-
gami machines,” Proc. Natl. Acad. Sci. U. S. A. 115, 466-470 (2018).

29, Okogbue, S. S. Han, T.-J. Ko, H.-S. Chung, J. Ma, M. S. Shawkat, J. H. Kim,
J. H. Kim, E. Ji, K. H. Oh, L. Zhai, G.-H. Lee, and Y. Jung, “Multifunctional
Two-dimensional PtSe,-Layer kirigami conductors with 2000% stretchability
and metallic-to-semiconducting tunability,” Nano Lett. 19, 7598-7607 (2019).

39T J. Ko, S. S. Han, E. Okogbue, M. S. Shawkat, M. J. Wang, J. Ma, T. S. Bae,
S. Bin Hafiz, D. K. Ko, H. S. Chung, K. H. Oh, and Y. Jung, “Wafer-scale 2D
PtTe, layers-enabled Kirigami heaters with superior mechanical stretchability
and electro-thermal responsiveness,” Appl. Mater. Today 20, 100718 (2020).

31L. Cai, M. J. Shearer, Y. Z. Zhao, Z. L. Hu, F. Wang, Y. Zhang, K. W. Eliceiri,
R. J. Hamers, W. S. Yan, S. Q. Wei, M. Tang, and S. Jin, “Chemically Derived
Kirigami of WSe,,” . Am. Chem. Soc. 140, 10980-10987 (2018).

52K, S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, Y. Zhang, S. V.
Dubonos, I. V. Grigorieva, and A. A. Firsov, “Electric field effect in atomically
thin carbon films,” Science 306, 666-669 (2004).

335.S. Li, W. J. Yin, Y. N. Li, J. Y. Sun, M. Q. Zhu, Z. W. Liu, and T. Deng,
“High sensitivity ultraviolet detection based on three-dimensional graphene
field effect transistors decorated with TiO, NPs,” Nanoscale 11, 14912-14920
(2019).

3458, Li, Y. N. Li, J. Y. Sun, F. Su, W. J. Yin, M. Q. Zhu, and T. Deng, “A self-
powered vibration sensing element based on three-dimensional graphene field
effect transistor,” Appl. Phys. Lett. 118, 253105 (2021).

Appl. Phys. Lett. 121, 060503 (2022); doi: 10.1063/5.0098838
Published under an exclusive license by AIP Publishing

121, 060503-10

£4:9€:70 920z Asenuer og


https://doi.org/10.1126/science.1260960
https://doi.org/10.1002/smll.201703665
https://doi.org/10.1002/adfm.202004034
https://doi.org/10.1126/sciadv.1600027
https://doi.org/10.1002/adom.201900823
https://doi.org/10.1021/acs.nanolett.8b04099
https://doi.org/10.1021/acs.nanolett.8b04259
https://doi.org/10.1021/nn100456r
https://doi.org/10.1039/C7TC00283A
https://doi.org/10.1002/aenm201300575
https://doi.org/10.1007/s12274-017-1927-2
https://doi.org/10.1021/nl303243h
https://doi.org/10.1002/adfm.201700598
https://doi.org/10.1039/C8CC01011K
https://doi.org/10.1021/acs.nanolett.8b00483
https://doi.org/10.1038/s41467-019-13011-w
https://doi.org/10.1021/acsami.1c12592
https://doi.org/10.1021/acsami.1c12592
https://doi.org/10.1088/1361-6528/aad66e
https://doi.org/10.1002/adom.202102158
https://doi.org/10.1038/nature10381
https://doi.org/10.1021/acs.nanolett.9b05228
https://doi.org/10.1039/C5NR06431G
https://doi.org/10.1002/adfm.201504901
https://doi.org/10.1002/adfm.201504901
https://doi.org/10.1002/smll.201805477
https://doi.org/10.1002/adma.201901895
https://doi.org/10.1038/s41467-018-03752-5
https://doi.org/10.1002/smll.201902528
https://doi.org/10.1073/pnas.1712889115
https://doi.org/10.1021/acs.nanolett.9b01726
https://doi.org/10.1016/j.apmt.2020.100718
https://doi.org/10.1021/jacs.8b03399
https://doi.org/10.1126/science.1102896
https://doi.org/10.1039/C9NR04475B
https://doi.org/10.1063/5.0046628
https://scitation.org/journal/apl

Applied Physics Letters

35D, Karnaushenko, T. Kang, V. K. Bandari, F. Zhu, and O. G. Schmidt, “3D
self-assembled microelectronic devices: Concepts, materials, applications,”
Adv. Mater. 32, €1902994 (2020).

36B. Zhao, Z. Wan, Y. Liu, J. Q. Xu, X. D. Yang, D. Y. Shen, Z. C. Zhang, C. H.
Guo, Q. Qian, J. Li, R. X. Wu, Z. Y. Lin, X. X. Yan, B. L. Li, Z. W. Zhang, H.
F. Ma, B. Li, X. Chen, Y. Qiao, I. Shakir, Z. Almutairi, F. Wei, Y. Zhang, X. Q.
Pan, Y. Huang, Y. Ping, X. D. Duan, and X. F. Duan, “High-order superlatti-
ces by rolling up van der Waals heterostructures,” Nature 591, 385-390
(2021).

37D, H. Zhao, Z. L. Tian, H. Liu, Z. H. Gu, H. Zhu, L. Chen, Q. Q. Sun, and D.
W. Zhang, “Realizing an omega-shaped gate MoS, field-effect transistor based
on a Si0,/MoS, core-shell heterostructure,” ACS Appl. Mater. Interfaces 12,
14308-14314 (2020).

38). L. Meng, G. L. Wang, X. M. Li, X. B. Lu, J. Zhang, H. Yu, W. Chen, L. J. Du,
M. Z. Liao, J. Zhao, P. Chen, J. Q. Zhu, X. D. Bai, D. X. Shi, and G. Y. Zhang,
“Rolling up a monolayer MoS, sheet,” Small 12, 3770-3774 (2016).

391, M. Viculis, J. J. Mack, and R. B. Kaner, “A chemical route to carbon nano-
scrolls,” Science 299, 1361-1361 (2003).

“OT, Deng, S. S. Li, Y. N. Li, Y. Zhang, J. Y. Sun, W. J. Yin, W. D. Wu, M. Q.
Zhu, Y. X. Wang, and Z. W. Liu, “Polarization-sensitive photodetectors based
on three-dimensional molybdenum disulfide (MoS,) field-effect transistors,”
Nanophotonics 9, 4719-4728 (2020).

“l. Zheng, H. Liu, B. Wu, Y. Guo, T. Wu, G. Yu, Y. Liu, and D. Zhu,
“Production of high-quality carbon nanoscrolls with microwave spark assis-
tance in liquid nitrogen,” Adv. Mater. 23, 2460-2463 (2011).

“2Y. Liu, Y. Huang, and X. F. Duan, “Van der Waals integration before and
beyond two-dimensional materials,” Nature 567, 323-333 (2019).

43, Hao, B. C. Yang, and Y. L. Gao, “Fracture-induced nanoscrolls from CVD-
grown monolayer molybdenum disulfide,” Phys. Status Solidi RRL 10,
549-553 (2016).

“4V. B. Shenoy and D. H. Gracias, “Self-folding thin-film materials: From nano-
polyhedra to graphene origami,” MRS Bull. 37, 847-854 (2012).

“5C. Xu, X. Wu, G. Huang, and Y. Mei, “Rolled-up nanotechnology: Materials
issue and geometry capability,” Adv. Mater. Technol. 4, 1800486 (2019).

“€J. Li, J. Zhang, W. Gao, G. Huang, Z. Di, R. Liu, ]. Wang, and Y. Mei, “Dry-
released nanotubes and nanoengines by particle-assisted rolling,” Adv. Mater.
25, 3715-3721 (2013).

“7Y. Mei, G. Huang, A. A. Solovev, E. B. Urena, I. Monch, F. Ding, T. Reindl, R.
K. Y. Fu, P. K. Chu, and O. G. Schmidt, “Versatile approach for integrative
and functionalized tubes by strain engineering of nanomembranes on poly-
mers,” Adv. Mater. 20, 4085-4090 (2008).

“8y. Prinz, V. A. Seleznev, A. K. Gutakovsky, A. V. Chehovskiy, V. V.
Preobrazhenskii, M. A. Putyato, and T. A. Gavrilova, “Free-standing and
overgrown InGaAs/GaAs nanotubes, nanohelices and their arrays,” Phys. E 6,
828-831 (2000).

“9A. G. Evans and J. W. Hutchinson, “The thermomechanical integrity of thin
films and multilayers,” Aeta Metall. Mater. 43, 2507-2530 (1995).

59Q. L. Guo, G. Wang, D. Chen, G. J. Li, G. S. Huang, M. Zhang, X. Wang, Y.
F. Mei, and Z. F. Di, “Exceptional transport property in a rolled-up germa-
nium tube,” Appl. Phys. Lett. 110, 112104 (2017).

S1A. A. Solovev, Y. Mei, E. Bermudez Urena, G. Huang, and O. G. Schmidt,
“Catalytic microtubular jet engines self-propelled by accumulated gas
bubbles,” Small 5, 1688-1692 (2009).

52A. K. Geim and 1. V. Grigorieva, “Van der Waals heterostructures,” Nature
499, 419-425 (2013).

53X. Hou, R. B. Pan, Q. Yu, K. Zhang, G. S. Huang, Y. F. Mei, D. W. Zhang, and
P. Zhou, “Tubular 3D resistive random access memory based on rolled-up
h-BN tube,” Small 15, e1803876 (2019).

54Y. Liu, J. Guo, E. B. Zhu, L. Liao, S. J. Lee, M. N. Ding, 1. Shakir, V. Gambin,
Y. Huang, and X. F. Duan, “Approaching the Schottky-Mott limit in van der
Waals metal-semiconductor junctions,” Nature 557, 696-700 (2018).

55B. Zhang, G. Huang, L. Wang, T. Wang, L. Liu, Z. Di, X. Liu, and Y. Mei,
“Rolled-up monolayer graphene tubular micromotors: enhanced performance
and antibacterial property,” Chem. Asian J. 14, 2479-2484 (2019).

56w. J. Jian, X. L. Cheng, Y. Y. Huang, Y. You, R. Zhou, T. T. Sun, and J. Xu,
“Arrays of ZnO/MoS, nanocables and MoS2 nanotubes with phase

PERSPECTIVE scitation.org/journal/apl

engineering for bifunctional photoelectrochemical and electrochemical water
splitting,” Chem. Eng. | 328, 474-483 (2017).

7). F. Li, L. Han, X. L. Zhang, H. C. Sun, X. J. Liu, T. Lu, Y. F. Yao, and L. K.
Pan, “Multi-role TiO, layer coated carbon@few-layered MoS, nanotubes for
durable lithium storage,” Chem. Eng. | 406, 126873 (2021).

585, Zhuo, Y. Xu, W. Zhao, J. Zhang, and B. Zhang, “Hierarchical nanosheet-
based MoS, nanotubes fabricated by an anion-exchange reaction of MoOs-
amine hybrid nanowires,” Angew. Chem. 125, 8764-8768 (2013).

59y, Kashani, C. Kim, C. Rudolf, F. K. Perkins, E. R. Cleveland, and W. Kang,
“An axially continuous graphene-copper wire for high-power transmission:
Thermoelectrical ~characterization and mechanisms,” Adv. Mater. 33,
€2104208 (2021).

60B. M. Wu, X. D. Wang, H. W. Tang, W. Jiang, Y. Chen, Z. Wang, Z. Z. Cui,
T. Lin, H. Shen, W. D. Hu, X. J. Meng, W. Z. Bao, J. L. Wang, and J. H. Chu,
“Multifunctional MoS, transistors with electrolyte gel gating,” Small 16,
2000420 (2020).

61C. 8. Liu, H. W. Chen, S. Y. Wang, Q. Liu, Y. G. Jiang, D. W. Zhang, M. Liu,
and P. Zhou, “Two-dimensional materials for next-generation computing
technologies,” Nat. Nanotechnol. 15, 545-557 (2020).

2Y. Chen, J. Lu, and Z. Gao, “Structural and electronic study of nanoscrolls
rolled up by a single graphene sheet,” J. Phys. Chem. C 111, 1625-1630
(2007).

63C. H. Chang and C. Ortix, “Theoretical prediction of a giant anisotropic mag-
netoresistance in carbon nanoscrolls,” Nano Lett. 17, 3076-3080 (2017).

S4M. B. Lien, C. H. Liu, I Y. Chun, S. Ravishankar, H. Nien, M. M. Zhou, J. A.
Fessler, Z. H. Zhong, and T. B. Norris, “Ranging and light field imaging with
transparent photodetectors,” Nat. Photonics 14, 143-148 (2020).

657, Wang, P. Wang, F. Wang, J. Ye, T. He, F. Wu, M. Peng, P. Wu, Y. Chen, F.
Zhong, R. Xie, Z. Cui, L. Shen, Q. Zhang, L. Gu, M. Luo, Y. Wang, H. Chen,
P. Zhou, A. Pan, X. Zhou, L. Zhang, and W. Hu, “A noble metal dichalcoge-
nide for high-performance field-effect transistors and broadband photo-
detectors,” Adv. Funct. Mater. 30, 1907945 (2020).

%6\, Buscema, D. J. Groenendijk, S. I. Blanter, G. A. Steele, H. S. J. van der
Zant, and A. Castellanos-Gomez, “Fast and broadband photoresponse of few-
layer black phosphorus field-effect transistors,” Nano Lett. 14, 3347-3352
(2014).

87N. Flory, P. Ma, Y. Salamin, A. Emboras, T. Taniguchi, K. Watanabe, J.
Leuthold, and L. Novotny, “Waveguide-integrated van der Waals heterostruc-
ture photodetector at telecom wavelengths with high speed and high
responsivity,” Nat. Nanotechnol. 15, 118-124 (2020).

68U, N. Noumbe, C. Greboval, C. Livache, A. Chu, H. Majjad, L. E. Parra
Lopez, L. D. N. Mouafo, B. Doudin, S. Berciaud, J. Chaste, A. Ouerghi, E.
Lhuillier, and J. F. Dayen, “Reconfigurable 2D/0D p-n graphene/HgTe nano-
crystal heterostructure for infrared detection,” ACS Nano 14, 4567-4576
(2020).

89G. J. Li, E. M. Song, G. S. Huang, Q. L. Guo, F. Ma, B. Zhou, and Y. F.
Mei, “High-temperature-triggered thermally degradable electronics based
on flexible silicon nanomembranes,” Adv. Funct. Mater. 28, 1801448
(2018).

7ON. Bassik, G. M. Stern, and D. H. Gracias, “Self-folding graphene-polymer
bilayers,” Appl. Phys. Lett. 106, 203108 (2015).

ﬂQ. Huang, T. Deng, W. Xu, C. Yoon, Z. Qin, Y. Lin, T. Li, Y. Yang, M. Shen,
S. M. Thon, J. B. Khurgin, and D. H. Gracias, “Solvent responsive self-folding
of 3d photosensitive graphene architectures,” Adv. Intell. Syst. 2020, 2000195.

72W. Xu, Z. Qin, C.-T. Chen, H. R. Kwag, Q. Ma, A. Sarkar, M. J. Buehler, and
D. H. Gracias, “Ultrathin thermoresponsive self-folding 3D graphene,” Sci.
Adv. 3, e1701084 (2017).

73T. F. Teshima, C. S. Henderson, M. Takamura, Y. Ogawa, S. Wang, Y.
Kashimura, S. Sasaki, T. Goto, H. Nakashima, and Y. Ueno, “Self-folded
three-dimensional graphene with a tunable shape and conductivity,” Nano
Lett. 19, 461-470 (2019).

740. Erol, A. Pantula, W. Liu, and D. H. Gracias, “Transformer Hydrogels: A
Review,” Adv. Mater. Technol. 4, 1900043 (2019).

75N. Bassik, G. M. Stern, and D. H. Gracias, “Microassembly based on hands
free origami with bidirectional curvature,” Appl. Phys. Lett. 95, 091901
(2009).

Appl. Phys. Lett. 121, 060503 (2022); doi: 10.1063/5.0098838
Published under an exclusive license by AIP Publishing

121, 060503-11

£4:9€:70 920z Asenuer og


https://doi.org/10.1002/adma.201902994
https://doi.org/10.1038/s41586-021-03338-0
https://doi.org/10.1021/acsami.9b21727
https://doi.org/10.1002/smll.201601413
https://doi.org/10.1126/science.1078842
https://doi.org/10.1515/nanoph-2020-0401
https://doi.org/10.1002/adma.201004759
https://doi.org/10.1038/s41586-019-1013-x
https://doi.org/10.1002/pssr.201600114
https://doi.org/10.1557/mrs.2012.184
https://doi.org/10.1002/admt.201800486
https://doi.org/10.1002/adma.201301208
https://doi.org/10.1002/adma.200801589
https://doi.org/10.1016/S1386-9477(99)00249-0
https://doi.org/10.1016/0956-7151(94)00444-M
https://doi.org/10.1063/1.4978692
https://doi.org/10.1002/smll.200900021
https://doi.org/10.1038/nature12385
https://doi.org/10.1002/smll.201803876
https://doi.org/10.1038/s41586-018-0129-8
https://doi.org/10.1002/asia.201900301
https://doi.org/10.1016/j.cej.2017.07.056
https://doi.org/10.1016/j.cej.2020.126873
https://doi.org/10.1002/ange.201303480
https://doi.org/10.1002/adma.202104208
https://doi.org/10.1002/smll.202000420
https://doi.org/10.1038/s41565-020-0724-3
https://doi.org/10.1021/jp066030r
https://doi.org/10.1021/acs.nanolett.7b00426
https://doi.org/10.1038/s41566-019-0567-3
https://doi.org/10.1002/adfm.201907945
https://doi.org/10.1021/nl5008085
https://doi.org/10.1038/s41565-019-0602-z
https://doi.org/10.1021/acsnano.0c00103
https://doi.org/10.1002/adfm.201801448
https://doi.org/10.1063/1.4921530
https://doi.org/10.1002/aisy.202000195
https://doi.org/10.1126/sciadv.1701084
https://doi.org/10.1126/sciadv.1701084
https://doi.org/10.1021/acs.nanolett.8b04279
https://doi.org/10.1021/acs.nanolett.8b04279
https://doi.org/10.1002/admt.201900043
https://doi.org/10.1063/1.3212896
https://scitation.org/journal/apl

Applied Physics Letters

76M. L. Chen, X. D. Sun, H. Liu, H. W. Wang, Q. B. Zhu, S. S. Wang, H. F. Du,
B.J. Dong, J. Zhang, Y. Sun, S. Qiu, T. Alava, S. Liu, D. M. Sun, and Z. Han,
“A FinFET with one atomic layer channel,” Nat. Commun. 11, 1205 (2020).

77M. E. Beck, A. Shylendra, V. K. Sangwan, S. L. Guo, W. A. G. Rojas, H. Yoo,
H. Bergeron, K. Su, A. R. Trivedi, and M. C. Hersam, “Spiking neurons from
tunable gaussian heterojunction transistors,” Nat. Commun. 11, 1565 (2020).

787, K. Geim and K. S. Novoselov, “The rise of graphene,” Nat. Mater. 6,
183-191 (2007).

79G. W. Yuan, D. J. Lin, Y. Wang, X. L. Huang, W. Chen, X. D. Xie, ]. Y. Zong,
Q. Q. Yuan, H. Zheng, D. Wang, J. Xu, S. C. Li, Y. Zhang, J. Sun, X. X. Xi,
and L. B. Gao, “Proton-assisted growth of ultra-flat graphene films,” Nature
577, 204-208 (2020).

80p, Deng, Z. Pang, S. Chen, X. Li, C. Meng, J. Li, M. Liu, J. Wu, Y. Qi, W.
Dang, H. Yang, Y. Zhang, J. Zhang, N. Kang, H. Xu, Q. Fu, X. Qiu, P. Gao, Y.
Wei, Z. Liu, and H. Peng, “Wrinkle-free single-crystal graphene wafer grown
on strain-engineered substrates,” ACS Nano 11, 12337-12345 (2017).

81y, Yang, Z. Zeng, J. Kang, S. Betzler, C. Czarnik, X. Zhang, C. Ophus, C. Yu, K.
Bustillo, M. Pan, J. Qiu, L. W. Wang, and H. Zheng, “Formation of two-
dimensional transition metal oxide nanosheets with nanoparticles as inter-
mediates,” Nat. Mater. 18, 970-976 (2019).

82K, Kang, S. E. Xie, L. J. Huang, Y. M. Han, P. Y. Huang, K. F. Mak, C. J. Kim,
D. Muller, and J. Park, “High-mobility three-atom-thick semiconducting films
with wafer-scale homogeneity,” Nature 520, 656-660 (2015).

83, Wang, X. Z. Xu, L. N. Zhang, R. X. Qiao, M. H. Wu, Z. C. Wang, S. Zhang,
J. Liang, Z. H. Zhang, Z. B. Zhang, W. Chen, X. D. Xie, J. Y. Zong, Y. W.
Shan, Y. Guo, M. Willinger, H. Wu, Q. Y. Li, W. L. Wang, P. Gao, S. W. Wu,
Y. Zhang, Y. Jiang, D. P. Yu, E. G. Wang, X. D. Bai, Z. ]. Wang, F. Ding, and
K. H. Liu, “Epitaxial growth of a 100-square-centimetre single-crystal hexago-
nal boron nitride monolayer on copper,” Nature 570, 91-95 (2019).

847. Cai, Y. Lai, S. Zhao, R. Zhang, J. Tan, S. Feng, J. Zou, L. Tang, J. Lin, B. Liu, and
H. M. Cheng, “Dissolution-precipitation growth of uniform and clean two dimen-
sional transition metal dichalcogenides,” Natl. Sci. Rev. 8, nwaal15 (2021).

85L. Sun, B. Chen, W. Wang, Y. Li, X. Zeng, H. Liu, Y. Liang, Z. Zhao, A. Cai,
R. Zhang, Y. Zhu, Y. Wang, Y. Song, Q. Ding, X. Gao, H. Peng, Z. Li, L. Lin,
and Z. Liu, “Toward epitaxial growth of misorientation-free graphene on
Cu(111) foils,” ACS Nano 16, 285-294 (2022).

86T, A. Chen, C. P. Chuu, C. C. Tseng, C. K. Wen, H. P. Wong, S. Pan, R. Li, T.
A. Chao, W. C. Chueh, Y. Zhang, Q. Fu, B. I. Yakobson, W. H. Chang, and L.
J. Li, “Wafer-scale single-crystal hexagonal boron nitride monolayers on Cu,”
Nature 579(111), 219-223 (2020).

877. Wang, H. Xia, P. Wang, X. Zhou, C. Liu, Q. Zhang, F. Wang, M. Huang, S.
Chen, P. Wu, Y. Chen, J. Ye, S. Huang, H. Yan, L. Gu, J. Miao, T. Li, X. Chen,
W. Lu, P. Zhou, and W. Hu, “Controllable doping in 2D layered materials,”
Adv. Mater. 33, 2104942 (2021).

88p. M. Wu, X. D. Wang, H. W. Tang, T. Lin, H. Shen, W. D. Hu, X. ]. Meng,
W. Z. Bao, J. L. Wang, and J. H. Chu, “A study on ionic gated MoS, photo-
transistors,” Sci. China Inf. Sci. 62, 220405 (2019).

89, Wang, Q. Yao, C. W. Huang, X. Zou, L. Liao, S. Chen, Z. Fan, K. Zhang, W.
Wu, X. Xiao, C. Jiang, and W. W. Wu, “High mobility MoS, transistor with
low schottky barrier contact by using atomic thick h-BN as a tunneling layer,”
Adv. Mater. 28, 8302-8308 (2016).

9OR. Kappera, D. Voiry, S. E. Yalcin, B. Branch, G. Gupta, A. D. Mohite, and M.
Chhowalla, “Phase-engineered low-resistance contacts for ultrathin MoS,
transistors,” Nat. Mater. 13, 1128-1134 (2014).

9'H. Wang, Z. Li, D. Li, P. Chen, L. Pi, X. Zhou, and T. Zhai, “Van der Waals
integration based on two-dimensional materials for high-performance infra-
red photodetectors,” Adv. Funct. Mater. 31, 2103106 (2021).

PERSPECTIVE scitation.org/journal/apl

92C. Chen, P. Song, F. Meng, P. Ou, X. Liu, and J. Song, “Effect of topological
patterning on self-rolling of nanomembranes,” Nanotechnology 29, 345301
(2018).

93C. Chen, P. Song, F. Meng, X. Li, X. Liu, and J. Song, “Quantitative analysis
and predictive engineering of self-rolling of nanomembranes under aniso-
tropic mismatch strain,” Nanotechnology 28, 485302 (2017).

94F, Gabler, D. D. Karnaushenko, D. Karnaushenko, and O. G. Schmidt,
“Magnetic origami creates high performance micro devices,” Nat. Commun.
10, 3013 (2019).

954, Castellanos-Gomez, H. S. J. van der Zant, and G. A. Steele, “Folded MoS,
layers with reduced interlayer coupling,” Nano Res. 7, 572-578 (2014).

96W. Zhu, T. Low, V. Perebeinos, A. A. Bol, Y. Zhu, H. Yan, J. Tersoff, and P.
Avouris, “Structure and electronic transport in graphene wrinkles,” Nano
Lett. 12, 3431-3436 (2012).

7K. Kim, Z. Lee, B. D. Malone, K. T. Chan, B. Aleman, W. Regan, W. Gannett,
M. F. Crommie, M. L. Cohen, and A. Zettl, “Multiply folded graphene,” Phys.
Rev. B 83, 245433 (2011).

98] Zang, S. Ryu, N. Pugno, Q. Wang, Q. Tu, M. J. Buehler, and X. Zhao,
“Multifunctionality and control of the crumpling and unfolding of large-area
graphene,” Nat. Mater. 12, 321-325 (2013).

99Q. Song, M. An, X. Chen, Z. Peng, J. Zang, and N. Yang, “Adjustable thermal
resistor by reversibly folding a graphene sheet,” Nanoscale 8, 14943-14949
(2016).

1004 R. Khan, T. Lu, W. Ma, Y. Lu, and Y. Liu, “Tunable optoelectronic proper-
ties of WS, by local strain engineering and folding,” Adv. Electron. Mater. 6,
1901381 (2020).

1Y Annett and G. L. Cross, “Self-assembly of graphene ribbons by spontaneous
self-tearing and peeling from a substrate,” Nature 535, 271-275 (2016).

102y Cao, V. Fatemi, A. Demir, S. Fang, S. L. Tomarken, J. Y. Luo, J. D. Sanchez-
Yamagishi, K. Watanabe, T. Taniguchi, E. Kaxiras, R. C. Ashoori, and P.
Jarillo-Herrero, “Correlated insulator behaviour at half-filling in magic-angle
graphene superlattices,” Nature 556, 80-84 (2018).

103y, Cao, V. Fatemi, S. Fang, K. Watanabe, T. Taniguchi, E. Kaxiras, and P.
Jarillo-Herrero, “Unconventional superconductivity in magic-angle graphene
superlattices,” Nature 556, 43-50 (2018).

104K Tran, G. Moody, F. Wu, X. Lu, J. Choi, K. Kim, A. Rai, D. A. Sanchez, J.
Quan, A. Singh, J. Embley, A. Zepeda, M. Campbell, T. Autry, T. Taniguchi,
K. Watanabe, N. Lu, S. K. Banerjee, K. L. Silverman, S. Kim, E. Tutuc, L. Yang,
A. H. MacDonald, and X. Li, “Evidence for moiré excitons in van der Waals
heterostructures,” Nature 567, 71-75 (2019).

195C. Zhang, C.-P. Chuu, X. Ren, M.-Y. Li, L.-J. Li, C. Jin, M.-Y. Chou, and C.-K.
Shih, “Interlayer couplings, Moiré patterns, and 2D electronic superlattices in
MoS,/WSe, hetero-bilayers,” Sci. Adv. 3, e1601459 (2017).

198(). Tong, H. Yu, Q. Zhu, Y. Wang, X. Xu, and W. Yao, “Topological mosaics
in moiré superlattices of van der Waals heterobilayers,” Nat. Phys. 13,
356-362 (2017).

197] Ji, X. Song, J. Liu, Z. Yan, C. Huo, S. Zhang, M. Su, L. Liao, W. Wang, Z. Ni,
Y. Hao, and H. Zeng, “Two-dimensional antimonene single crystals grown by
van der Waals epitaxy,” Nat. Commun. 7, 13352 (2016).

108R A, Doganov, E. C. O’Farrell, S. P. Koenig, Y. Yeo, A. Ziletti, A. Carvalho, D. K.
Campbell, D. F. Coker, K. Watanabe, T. Taniguchi, A. H. Castro Neto, and B.
Ozyilmaz, “Transport properties of pristine few-layer black phosphorus by van der
Waals passivation in an inert atmosphere,” Nat. Commun. 6, 6647 (2015).

1996, Sinha, Y. Takabayashi, H. Shinohara, and R. Kitaura, “Simple fabrication of
air-stable black phosphorus heterostructures with large-area hBN sheets
grown by chemical vapor deposition method,” 2D Mater. 3, 035010 (2016).

Appl. Phys. Lett. 121, 060503 (2022); doi: 10.1063/5.0098838
Published under an exclusive license by AIP Publishing

121, 060503-12

£4:9€:70 920z Asenuer og


https://doi.org/10.1038/s41467-020-15096-0
https://doi.org/10.1038/s41467-020-15378-7
https://doi.org/10.1038/nmat1849
https://doi.org/10.1038/s41586-019-1870-3
https://doi.org/10.1021/acsnano.7b06196
https://doi.org/10.1038/s41563-019-0415-3
https://doi.org/10.1038/nature14417
https://doi.org/10.1038/s41586-019-1226-z
https://doi.org/10.1093/nsr/nwaa115
https://doi.org/10.1021/acsnano.1c06285
https://doi.org/10.1038/s41586-020-2009-2
https://doi.org/10.1002/adma.202104942
https://doi.org/10.1007/s11432-019-1472-6
https://doi.org/10.1002/adma.201602757
https://doi.org/10.1038/nmat4080
https://doi.org/10.1002/adfm.202103106
https://doi.org/10.1088/1361-6528/aac8fe
https://doi.org/10.1088/1361-6528/aa94aa
https://doi.org/10.1038/s41467-019-10947-x
https://doi.org/10.1007/s12274-014-0425-z
https://doi.org/10.1021/nl300563h
https://doi.org/10.1021/nl300563h
https://doi.org/10.1103/PhysRevB.83.245433
https://doi.org/10.1103/PhysRevB.83.245433
https://doi.org/10.1038/nmat3542
https://doi.org/10.1039/C6NR01992G
https://doi.org/10.1002/aelm.201901381
https://doi.org/10.1038/nature18304
https://doi.org/10.1038/nature26154
https://doi.org/10.1038/nature26160
https://doi.org/10.1038/s41586-019-0975-z
https://doi.org/10.1126/sciadv.1601459
https://doi.org/10.1038/nphys3968
https://doi.org/10.1038/ncomms13352
https://doi.org/10.1038/ncomms7647
https://doi.org/10.1088/2053-1583/3/3/035010
https://scitation.org/journal/apl

