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ABSTRACT: The fabrication of large-area and flexible
nanostructures currently presents various challenges related to
the special requirements for 3D multilayer nanostructures,
ultrasmall nanogaps, and size-controlled nanomeshes. To
overcome these rigorous challenges, a simple method for
fabricating wafer-scale, ultrasmall nanogaps on a flexible
substrate using a temperature above the glass transition
temperature (Tg) of the substrate and by layer-by-layer
nanoimprinting is proposed here. The size of the nanogaps
can be easily controlled by adjusting the pressure, heating time,
and heating temperature. In addition, 3D multilayer nanostruc-
tures and nanocomposites with 2, 3, 5, 7, and 20 layers were fabricated using this method. The fabricated nanogaps with sizes
ranging from approximately 1 to 40 nm were observed via high-resolution transmission electron microscopy (HRTEM). The
multilayered nanostructures were evaluated using focused ion beam (FIB) technology. Compared with conventional methods,
our method could not only easily control the size of the nanogaps on the flexible large-area substrate but could also achieve
fast, simple, and cost-effective fabrication of 3D multilayer nanostructures and nanocomposites without any post-treatment.
Moreover, a transparent electrode and nanoheater were fabricated and evaluated. Finally, surface-enhanced Raman scattering
substrates with different nanogaps were evaluated using rhodamine 6G. In conclusion, it is believed that the proposed method
can solve the problems related to the high requirements of nanofabrication and can be applied in the detection of small
molecules and for manufacturing flexible electronics and soft actuators.
KEYWORDS: 3D multilayer nanostructures, nanogaps, layer-by-layer nanoprint, surface-enhanced Raman scattering,
glass transition temperature

Next-generation nanofabrication is important to
achieve the exigent requirements of various applica-
tions such as optical devices,1,2 chemical sensors,3,4

metamaterials,5 and surface-enhanced Raman scattering
(SERS) technology.6−8 Conventional methods including
lithography,9,10 laser direct writing,11 and nanotransfer
printing12,13 have been widely applied to fabricate various
nanostructures. Among them, lithography allows high reso-
lution and large-area nanofabrication; however, it is expensive
and time-consuming, because of which it has limited
application (it is only suitable for high-value products
including memory chip and integrated circuits). In contrast,
nanoimprint lithography (NIL) can solve the issues of
lithography, such as high cost, time consumption, and large-
area nanofabrication, via the roll-to-roll method. The residual
layer, however, is a bottleneck for large-area fabrication
without any defects for specialized applications. In addition,

it is difficult to achieve a high resolution such as that obtained
by e-beam lithography (EBL) via NIL. Therefore, some
methods have been developed to address these problems;
recently, Hwang et al. proposed a covalent bonding-assisted
nanotransfer method to fabricate high-resolution nanostruc-
tures at a low cost.14 In addition, Jeong et al. transferred Au,
Ag, and Pd nanowires onto diverse surfaces based on a solvent-
dissolvable polymer master mold and using a solvent-assisted
nanotransfer printing method.15 Seo et al. reported a material-
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independent mechanical interlocking method to fabricate
ultralong and fully aligned nanowires on a large flexible
substrate.16 These methods can overcome the limitations
related to large-area nanofabrication, which is an expensive and
time-consuming process, on flexible substrates. However,
special nanostructures need to be fabricated using desirable
methods for attaining high performance for specific applica-
tions. Among the nanostructures fabricated via various
methods, metal nanostructures with an ultrasmall nanogap
have been widely applied for the detection of molecules
present in extremely low amounts. Surface-enhanced Raman
scattering analysis has been considered as one of the most
practical technologies for this purpose.17−21 This technique
can enhance Raman scattering by molecules adsorbed on
rough metal surfaces or by plasmonic nanostructures such as
typical gold and silver nanostructures.22−24 In previous studies,
plasmonic cavity arrays,25,26 plasmonic nanoparticle arrays,27,28

plasmonic nanogap arrays,29,30 and plasmonic silver super-
crystals31 for SERS substrates have been fabricated by
nanosphere lithography (NSL), an angle evaporation techni-
que, EBL, and a nanocasting method, respectively. In these
studies, ultrasmall nanogaps for high-performance, SERS-based
molecule detection were created. However, complex post-
treatments were required during the fabrication process such as

anisotropic etching, focused ion beam (FIB) milling, and
chemical cleaning. To improve these points, wafer-scale,
ultrasmall nanogaps fabricated on a flexible poly(methyl
methacrylate) (PMMA) film were developed based on heating
above the glass transition temperature (Tg) of the polymer and
using the layer-by-layer nanoimprint method. Noble metal
nanowires were deposited on the polymer mold using an e-
beam evaporator. The fabricated metal nanowires were
successively transferred onto the PMMA substrate by heating
above the Tg of the polymer, thereby forming up−down
nanogaps of the cross structures. The nanogaps could be
controlled by adjusting the applied pressure, heating time, and
heating temperature. The fabricated nanostructures were
observed by FIB and transmission electron microscopy
(TEM). In addition, multilayers without any defects could
be fabricated based on the Tg of the substrate and
nanowelding technology. Interestingly, the PMMA substrate
played an important “cushioning” role during the process of
the layer-by-layer method. Here, a PMMA film with the
thickness of 150 μm was chosen as the substrate to achieve
nanotransfer. Three, five, seven, and 20 layers were fabricated
using the proposed method. We found that the PMMA
substrate became thinner with increasing transfer metal layers
due to the repeated process of pressure application and

Figure 1. Fabrication process, morphologies, and cross-sectional images of the nanogaps produced on the wafer-scale, flexible substrate. (a)
Fabrication process: (1)−(4) replication of the polymer mold via nanoimprinting and ultraviolet (UV)-curing; (5) metal deposition; (6) and
(7) first metal transfer at a temperature above the Tg of the substrate (specific conditions shown in the magnified image); (8) and (9)
second transfer at a temperature above the Tg of the substrate (specific conditions shown in the magnified image); (10) formation of the 3D
nanogaps. (b) Photograph of the nanogaps (scanning electron microscopy images shown in the inset). (c-i) and (c-ii): Cross-sectional
images of the samples after transfer under different conditions. (d) and (d-i): Morphology and cross-sectional image of the nanogaps.
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heating. Compared with conventional methods, our method
could not only achieve the modulation of nanogaps on a large-
area, flexible substrate in a simple manner but also allowed for
the successful fabrication of multilayer nanostructures. More-
over, mesh nanostructures with different sizes were fabricated
using the layer-by-layer method. A transparent electrode and a
heater with the size of 1600 nm × 1600 nm were evaluated.
Lastly, the SERS properties of the nanogaps in the different
fabricated nanostructures were evaluated. Our method can be

of significance in various applications such as fabrication of
plasmonic, flexible, and wearable devices and in SERS sensing.

RESULTS AND DISCUSSION
To fabricate the nanogaps on the wafer-scale substrate, the
layer-by-layer nanoimprint method was used to achieve the
transfer of the metal nanostructures onto the receiver substrate
(PMMA) by heating above the Tg of the polymer. In this
work, Au nanowires were fabricated using nanoimprint and e-

Figure 2. TEM cross-sectional images and diversification of the fabricated nanogaps depending on the heating temperature, heating time,
and pressure. (a) Nanogaps fabricated at different heating temperatures: (1) first transfer at 5 bar and 110 °C for 15 min and second transfer
at 5 bar and 100 °C for 1 min; (2) first transfer at 5 bar and 110 °C for 15 min and second transfer at 5 bar and 140 °C for 1 min; (3) various
nanogaps of the second transfer depending on the heating temperature from 100 to 140 °C. (b) Nanogaps fabricated under different heating
times: (1) First transfer at 5 bar and 110 °C for 15 min and second transfer at 5 bar and 110 °C for 30 s; (2) first transfer at 5 bar and 110 °C
for 15 min and second transfer at 5 bar and 110 °C for 7 min; (3) the variety of nanogaps depending on the heating temperature of the
second transfer from 30 s to 7 min. (c) Nanogaps fabricated at different pressures: (1) first transfer at 5 bar and 110 °C for 15 min and
second transfer at 1 bar and 110 °C for 1 min; (2) first transfer at 5 bar and 110 °C for 15 min and second transfer at 6 bar and 110 °C for 1
min; (3) the variety of nanogaps depending on the pressure of the second transfer from 1 to 6 bar.
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beam evaporation (see Figure 1a [steps 1−5]), which were
transferred onto the PMMA film by heating above the Tg of
the substrate (see Figure 1a [steps 6 and 7]). The
nanofabrication process is detailed in the Experimental
Section. Compared with the conventional transfer method,
our method does not require any chemical adhesive coating
layer; it can be performed by simply heating above the Tg of
the polymer. As it is known, the Tg is the temperature below
which the physical properties of plastics change from those of a
glassy state to those of a crystalline state. Above the Tg, they
behave like rubbery materials and are more mobile. In previous
studies, PMMA resin and films were widely applied to fabricate
polymer micro/nanopatterns using the thermal nanoimprint
method.32−34 In addition, many researchers have reported the

deformation of PMMA resin and films when heated above
their Tg, depending on the applied pressure and heating
time.35,36 According to the aforementioned studies, size-
controlled nanogaps were fabricated by heating above the Tg
of PMMA and by adjusting the applied pressure and heating
time. The nanofabrication process is illustrated in Figure 1a.
The nanogaps fabricated on the large-area, flexible substrate
are displayed in Figure 1b (the morphology is shown in the
inset). A 120 mm × 120 mm specimen is presented Figure 1b.
The large-area sample with a standard ruler is shown in Figure
S1, which clearly displays the size of the large nanofabricated
area. Figure 1c shows a schematic representation of the
nanogaps at different values of pressure and heating time. First,
the transfer was performed at 110 °C, 6 bar, and a heating time

Figure 3. Evaluation of the uniformity and reproducibility of the nanogaps fabricated using the proposed method. (a) Uniformity of
nanogaps observed via TEM cross-sectional images at (a-1) five different positions of the substrate fabricated under the condition of first
transfer at 5 bar and 110 °C for 15 min and second transfer at 5 bar and 110 °C for 1 min. (a-2) The variety of nanogaps based on different
positions. (b) Reproducibility observed via TEM cross-sectional images of (b-1) five samples fabricated under the same conditions of first
transfer at 5 bar and 110 °C for 5 min and second transfer at 5 bar and 110 °C for 1 min. (b-2) The variety of nanogaps based on the
different samples.
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of 5 min to produce deeply imprinted Au nanowires, thus
forming the nanochannels. This could be achieved because the
mechanical interlocking force (blue arrows in Figure 1a)
separated the Au nanowires from the donor substrate, and the
applied pressure and heating time promoted the formation of
nanochannels after cooling. The cross-sectional image
corresponding to these conditions is displayed in Figure 1c-i.
In the second transfer, the nanogaps were formed at 110 °C, 1
bar, and a heating time of 2 min. According to the deformation
of PMMA above its Tg and based on the pressure and heating
time, a pressure of 1 bar and a heating time of 2 min were
chosen to fabricate the Au nanowires transferred onto the
surface of the PMMA substrate, thereby forming the nanogaps.
The cross-sectional image corresponding to these conditions is
presented in Figure 1c-ii. By observing Figures 1c-i and 1c-ii, it
is believed that the nanogaps can be controlled by adjusting
the heating temperature, pressure, and heating time, based on
previous research on PMMA deformation. Figure 1d shows the
morphology and cross-sectional image of the fabricated
sample. The nanogaps of about 10 nm can be observed in
Figure 1d-i.
To better observe the sizes of the nanogaps, high-resolution

transmission electron microscopy (HRTEM) was performed.
Figure 2 presents the HRTEM images of the fabricated
samples depending on the heating time, heating temperature,

and pressure. To demonstrate the controllability of the
fabricated nanogaps, we performed experiments by fixing the
transfer conditions of the first layer and changing the variables
of temperature, pressure, and time of the second layer,
respectively. In this study, all first layers were transferred on
the PMMA film under a heating temperature of 110 °C, a
pressure of 5 bar, and heating time of 15 min. As the heating
temperature of the second layer changed from 100 to 140 °C,
the average sizes of the nanogaps were changed from 42.3 to
2.7 nm, as shown in Figure 2a. The sizes of the fabricated
nanogaps were obtained by calculating the average value of
middle points. Figure 2a-(1) and -(2) show the TEM cross-
sectional images of nanogaps fabricated under 100 and 140 °C,
respectively. The sizes of the nanogaps gradually reduced with
increasing heating temperature, as shown in Figure 2a-(3).
Similarly, as the heating time of the second layer increased
from 30 s to 7 min, the average sizes of nanogaps changed from
27.6 to 0 nm, as shown in Figure 2b. Figure 2b-(1) and -(2)
demonstrate the TEM cross-sectional images of the nanogaps
fabricated under heating times of 30 s and 7 min, respectively.
Figure 2b-(3) demonstrates that the sizes of nanogaps reduced
with increasing heating time. Moreover, Figure 2c shows the
changes in the nanogaps fabricated under different pressures.
The representative cross-sectional images of the nanogaps were
fabricated under pressures of 1 and 6 bar, respectively. Figure

Figure 4. Morphologies and cross-sectional images of the multilayer nanostructures and their corresponding transmittance variations. (a)
and (a-i) Morphology and cross-sectional images of the three-layered nanostructure. (b) and (b-i) Morphology and cross-sectional images of
the five-layered nanostructure. (c) and (c-i) Morphology and cross-sectional images of the seven-layered nanostructure. (d) and (d-i)
Morphology and cross-sectional images of the 20-layered nanostructure. (e) Corresponding transmittance variations.

ACS Nano www.acsnano.org Article

https://dx.doi.org/10.1021/acsnano.0c05290
ACS Nano 2021, 15, 503−514

507

https://pubs.acs.org/doi/10.1021/acsnano.0c05290?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c05290?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c05290?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c05290?fig=fig4&ref=pdf
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c05290?ref=pdf


2c-(3) shows that the pressure did not significantly affect the
nanogap size, and a gap change of less than 10% was observed
when the pressure changed from 1 to 6 bar. Instead, the
pressure affected the conformal contact, which is directly
related with the gap uniformity between the PMMA substrate
and the metal layer. Notably, the average standard deviation
(STD) of the nanogaps was approximately 40% under 1 bar of
pressure, which is not enough for conformal contact. However,
it was reduced to 14% under 3 bar of pressure. Therefore, we
can conclude that the pressure, heating time, and heating
temperature have significant effects on the controllability of the
nanogaps; this phenomenon is consistent with the results of
previous studies33,37 (when heated above their Tg, PMMA
resin and films deform depending on the applied pressure,
heating temperature, and heating time). In addition, the detail
experimental conditions of the fabricated nanogaps are
provided in Table S1. In addition, the specific change of the
nanogaps depending on the heating temperature, heating time,

and pressure (detail conditions) can be observed from the
TEM cross-sectional images shown in Figure S2.
Furthermore, during the fabrication process, we found that

proper cooling time is required for the formation of the parallel
shape of nanogaps before implementing the detachment
process (Figure 1a-(7) and -(9)). To evaluate the shape of
nanogaps depending on the cooling time, cooling times of 1
and 5 min were implemented. The parallel nanogaps were
fabricated due to recovery to the glassy state of PMMA after a
sufficient cooling time of 5 min, as shown in Figure 2. When
the cooling time was insufficient (approximately 1 min),
triangular nanogaps were obtained due to the remaining
rubbery PMMA substrate, as shown in Figure S3.
To ensure uniformity and reproducibility of the fabricated

nanogaps, five different positions on the sample and five
samples repeatedly fabricated using the same conditions were
observed, and their TEM images were evaluated, as shown in
Figure 3a and 3b, respectively. Figure 3a demonstrates the
TEM cross-sectional images of five different positions on the

Figure 5. Nanomeshes of different sizes fabricated via the nanoimprinting method. (a−d) Morphologies of the 400 × 400 nm, 600 × 600
nm, 800 × 800 nm, and 1600 × 1600 nm nanomeshes. (a-i)−(d-iv) Corresponding FIB cross-sectional images. (e) Photograph of the
transparent electrode with a 1600 × 1600 nm nanomesh (a photograph of the bent electrode is shown as an inset). (f) and (g)
Transmittance and sheet resistance of the nanomeshes of different sizes. (h-i) Infrared image of the transparent nanoheater at 50 °C. (h-ii)
Temperature variation with power density under constant time.
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sample (first transfer at 110 °C, 5 bar, and 15 min; second
transfer at 110 °C, 5 bar, and 1 min). It can be seen that the
average nanogap spacing of the five different regions (see
Figure 3a-(1)) is highly uniform with a STD within 20.1% (see
Figure 3a-(2)). Moreover, when the nanogap structure was
fabricated five times repeatedly under the same process
conditions (the first transfer at 110 °C, 5 bar, and 5 min
and second transfer at 110 °C, 5 bar, and 1 min), as shown in
Figure 3b-(1), the results exhibited a reasonable STD of 15.1%,
as shown in Figure 3b-(2). Thus, we could conclude that the
developed structure had sufficient potential for commercializa-
tion as a well-controlled reproducible nanogap substrate over
large areas of multiple samples.
To create 3D multilayer nanoarchitectures, we fabricated the

nanoarchitectures via the layer-by-layer nanoimprint method.
Three-dimensional nanostructures have been widely applied in
various fields such as biosensing,38,39 catalysts,40,41 and optics42

because the enhanced surface area of these structures can be

effectively used, compared with conventional nanostructures.
Three-dimensional nanostructures have been mostly fabricated
using conventional methods such as lithography, transfer
printing, reactive-ion etching (RIE), and inductively coupled
plasma (ICP) etching. However, these methods are time-
consuming, present high costs, and are not suitable for large-
area fabrication. In addition, Rogers et al.43−45 reported the
fabrication of multimetal nanostructures via a nanotransfer
imprinting method which mainly utilized the weaker adhesion
of PDMS due to its low surface energy and improved the
adhesion of substrates via chemical surface treatment.
However, in this study, a simple method for the fabrication
of 3D metal nanostructures by heating above the Tg of the
polymer film is proposed. Figure 4 presents the morphologies
and cross-sectional images of the fabricated multilayer
nanostructures (52° tilt images are shown as insets). The
structures with 3, 5, 7, and 20 layers are presented in Figures
4a, 4b, 4c, and 4d, respectively. The corresponding cross-

Figure 6. Performance and characterization of the developed nanogap array as an SERS substrate. (a) Schematic illustrations of the
fabricated nanogap structure and hot spots. (b) SERS signals of the one-layer and two-layer Au lines. (c) SERS signals of the one-layer and
two-layer Ag lines. (d) FIB-SEM images of the two-layer Au nanogap structures at five different points. (e) Raman intensity and RSD values
of each of the five points at representative rhodamine 6G peaks.
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sectional images are displayed in Figures 4a-i, 4b-i, 4c-i, and
4d-i, respectively. The multilayers could be easily fabricated by
layer-by-layer nanoimprinting; importantly, the first and
second layers were sequentially transferred onto the PMMA
film by heating above the Tg of PMMA at a constant pressure
and heating time based on the mechanical interlocking force.
In contrast, for the third layer, the Au nanowires were welded
onto the top layer at 110 °C and 5 bar for 5 min, thereby
forming a metallic bonding force; the welded layers can be
observed in the cross-sectional images. To better understand
the metallic bonding force of the metals, schematic and
HRTEM cross-sectional images of the nanostructures with
three layers are shown in Figure S4. The junction of the second
and third Au layer can be observed in the HRTEM images (see
Figure S4b-(3 and 4)). In previous studies, 3D metal
nanostructures were developed via nanowelding technol-
ogy.46,47 However, the polymer mold had to be fabricated on
PET or PMMA substrates using nanoimprinting resin.
Therefore, defects could appear in the 3D metal nanostruc-
tures while fabricating the multilayer nanostructures due to
repeated heating, and the bottom metal layer could be
damaged. In contrast, in this study, the PMMA substrate
acted as an interlocking agent for the bottom layers during the
heating process, firmly attaching the metal layer onto the
substrate. Therefore, the presence of defects in the 3D metal
nanostructures was avoided (see Figure 4). In addition, we
found that the PMMA substrate became increasingly thinner
when the number of layers increased. Moreover, the trans-
mittance of the different layers was evaluated using a
spectrometer (Figure 4e). The results indicated that the
transparency decreased when the number of layers increased.
To demonstrate the wide applicability of the proposed

method, a transparent electrode and a heater were fabricated
via layer-by-layer nanoimprinting. Transparent electrodes are
widely employed in various applications such as displays,48,49

sensors,50,51 and actuators.52,53 So far, various methods have
been used to fabricate these electrodes such as spray
coating,54,55 electrohydrodynamic (EHD) printing of metal
grids,54 and laser irradiation and acid dipping.56,57 Among
them, spray coating is one of the most commonly used
methods for the fabrication of transparent electrodes.
However, it is difficult to control the transparency, resistance,
and uniformity using this method. Even though numerous
researchers have attempted to control these parameters using a
nanomesh structure, fabricating large-area nanomesh structures
at a low cost and via a simple process is still challenging
because the procedures involve complex and multiple
fabrication steps such as electroplating, photoresist striping,58

and molding process.59 In this work, nanomeshes with
different square sizes−400, 600, 800, and 1600 nm−were
fabricated using our method, as shown in Figures 5a−d. The
detailed fabrication process of the mesh nanostructures is
shown in Figure S5. The related explanation is provided in the
Supporting Information. The 1600 nm × 1600 nm transparent
electrode produced was evaluated using a light-emitting diode
(LED), as shown in Figure 5e (the flexibility of the electrode
can be observed in the inset). The transmittance and sheet
resistance of the fabricated samples are presented in Figures 6f
and 6g, respectively. The results showed that the transparency
and sheet resistance increased as the nanomesh size increased.
In addition, a transparent nanoheater was fabricated and
evaluated; Figure 5h presents the infrared (IR) images and
properties of the fabricated nanoheater. The IR image at

approximately 50 °C is displayed in Figure 5h-i. Figure 5h-ii
shows that the temperature varies with the change of power
density under constant time. Therefore, it is expected that the
transparent nanoheater could be used on windows and side
mirrors of automobiles.
To evaluate the functionality of the fabricated nanogaps,

SERS was performed. As it is becoming increasingly important
to detect and analyze small molecules with high sensitivity in
the field of molecular diagnostics and analytical chemistry,
various analytical techniques have been studied for this
purpose.60−63 Among them, SERS which uses the localized
surface plasmon resonance effect of metal nanostructures is
regarded as one of the most promising methods for this
application because of its high specificity and sensitivity to
small molecules.64−66 For precise SERS analysis, it is important
to properly position the target molecules on the SERS
substrate.67 Particularly for small molecules in dilute solutions
that are difficult to detect, the signal can be amplified up to
1015 times by placing them at a sub-10 nm distance (hot spot)
from the metallic nanostructure.68 Therefore, various nanogap-
based SERS substrates such as nanoparticles,69 vertically
aligned nanorod arrays,70 nanoshells,71 and nanopillars72,73

have been actively studied to conveniently place the target
molecules on the hot spot. However, it is still challenging to
fabricate uniform and controllable nanogap structures using
conventional lithography methods. Thus, the controllable,
highly uniform, defect-free metal nanogap structure developed
in this study can be utilized as an excellent SERS substrate.
Figure 6 shows the performance of the nanogap structures

developed in this study as SERS substrates. As shown in Figure
6a, when the target molecule on the substrate is irradiated with
the laser, the signal of the Raman scattered light is amplified by
the strong plasmon resonance at the nanogaps. In this
experiment, rhodamine 6G (R6G), a highly fluorescent
material commonly used as a tracer dye for biomolecules,
was used as the target molecule, and 4-aminothiophenol (4-
ATP) was used as a spacer to optimize the distance between
the metal and R6G.74 In addition, the average enhancement
factor (AEF) was calculated to quantitatively compare the
amplification effects. This factor represents the degree of signal
amplification by the nanostructures compared with that by the
R6G film. It is defined as

= _ _ × _ _I N N IAEF SERS/ SERS Film/ Film (1)

where I_SERS is the intensity of the SERS signal, N_SERS is
the areal density of the target molecules on the SERS substrate,
N_Film is the areal density of the R6G film on the Si wafer,
and I_Film is the intensity of the Raman signal. Details of the
AEF calculation process can be found in the study by Jeong et
al.62 As shown in Figure 6b, the AEFs of the one-layer and
two-layer Au lines are 3.9 × 102 and 2.0 × 103, respectively,
which is ascribed to the amplifying effect of the Raman
scattering signal by the plasmon resonance of the Au
nanostructures. Notably, the AEF of the two-layer Au line
was 5.24 times greater than that of the one-layer Au line
because of the hot spot effect at the nanogap structure.
Moreover, the AEFs of the one-layer and two-layer Ag lines
were 1.4 × 104 and 3.0 × 104, respectively, as shown in Figure
6c. The AEFs of the one-layer and two-layer Ag structures
were found to be 35.9 and 14.78 times greater than those of
the respective Au structures, which were caused by the
differences between the dielectric constants and intrinsic loss
of the two metals, as reported in the literature. In contrast, the
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developed nanogap array allowed uniform and reliable Raman
signal detection. Figure 4d shows the FIB-SEM images at five
different points of the nanogap substrate; it can be seen that
the average nanogap spacing of each of the five regions is
highly uniform. This implies that the target molecules can
uniformly cover the entire substrate and can be amplified with
a relative standard deviation (RSD) within 11.3%, as shown in
Figure 6e. Compared with commercially available SERS
substrates that present an RSD of approximately 20% to
50%, the developed nanogap array is highly uniform and can be
used as a reliable SERS substrate.62 In summary, the developed
large-area, uniform nanogap array has regular and dense hot
spots and can be effectively applied to Raman spectroscopy
analysis.

CONCLUSION

In summary, a simple method for fabricating wafer-scale
nanogaps on flexible substrates via layer-by-layer nanoimprint-
ing was proposed. The nanogaps ranging from approximately 1
to 40 nm could be controlled by adjusting the pressure, heating
time, and heating temperature during the fabrication process.
Ultrasmall nanogaps were observed via HRTEM. In addition,
multilayer, 3D nanostructures with 2, 3, 5, 7, and 20 layers and
without any defects were fabricated by employing layer-by-
layer nanoimprinting and nanowelding technology. Moreover,
a transparent electrode and a nanoheater were fabricated and
evaluated via the proposed method. Lastly, the size-controlled,
highly uniform, defect-free, ultrasmall metal nanogap structures
developed were used as excellent SERS substrates; the
experiment results indicated that the fabricated wafer-scale
SERS substrate presented a better performance than conven-
tional substrates. Therefore, we believe that our method can be
of high significance for detecting small molecules and in
manufacturing flexible electronics and soft actuators.

EXPERIMENTAL SECTION
Silicon masters with various designs were fabricated via KrF
lithography. A resin with low surface energy (RM 311 resin) was
chosen to replicate the polymer mold because a relatively low surface
energy can make the metal nanopatterns easily detach and transfer
onto the receiver substrate (PMMA). Polyethylene terephthalate
(PET) with the polymer nanopatterns was used to fabricate the metal
nanostructures that acted as the donor substrate. To replicate the
nanopatterns of the Si master, first, the prepared Si master was coated
with nanoimprint resin (see Figure 1a[1 and 2]), the surface of the
PET film was covered with resin, and rolling was performed to
improve the permeation of the imprinted resin into the nanopatterns
of the Si master (see Figure 1a[2]). Second, UV-curing was
performed for 90 s at two times to fully polymerize the resin (see
Figure 1a[3]). Here, first, UV-curing was performed to form the
polymer mold and easily separate it from the Si master. Because the
separated polymer mold cannot receive UV irradiation directly, the
polymer mold could not be fully polymerized. Therefore, a second
direct irradiation was performed to completely polymerize the
polymer mold. Then, the PET film with nanopatterns was detached
from the Si master, thereby obtaining the polymer mold (see Figure
1a[4]). Note that the surface of the Si master had to be treated using
a self-assembled monolayer (SAM) to allow easy detachment of the
polymer mold. Trichloro(1H,1H,2H,2H-perfluorooctyl)silane was
selected as the SAM treatment material (Sigma-Aldrich). Third, the
metals (Ag and Au) were deposited onto the polymer mold using e-
beam evaporation (DAEKI HIOTECH Co. Ltd., Korea; see Figure
1a[5]). Fourth, the fabricated Au nanowires were transferred onto the
PMMA film by heating above the Tg of the material (110 °C) at 6 bar
for 5 min. After cooling for 5 min, the PET substrate with

nanopatterns was separated from the PMMA film (Figure 1a[6]),
thereby obtaining Au nanowires fabricated on the PMMA film. Fifth,
a second layer of Au nanowires was transferred onto the PMMA film
by heating above the Tg of the material (110 °C) at 1 bar for 2 min to
form the cross nanostructures with nanogaps (Figure 1a[7]). The
process was implemented using thermal nanoimprinting equipment,
the schematic of which is provided in Figure S6. The samples with
one and two layers were evaluated by field emission scanning electron
microscopy (FE-SEM; Sirion, FEI, Netherlands) and FIB technology
(Helios Nanolab, FEI, Netherlands), respectively. To further confirm
the sizes of the nanogaps, TEM (JEM-ARM200F, JEOL, Japan) was
performed. A spectrometer (QE Pro 6000, Ocean Optics, USA) was
used to measure the dependence of transmittance on the number of
layers of the fabricated nanostructures. In addition, SERS results of
the fabricated nanostructures were evaluated.

For SERS, the nanogap structures were coated with 4-amino-
thiophenol (422967, Sigma-Aldrich, USA) and rhodamine 6G
(56226, Sigma-Aldrich, USA). First, the fabricated nanogap substrates
were immersed in a 1 × 10−6 M 4-ATP ethanolic solution and then
rinsed with ethanol to remove the excess coating molecules. Second, a
1 × 10−6 M rhodamine 6G solution was poured onto the substrate
with a surface of 1 cm2 to form a 27-μm-thick layer, and the solvent
was dried afterward. Finally, the SERS signal was measured using a
dispersive Raman spectrometer (ARAMIS, Horiba Jobin Yvon,
France) with a 644-nm laser. The Raman signal was recorded for
15 and 2 s for Au and Ag, respectively. For AEF and RSD evaluation,
the representative rhodamine 6G peaks at 635, 1075, 1170, 1577, and
1649 nm were used, and the PMMA substrate peaks were removed
during SERS detection for baseline correction.
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