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ABSTRACT: Manipulating nanocracks to produce various
nanodevices has attracted increasing interest. Here, based on
the mature transfer printing technique, a novel notch-assisted
transfer printing technique was engaged to produce nanocracks by simply introducing notch structures into the
transferred nanomembranes. Both experiments and ﬁnite
element simulations were used to elucidate the probability of
nanocrack formation during the transfer process, and the
results demonstrated that the geometry of nanomembranes played a key role in concentrating stress and producing nanocracks.
We further demonstrated that the obtained nanocrack can be used as a surface-enhanced Raman scattering substrate because of
the signiﬁcant enhancement of electric ﬁelds. In addition, the capillary condensation of water molecules in the nanocrack led to
an obvious change of resistance, thus providing an opportunity for the crack-based structure to be used as an ultrasensitive
humidity sensor. The current approach can be applied to producing nanocracks from multiple materials and will have important
applications in the ﬁeld of nanodevices.
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INTRODUCTION
Cracks are always considered as an unwanted material failure
mode that should be avoided.1 However, as a kind of micro-/
nanostructure, cracks may also be engaged in producing
structures with special features.2−4 Recently, cracks with the
size as low as sub-10 nm have been demonstrated,3 which is
comparable with the advanced e-beam lithography technology.
Other advantages like facileness, low cost, and high throughput
may also suggest their important potentials in the nanofabrication process.5 Many methods of promoting crack
initiation in diﬀerent materials have been reported, including
thermal cycling of multilayer samples with diﬀerent thermal
expansion coeﬃcients,6,7 swelling of polymer materials such as
epoxy and SU-8 photoresist in solvents,4,8 raising the stress
between a deposited layer and the underlying material during
the deposition of a thin brittle material,3,5,9 applying uniform
stress on polydimethylsiloxane (PDMS)-based materials,10−14
and so forth. It is worth mentioning that these methods are all
combined with the notch structures as stress raisers to
manipulate the initiation and propagation of cracks.15−19
These artiﬁcial cracks are applied in diﬀerent ﬁelds:
manipulating the morphology of cells,10,11 detecting forces
and sound,14 as templates/molds for nanowires/nanochannels
fabrication,6−8,13,20 and integrating with ZnO nanoparticles to
form ultraviolet photodetectors.4 Despite the achievements in
© 2018 American Chemical Society

producing and manipulating cracks, there are still some
limitations and drawbacks. In most cases, the individual
approach only ﬁts for a speciﬁc material. A universal crack
fabrication and manipulation technique suitable for a wide
range of materials is strongly required for practical applications.
Transfer printing is a versatile set of techniques of micro-/
nanofabrication suitable for far-ranging classes of materials
including hard materials, such as metals,21−23 oxides,24 and
single-crystalline inorganic semiconductors.25−28 The core of
the technique is the use of a kinetically controlled adhesion of
an elastomeric stamp (usually a PDMS rubber) to transfer
printed solid objects from the donor substrate to the receiving
substrate.29,30 Inspired by the advantages of the widely
applicable and controllable transfer printing technique, here
we propose a notch-assisted transfer printing technique to
produce nanocracks during the normal transfer printing
process of a thin brittle nanomembrane by simply introducing
notch structures into the nanomembrane as stress raisers. In
this work, a controllable unidirectional nanocrack array was
produced in a silicon nanomembrane (SiNM) and transferred
readily onto a receiving substrate in a transfer printing process.
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Figure 1. (a) Fabrication and transfer process of SiNMs with nanocrack structures by employing notch-assisted transfer printing technique. (b)
Optical microscopy image of SiNMs with nanocrack structures on PDMS rubber fabricated by grabbing oﬀ SiNMs from the Si substrate through a
peeling process. (c) Optical microscopy image of SiNMs with nanocrack structures transferred onto the receiving substrate PI.
velocity of about 1 mm/s [Figure 1a-(v)] made the objects inclined to
depart from PDMS and adhere to the receiving substrate, resulting in
cracked SiNMs/PI devices [Figure 1a-(vi)]. The morphology of the
nanocracks was characterized by scanning electron microscopy (SEM,
Zeiss Sigma 300) and atomic force microscopy (AFM, Bruker Icon).
Inﬂuence from the Geometry of the Patterns. Micropatterns
with various geometrical parameters (width, notch angle, and location
of notches) were designed and fabricated. In this work, the width of
the nanomembrane (d) was set as 20/30/40/60/100 μm, and the
notch angle (θ) was set as 30°/60°/90°/120°/150°. The fracture
probability at the notches in diﬀerent patterns was calculated after the
transfer printing process.
Theoretical Simulation. Simulation of the stress ﬁeld distribution
around the notch vertexes of diﬀerent parameters during the transfer
process was carried out via the ﬁnite element method (FEM). The
idealized model consists of a PDMS rubber and a SiNM attached to
the surface of PDMS. For the sake of clarity, the SiNM contained only
one unpaired notch or one pair of notches in the model. The
mechanical parameters of PDMS and SiNM were set according to the
values reported in the literature,31,32 and both Si and PDMS were set
as linearly elastic materials. The length and width of PDMS in FEM
are set as 300 and 200 μm, respectively. The thickness of SiNM was
set as 0.1 μm. For the sake of simplicity, the thickness of PDMS was
set as 50 μm, which is much larger than that of SiNM. To simulate the
transfer process, one end of PDMS was ﬁxed, whereas an ideal peeling
force of 106 N/m2 was applied on the edge near the opposite end with
the direction perpendicular to the adhesion surface. SiNMs of
diﬀerent widths and notch angles were simulated.
SERS Measurements. A 30 nm thick Au layer was deposited on
the cracked SiNM by electron beam evaporation to form a metallic
nanogap. Then, 10−4 M rhodamine 6G (R6G) aqueous solution was
dropped onto the gap. After 2 min, the extra solution was sopped up
with a clean wiper. The sample was measured by a micro-Raman
spectrometer (HORIBA LabRAM XploRA Plus) with a 532 nm laser
as an excitation source. The laser was focused on the sample via a
100× lens, and the spot was about 1.5 μm in diameter. The laser
power was 0.05 mW. The exposure time was kept as 1 s.
Humidity Sensing. The n-type SiNMs with a low resistivity of
0.03 Ω·cm (phosphorus doping concentration: ∼1019 cm−3) was used
in this experiment, and two-terminal devices were produced by
depositing gold electrodes on the cracked SiNM/PI structures. Two
nanocracks with widths of 40 and 400 nm were tested (see Figure S2
for the method of controlling the crack width). The alterable relative

Compared to the previously published work of preparing
uniaxial metallic cracks on PDMS,13 the current approach
widens the material selection toward the single-crystalline
silicon (and even other materials cannot be deposited on
PDMS directly). As examples of practical applications, we
demonstrate that the nanocrack can work as a surfaceenhanced Raman spectroscopy (SERS) substrate with uniform
enhancement and a humidity sensor with ultrahigh sensitivity.
The present notch-assisted transfer printing technique is a
promising nanofabrication technique that can be applied to
multiple ﬁelds.

■

EXPERIMENTAL SECTION

Fabrication of Nanocracks. A silicon-on-insulator (SOI) wafer
of (001) Si: 100 nm and SiO2: 120 nm was used here. The top silicon
layer of the SOI wafer was patterned with photolithography, followed
by reactive ion etching (RIE) in SF6: 15 sccm and O2: 3 sccm at a
pressure of 100 mTorr [Figure 1a-(i)]. Paired triangular notch
structures working as stress raisers were designed in the micropattern.
The connection lines of the paired notch vertexes were set to follow
the <100> orientation to get straight cracks in the following process
(see Figure S1 for more details).5 Then, the wafer was cleaned and
soaked in 30% HF solution for 6 h to remove the SiO2 underlayer
completely [Figure 1a-(ii)]. After that, a ﬂat PDMS rubber (length: 2
cm; width: 1.5 cm; thickness: 0.2 cm) was attached to it intimately by
the van der Waals force. The rubber was peeled away from the wafer
quickly with a peeling velocity of about 10 cm/s to ensure the
adhesion between the Si object array and the surface of PDMS
[Figure 1a(iii)]. During the transfer process, the PDMS surface used
for adhesion was expanded, thus generating a tensile strain in the
brittle SiNM. When the induced tensile strain value exceeds the
ultimate tensile strength (also called as fracture toughness), cracking
fronts can be formed, which penetrate the SiNM and ﬁnally connect
with each notch pair to produce nanocracks [Figure 1a-(iv)]. In the
following step, the partially cured PI layer was used as the receiving
substrate. Speciﬁcally, a three-step process was used to prepare the PI
layer. PI2000 was ﬁrst spin-coated on an oxide wafer at 4000 rpm for
30 s. Then, the sample was heated at 50 °C for 3 min and 150 °C for
5 min. To achieve the transfer process from PDMS to the PI
substrate, PDMS and SiNM attached with the nanocrack structures
were contacted to the receiving substrate PI manually. Pulling the
PDMS rubber away from the PI substrate slowly with a peeling
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humidity (RH) for the tests was generated by saturated salt (K2CO3,
NaCl, and K2SO4) solutions, and the corresponding RH values were
43, 75, and 98%, respectively, at 20 °C and 1 atm. The electrical
measurements were carried out on a semiconductor parameter
analyzer (Keithley 4200).

notch structures. Figure 2a presents three parameters we have
investigated: notch angle (θ), width of SiNMs (d), and paired/

■

RESULTS AND DISCUSSION
The fabrication process of the nanocrack structures is shown in
the ﬂowchart in Figure 1a. The micropattern was designed
with paired notches whose vertexes were capable of
concentrating stress.15−18 The vertexes were more likely to
reach the ultimate tensile strength and become the initiation
points of the cracks. The SOI wafer was patterned with a
photoresist by standard photolithography, and then the
exposed silicon was etched away by RIE. After removing the
photoresist, the wafer was immersed in HF solution to etch the
underneath SiO2 layer. The released SiNM was attached to the
substrate via the van der Waals force during the slow etching
process. Then, a ﬂat PDMS rubber was contacted to the wafer
intimately and peeled back quickly along the direction
perpendicular to the connection line between the vertexes of
the paired notches. At a fast peeling rate, the adhesion between
the PDMS rubber and the SiNMs was much stronger than that
between the SiNMs and the Si substrate,30 and the patterned
SiNMs were grabbed oﬀ from the donor substrate. During the
peeling process, PDMS was bent and the SiNMs were also
stretched. Once the stress of the notch vertex reached the
ultimate tensile strength, cracks would appear instantly,33
connecting the paired notches horizontally and penetrating the
SiNMs in the vertical direction. The PDMS rubber and the
SiNMs attached with the nanocrack structures were then
printed onto a receiving substrate, that is, PI spin-coated on a
thermally oxidized Si substrate. Here, PI was selected as the
adhesion layer because of its thermal stability, good chemical
resistance, and excellent mechanical properties.34 Finally, the
PDMS rubber was peeled back slowly. In this case, the
adhesion between Si and PDMS became weaker than the
interaction between Si and PI,30 and the SiNMs with
nanocrack structures were transferred to the PI surface. Figure
1b displays an optical photograph of a typical as-fabricated
cracked SiNM array on PDMS and an enlarged image of a
nanocrack structure, which demonstrates that the width of the
crack is in nanometer scale. There was no visible deformation
in the SiNMs around the cracked area, indicating that the
deformation energy was concentrated at the locations of the
crack.35 Figure 1c presents the same cracked SiNM array as
that shown in Figure 1b transferred onto the receiving
substrate PI. The nanocrack structure keeps its original
morphology well with only a slight broadening of width (but
still within the nanometer size). A further morphological
characterization of nanocracks by AFM can be found in Figure
S3.
The above method of fabricating nanocrack structures is a
facile and low-cost strategy to produce unidirectional
nanostructures, and it is also compatible with the widely
used transfer printing techniques, which means a potential
application of integration with various function systems like
ﬂexible electronics36,37 and optoelectronics.38−43 The eﬀect of
various parameters on the cracking process of SiNMs will be
discussed in the following section.
To improve the fracture probability of SiNMs during the
transfer process, the stress concentrated at the notch vertexes
was increased by adjusting the geometrical parameters of the

Figure 2. Inﬂuence of geometrical parameters of notches on the
proportion of cracks in transferred SiNMs. (a) Optical microscopy
image of cracked SiNMs with unpaired/paired notches on PDMS.
The notch angle θ and the width d are labeled. (b) Statistical results
of the proportion of cracks in transferred SiNMs with paired/unpaired
notches. The value of θ increases from 30° to 150° with a step of 30°,
and d is kept constant at 20 μm. (c) Statistical results of the
proportion of cracks in transferred SiNMs with unpaired notches. The
value of d is set as 20/30/40/60/100 μm.

unpaired notches. Here, the notch angle θ was set as 30°/60°/
90°/120°/150°, and the width d was set as 20/30/40/60/100
μm. The values of θ and d of SiNMs in Figure 2a were 90° and
30 μm, respectively. In the present work, the bottom length of
the notches and the spacing between the neighboring notches
were kept constant at 10 and 50 μm, respectively. In addition,
the patterned SiNMs with notches at a single side were
compared with those with paired notches. For the SiNMs with
unpaired notches, cracks initiated from the notches and
terminated at the opposite side. For the SiNMs with paired
notches, the cracks connected the notches.8,19 We prepared
patterned SiNMs with diﬀerent geometries and studied their
inﬂuence on fracture probability. In each case, more than 100
notches that transferred simultaneously onto the same PDMS
were counted, and the statistics are shown in Figure 2b,c.
Figure 2b shows the proportion of cracks under diﬀerent θ and
at the same d of 20 μm. The statistical result indicates that the
probability of crack formation decreases with an increase of θ,
meaning that the stress can be hardly concentrated at large θ.
The probability in the case of unpaired notches comes to about
100% when θ = 30°, whereas the probability for paired notches
reaches 100% when θ = 60°. This indicates that the probability
of crack formation in SiNMs with paired notches is always
higher than that with unpaired notches. Figure 2c displays the
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relationship between d and the proportion of cracks in the case
of unpaired notches. At θ = 30°, the change of width from 20
to 40 μm has no eﬀect on the probability, indicating that sharp
notches can strongly concentrate stress. However, as the width
increases further, the fracture probability starts to decrease. For
notches with larger angles, that is, θ = 60° or 90°, the
probability is less than 100% and decreases obviously with d.
The above results reﬂect a downtrend of stress evolution at the
location of the vertexes as the width increases.
According to the maximum normal stress strength theory,
brittle materials break once the stress reaches the ultimate
tensile strength. Here, the simulations of stress distributions in
SiNMs with diﬀerent geometries (i.e., diﬀerent d and θ),
before the initiation of cracks, are carried out by FEM. The
model is shown in Figure 3a. Because the interaction between

that unintentional cracks can hardly be observed. Figure 3b
shows the dependencies of the maximum stress at the vicinity
of the vertex on d and θ. At the same d, the stress decreases
obviously with an increase of θ, which ﬁts well with the
experimental results shown in Figure 2b. At the same θ, the
stress decreases quickly with an increase of d if the notch is
very sharp. However, the decrease becomes relatively
inconspicuous for larger θ (see Figure 3b). Further, the
stresses in the cases of small θ are always higher than larger θ,
and thus the proportion of cracks should increase correspondingly, as experimentally observed in Figure 2c.
SERS is of great interest because of its ability of
manipulating and detecting materials from very small volumes
(minimum to molecular scale),45−47 and it can save cost and
ensure repeatability of measurement.48−50 Gold is frequently
chosen in SERS because of its localized surface plasmons
(LSPs).9,51,52 Among plasmonic devices, nanogaps based on
metal−insulator−metal (Au−air−Au) structures have been
investigated deeply because of the signiﬁcant enhancement of
the electric ﬁelds.53−55 Here, we demonstrated that an Aucoated nanocrack has uniform Raman enhancement. In our
experiment, a 30 nm thick Au layer was deposited on the
cracked SiNMs/PDMS sample at a very low rate to ensure a
uniform coating layer and form a metallic nanogap (width: 150
nm). Figure 4a shows the SEM image of the Au-coated

Figure 3. (a) Left: theoretical model of the transfer process. Right:
calculated stress distribution at the vicinity of the notch (θ = 30°)
vertex before the crack initiation. (b) Calculated maximum stress at
the notch vertex as a function of notch angle θ and the SiNM width d.
The applied stress at the end is kept at 106 N/m2.

PDMS and SiNMs is much stronger than that of SiNMs and
the Si substrate during the faster peeling process,30 the model
only consists of a PDMS rubber and a SiNM stacking on the
surface of PDMS, and the SiNM contains only one pair of
notches (simulation of an unpaired notch is presented in
Figure S4.). PDMS is set as a linearly elastic material because
of its high elasticity, small bending amplitude, and small
deformation time.31 Si is also set as a linearly elastic material
without ductility at room temperature.44 Here, the thickness of
PDMS was set as 50 μm, which is much larger than that of
SiNM. The deviation between the simulation and experiment
can be neglected, as the bending status of the PDMS substrate
determines the stress in the SiNM. In the simulation, one end
of PDMS is ﬁxed, whereas an ideal peeling force of 106 N/m2
(according to our experiment) is applied on the opposite end
with the direction perpendicular to the adhesion surface. The
right panel of Figure 3a displays the simulated stress
distribution around a notch with θ = 30°. Stress is
concentrated at the notch vertex, indicating that the stress at
the vicinity of the vertex is most likely to reach the ultimate
tensile strength and causes the initiation of crack. The stress at
other places is signiﬁcantly smaller than that at the vertex, such

Figure 4. (a) SEM image of an Au-coated cracked SiNM on PDMS.
The inset is the enlarged image, and the scale bar is 200 nm. (b)
Comparison of SERS spectra collected from diﬀerent locations: (i)
nanogap structure; (ii) 2 μm away from the gap; (iii) surface of
cracked SiNMs without an Au coating on PDMS. (c) Raman intensity
map of the characteristic peak of 1362 cm−1 at the vicinity of the
nanogap.

nanocrack. In the current SERS characterization, the probe
molecule used is R6G, and the Au surface is capable of
absorbing R6G molecules by an electrostatic force and N−Au
interaction.56,57 Figure 4b presents the typical Raman spectra
of R6G collected from diﬀerent locations around the
nanocrack and on bare SiNM. The blue line (plot i) displays
the spectrum collected from the center of the gap (see Figure
4a). The red line (plot ii) represents the Raman signal of a spot
on the Au substrate 2 μm away from the gap (see Figure 4a).
For comparison, the black line (plot iii) exhibits the Raman
signal from R6G molecules on a cracked SiNMs/PDMS
25647
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Figure 5. (a-i) Optical microscopy image of the humidity sensors: cracked SiNMs transferred onto PI with a pair of Au electrodes deposited on
them. (a-ii) Experimental conﬁguration for electrical measurements. (b,c) Typical I−V curves of two sensors in diﬀerent RHs at 20 °C and 1 atm.
The insets are the SEM images of the corresponding nanocrack structures. Both scale bars are 300 nm. (d) Response of the sensor device shown in
ﬁgure 5b. RH is decreased from 98 to 43%. The red line is a guide to the eye. The inset shows the current at diﬀerent RHs when the applied voltage
is 5 V.

and experimental conﬁguration used in our experiment (see
Figure S6 for more details). RHs in the chamber were
stabilized at 98, 75, and 43%. The device is actually an
electronic nanogap with a high resistance. Here, the SiNMs
with high doping concentration and low resistivity were used
to reduce the resistance of the SiNM and thus highlight the
resistance variation of the nanogap. When the device was
placed in environments with water vapor, the adsorbed water
molecules in the gap formed a liquid bridge63 that connected
the two parts of the crack and provided a channel for charge
transportation, leading to resistance decrease of the device. An
increase in the RH level led to increased moisture adsorption,
resulting in increased water molecules, heterogeneous
nucleation rate, and condensation volume,64 and thus an
increase in the current. Figure 5b presents the I−V curve of an
as-fabricated sensor device, with the nanocrack width of about
40 nm (as displayed in the inset), at diﬀerent RHs, where the
voltage is in the range of 1.5−5 V. An obvious evolution of the
current in an environment with diﬀerent RHs is noticeable. At
a voltage of 5 V, for example, when RH is raised from 43 to
98%, the measured current increased by about 4 orders of
magnitude. The I−V curves of a sensor device with the
nanocrack width of about 400 nm at diﬀerent RHs are
presented in Figure 5c, which shows much smaller currents at
the same RH condition compared to those in Figure 5b. At 5
V, the current increases by only 2 orders of magnitude when
RH is raised from 43 to 98%. One can see that both devices are
sensitive to RH in the environment. The current diﬀerence
between the two devices (Figure 5b,c) under the same external
conditions is considered to be geometry related because the
width of the nanocrack inﬂuenced the capillary nucleation of
the water molecules.65−68 Capillary nucleation and the
following condensation are remarkable in the nanoscaleconﬁned space as the introduction of boundary conditions
reduces the mean free path of gas molecules and increases their

without an Au coating layer (see Figure S5 for more details).
An obvious enhancement in plots (i and ii) can be observed,
whereas no Raman signal can be detected in plot (iii). The two
spectra (i and ii) show the characteristic peaks of R6G, that is,
1362, 1507, and 1650 cm−1, which are attributed to the totally
symmetric modes of the in-plane C−C stretching vibration.58
It is worth noting that the intensity of plot (i) is about 4 times
larger than that of plot (ii) (see also the Supporting
Information). We also experimentally noticed that the intensity
of Raman signal decreased rapidly at the spots away from the
nanogap and tended to be constant at a ﬂat region without gap.
To demonstrate this feature clearly, we carried out Raman
mapping measurement on the sample. Figure 4c shows the
Raman mapping results with an area of 14 × 12 μm2, where the
intensity of the peak at 1362 cm−1 is traced. Throughout the
14 μm length of the nanogap, Raman signal enhancement is
quite uniform.
According to previous literature, the mechanism of Raman
signal enhancement in a nanogap can be attributed to LSPs at
the bottom of the nanogap55 and/or the metal−insulator−
metal symmetric surface plasmon polariton modes.59 The
uniform enhancement in Figure 4c indicates that the
nanocrack has an even width, as the nanogap’s electrical ﬁeld
enhancement value is sensitive to its width.59 The wellbehaved Raman enhancement of the Au-coated nanocrack
implies its potential of working as an excellent and inexpensive
SERS substrate in the bioanalysis ﬁeld.
The demand of monitoring and controlling water vapor
content in various environments requires fast-reacting,
sensitive, and reliable humidity sensors. Previously, Si-based
materials, like porous silicon, have been made into numerous
structures to measure humidity and showed good performance.60−62 Here, we demonstrated that the cracked SiNMs can
be engaged as humidity sensors with ultrahigh sensitivity and
fast response. Figure 5a-(i),a-(ii) presents the sensor device
25648

DOI: 10.1021/acsami.8b06962
ACS Appl. Mater. Interfaces 2018, 10, 25644−25651

Research Article

ACS Applied Materials & Interfaces
Notes

interaction probability. The characteristic length for the water
vapor molecules is about 128 nm at the experimental
conditions of 293 K and 1 atm (see the Supporting
Information for detailed calculation). Hence, the 40 nm wide
nanocrack in Figure 5b leads to strong condensation of water
molecules, whereas in the case of 400 nm wide nanocrack, the
above eﬀect should not be predominant. As a result, the
current evolution in the case of 40 nm wide nanocrack is much
higher, as shown in Figure 5. We should also stress that the
sensitivity for the present device made from an individual
narrow nanocrack is obviously higher than that from a wider
crack or multiple cracks.69 Moreover, to test the response time
of the sensor with a narrower crack (width: 40 nm), RH was
lowered from 98 to 43% by rapidly replacing the corresponding saturated solution, whereas the voltage was held at 5 V.
Figure 5d shows the corresponding I−t curve, and t = 0
represents the time point when the ﬂuid was totally replaced. It
took about 10 s for the current to drop from 10−7 to 10−11 A
and become stable. The stable current values at high and low
RHs are consistent with the values in Figure 5b at 5 V and
diﬀerent RHs (see the inset of Figure 5d). This response time
(∼10 s) is several times smaller than that of many reported
humidity sensors.70
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■

CONCLUSIONS
In summary, unidirectional nanocracks in thin brittle SiNMs
have been achieved by employing the proposed notch-assisted
transfer printing process as well as their transfer onto the
receiving substrate PI. Geometrical parameters play a key role
in nanocrack formation: the sharper the angle, the narrower
the width, the larger the stress concentrated at the notch
vertex, which leads to higher nanocrack initiation probability.
We have demonstrated the nanocrack structure’s excellent
abilities in the ﬁeld of SERS and humidity sensing. SERS
measurements provide a very uniform intensity enhancement
along the nanocrack, whereas humidity sensing displays
ultrahigh sensitivity and fast-response ability because of
capillary nucleation and condensation in the conﬁned space
of the nanocrack. Our research provides a universal, facile,
inexpensive, and high-precision candidate technique of nanofabrication, which can be applied to various transferable
materials for diﬀerent functions.
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