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Nanocracking and metallization doubly defined
large-scale 3D plasmonic sub-10 nm-gap arrays
as extremely sensitive SERS substrates

Ruhao Pan,a,b Yang Yang,a Yujin Wang,a Shuang Li,b,c Zhe Liu,a Yewang Su, c

Baogang Quan,a Yunlong Li,a Changzhi Gu*a,b,d and Junjie Li *a,b

Considering the technological difficulties in the existing approaches to form nanoscale gaps, a con-

venient method to fabricate three-dimensional (3D) sub-10 nm Ag/SiNx gap arrays has been demon-

strated in this study, controlled by a combination of stress-induced nanocracking of a SiNx nanobridge

and Ag nanofilm deposition. This scalable 3D plasmonic nanogap is specially suspended above a sub-

strate, having a tunable nanogap width and large height-to-width ratio to form a nanocavity underneath.

As a surface-enhanced Raman scattering (SERS) substrate, the 3D Ag/SiNx nanogap shows a large Raman

enhancement factor of ∼108 and extremely high sensitivity for the detection of Rhodamine 6G (R6G)

molecules, even down to 10−16 M, indicating an extraordinary capability for single-molecule detection.

Further, we verified that the Fabry–Perot resonance occurred in the deep SiNx nanocavity under the Ag

nanogap and contributed prominently to a tremendous enhancement of the local field in the Ag-

nanogap zone and hence ultrasensitive SERS detection. This method circumvents the technological limit-

ations to fabricate a sub-10 nm metal nanogap with unique features for wide applications in important

scientific and technological areas.

Introduction

Metallic nanogaps have attracted significant attention in
recent years owing to their applicability in physics, chemistry,
life sciences, and environmental engineering.1–5 They are
widely used as fundamental building blocks of microelectronic
components such as ultrafast vacuum transistors, ultralow-
power nanoelectromechanical switches,6 and metallic-
nanogap-electrode-based flexible electronics.7 In addition,
metallic nanogaps are promising for super-resolution
imaging,8 molecular electronic,5,9,10 and sensor11–13 appli-
cations. Among the diverse applications of metallic nanogaps,
surface enhanced Raman spectroscopy (SERS) is one of the
most important applications. SERS is a powerful analysis tech-
nique for ultra-sensitive detection.14–22 SERS performance is
governed by strong localized surface plasmon resonance

(LSPR) on noble metal nanoparticles or nanopatterns.12,23–25

Normally, the SERS enhancement factor (EF) of nanopatterns
prepared by regular nanofabrication methods is just in the
range of 105–106,26,27 which is not sufficient for single-mole-
cule detection (∼107).28 It has been shown that a metallic
nanogap can be capable of single-molecule detection.17–19,29 A
sub-10 nm nanogap – wherein the electromagnetic field is
strongly coupled in the narrow space, giving rise to a very
intense LSPR – is especially suitable for this type of detection.
Dimers and even multimeric structures with sub-10 nm nano-
gaps have been realized by self-assembly of nanoparticles.30

Recently, a sub-10 nm Au bowtie nanoantenna18 and a split-
wedge antenna 3D nanostructure31 have been fabricated and
reported, achieving an SERS EF of the order of 107, which is
shown to be capable of single-molecule detection. However,
the detection limit for molecule concentration in these reports
was normally around 10−10 M. Therefore, it is desirable to
develop an SERS surface with an even lower detection limit for
high sensitivity and fast analysis at ultralow concentration to
design and fabricate a better plasmonic nanogap.

Despite the advantages of plasmonic nanogaps and their
wide applicability nowadays, a remaining challenge is to fabri-
cate scalable, reliable, and reproducible sub-10 nm metallic
nanogaps. Traditional planar fabrication processes, such as
ultraviolet lithography (UVL) and electron beam lithography
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(EBL), have sub-micron and 10 nm limitations, respectively.12

Various methods have been developed to realize nanogaps in
the sub-10 nm scale; one effective method uses metallic par-
ticles or two-dimensional (2D) thin films to build nano-
gaps.32,33 That is, the formation of sub-10 nm gaps should be
enabled by graphene,34 metal particles,15,35 or self-assembly.36

However, these methods lack controllability, flexibility, and
stability; moreover, they result in chemical pollution. To over-
come these drawbacks in nanogaps based on nanoparticles,
we had fabricated a metal–insulator-metal (MIM) structure
via atomic layer deposition (ALD), controlling gap width by
tuning the thickness of insulating inter-layer. The aim was
to use this device for SERS measurement.31 However, this type
of filled nanogap does not function well as an electrode; this
limits the utilization of the nanogap that serves as nanodevices
combining multiple functions37 such as molecule trapping
and detection by tunneling current and highly sensitive mole-
cule identification by SERS. Recently, a new form of sub-10 nm
gap has appeared, namely, crack- or break-induced nanogaps.
A number of methods, including the mechanical break-junc-
tion method,38 swelling-defined nanogaps,7 and optical break-
down,39 have been put forward based on the cracking or break-
ing procedures. Scalable nanogap electrodes were fabricated
on flexible substrates by swelling-induced cracks.7 Note that
the gap width in this case is over 50 nm, which is already
beyond the scope of plasmon coupling. An approach called the
crack-junction (CJ) method was introduced to achieve nanogap
arrays over a large area.40 However, in addition to the inability
to control the morphology of tips, the materials used for fabri-
cation must be brittle; this limits the application of the result-
ing nanogaps. Although many creative methods have been pro-
posed to fabricate nanogaps that offer good performance in
either field enhancement or electron transport, parallel fabri-
cation of a stable and scalable sub-10 nm nanogap with
control of the shape and width remains a challenge.

Herein, we introduced a convenient stress-induced cracking
method to fabricate a suspended 3D sub-10 nm Ag/SiNx gap
consisting of an opposed pair of uniform tips, with good homo-
geneity over a large area. Each of the Ag/SiNx nanogaps was
fabricated based on stress-induced cracking of a SiNx nano-
bridge combined with a metallization process that included
EBL and physical and chemical etching techniques, followed
by deposition of a Ag nanolayer that could easily tune the
location and width of the nanogap. This method circumvents
the technological difficulties of the existing ways towards the
fabrication of nanoscale gaps. The suspended 3D Ag/SiNx

nanogaps exhibit some unique features such as highly control-
lable gap width within a range from sub-10 nm to tens of
nanometers, high ratio of gap-depth to gap-width, good array
scalability, and wafer-scale fabrication. Moreover, we demon-
strated ultra-high SERS sensitivity of this suspended 3D metal-
lic sub-10 nm nanogap, and the detection limit of Rhodamine
6G (R6G) molecules was found to be as low as 10−16 M and
exceeded ∼108 in the SERS enhancement factor (EF), sufficient
for single-molecule detection. Finite-difference time-domain
(FDTD) simulation elucidated that the Ag-nanogap, being sub-

10 nm, contributed greatly to a tremendous local field
enhancement for SERS. Furthermore, the as-obtained out-
standing SERS EF is closely associated with the Fabry–Perot
resonances that occur in the deep SiNx nanocavity under the
Ag nanogap. Thus, we have proposed a feasible route to fabri-
cate a large-area uniform 3D sub-10 nm nanogap array with a
high SERS enhancement factor for promising applications in
ultra-high sensitivity molecule sensing; hence, the more
unique features of this nanoarray can be extended to many
scientific and technological fields.

Experimental
Fabrication process

The 220 nm thick SiNx was deposited on a clean Si substrate
by low-pressure chemical vapor deposition (LPCVD) with a gas
flow of NH3: 30 sccm and SH2Cl2: 120 sccm at 900 °C. Then,
200 nm thick PMMA was spin-coated on SiNx, and EBL (Ratih
150) was introduced to expose the nanobridge pattern. After
this, RIE (NGP80, Oxford) was used to etch the PMMA pattern
into the SiNx layer, in which the gas flow was CHF3: 50 sccm
and O2: 5 sccm, and the pressure was maintained at 35 mTorr.
SiNx was etched under a power of 200 W at 10 °C for
4 minutes. Then, the sample was dipped in the buffered oxide
etching liquid (BOE) for 20 s to remove the oxide layer on the
sample; after this, the sample was cleaned with deionized
water. TMAH (25% w/w, Alfa Aesar) was heated to 95 °C in an
oil bath and kept for 1 hour to allow the temperature to stabil-
ize. Then, the sample was etched by TMAH for 2 min, and
finally, the suspended sub-10 nm nanogaps were obtained.
The widths of the nanogaps were measured using SEM (Helios
600i, FEI). A silver film was deposited onto the SiNx nanogap
by a magnetron sputtering system with an ultra-high back-
ground vacuum (∼10−10 Torr) to fabricate a metallic nanogap.

Simulation methods

The simulation of nanobridge breaking was based on the
finite element method (FEM). The nanobridge chosen for
simulation has a width of 20 nm, but the length is set to zero
to facilitate simulation. Using FEM together with the
maximum normal stress strength theory, the maximum prin-
ciple stress distribution was given, and the displacement dis-
tribution after stress release was calculated. Moreover, the
Finite-difference time-domain (FDTD) method was employed
to simulate the electric field distribution of the nanogaps. The
Ag layer is 25 nm thick, whereas the thickness of the SiNx

layers ranged from 50 nm to 500 nm. The wavelength of the
incidence light was set at 532 nm and propagated along the
z-axis with the electric field polarized along the x-axis. Herein,
three monitors were placed perpendicular to the x, y, and z
axes to fully capture the field distribution. All the simulated
boundaries were perfectly matched layers (PML) to avoid reflec-
tions. Taking advantage of the abovementioned model, the
field distribution of the Ag nanogap and the Ag/SiNx gap on
the Si substrate was calculated.
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SERS measurements

R6G powders were dissolved in deionized water to prepare the
solutions of R6G. The samples were functionalized with mole-
cules by immersion in the solutions for a certain time. The
samples were taken out, washed with ethylalcohol and DI water
to remove the unbound molecules, and then dried using a flow
of nitrogen. The SERS measurements were carried out using
a micro-Raman spectrometer (Horiba/Jobin Yvon HR 800)
equipped with a 532 nm laser as the excitation source. The laser
was focused on the sample surface using a 100× lens (NA = 0.9)
with a size of 2 μm. To protect the molecules from laser
heating, the laser power was kept at 1 mW on the sample
surface, and the exposure time was 1 second. Each Raman

spectrum was obtained for a single gap, and repeatability was
verified by obtaining the spectra for 5 randomly chosen gaps
in different arrays.

Results and discussion
Doubly controlled fabrication of Ag/SiNx nanogap arrays

Our fabrication process employing stress-induced cracking
starts with the deposition of an amorphous SiNx film on a Si
substrate. A schematic of the process from nanobridge to
nanogap is shown in Fig. 1a. At first, a 220 nm amorphous
SiNx layer has been specifically selected and deposited on a Si

Fig. 1 The stress-induced cracking and metallization doubly controlled method for nanogap fabrication. (a) A schematic of the fabrication process
from nanobridge to 3D nanogap by EBL, RIE, TMAH etching, and Ag metallization. (b) An SEM image of two neighboring typical Ag/SiNx nanogap
arrays, in which the two insets present enlarged views of a single SiNx nanogap before and after Ag coating. The scale bar is 3 µm, and that in the
insets is 200 nm. (c) The SEM image of a unit of the SiNx nanogap arrays in the as-fabricated sample with an area of 1 × 1 cm2, which includes many
nanogap arrays of various sizes depending upon the nanobridge shape. The scale bar is 100 μm. (d) An enlarged SEM image of a section of SiNx

nanogap arrays in (c), and each array includes 9 nanogaps. Scale bar is 10 μm.
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substrate because this thick layer will not bend much during
the subsequent technical processing of the metal/SiNx film.
The nanobridge pattern was fabricated by an EBL process, and
then, the pattern was transferred onto the SiNx film to serve as
a mask during reactive ion etching (RIE). After this, tetra-
methylammonium hydroxide (TMAH) was used to etch the Si
substrate alongside and underneath the SiNx nanobridge to
form a suspended 3D nanobridge. As a result of the concen-
trated stress-release-induced cracking, a 3D suspended
nanogap appeared in the middle of the SiNx nanobridge,
having a width range from sub-10 nm to tens of nanometers.
Finally, metallization was accomplished by magnetron sputter-
ing disposition to functionalize the nanogap. During the depo-
sition, the nanogap can be narrowed to sub-10 nm from tens
of nanometers. This approach for fabricating nanogaps has
better control of the nanogap width and is compatible with
typical micro/nanofabrication processes for Si wafers. Thus, it
is well suited for the preparation of large-area and customized
nanogap arrays, making nanogap-based devices interesting for
a wide range of possible applications. Fig. 1b presents an SEM
image of the typical as-fabricated metallic nanogap arrays,
with two inset SEM images of a single SiNx nanogap obtained
before and after metallization, in which the morphology and
width of each metallic nanogap are nearly the same; this
demonstrates good scalability and uniformity of the fabrica-
tion process employed in this study. Another important
feature is that this 3D plasmonic nanogap has a high ratio of
gap-depth to gap-width, which can be more than 30 at the sub-
10 nm gap to form a nanocavity, benefitting local field
enhancement and strong localized surface plasmon
resonance.

Fig. 1c shows a typical unit of SiNx nanogap arrays in a
large-scale SiNx nanogap array sample with an area of 1 ×
1 cm2, which can be easily expanded to larger wafers with dis-
tributed multigroup units, each group having an array of nano-
gaps with different sizes. This suggests mass-fabrication capa-
bility. As shown in Fig. 1c, the length and width of each nano-
bridge is designed to be increased and decreased along the
marked arrow direction of X and Y to tune the shape of the
original nanobridges individually. The nanobridge shape can
be used to control the nanogap width from above 50 nm to
sub-10 nm in appropriate locations, at which the TMAH
etching process determines the cracking effect and hence the
width of the nanogap. In addition, this 3D nanogap can be
customized on demand and reused by wet-etching the metal
layer away. An enlarged SEM image of a section of nanogap
arrays is exhibited in Fig. 1d, in which each array includes 9
nanogaps, and the bright color area on the edge of rectangular
unit are corresponding to the suspending SiNx layer caused by
etching process. We can see that the abovementioned fabrica-
tion process has good design controllability in a large area
with exact location and number of nanogaps and thus enables
scalable and customized fabrication.

In the abovementioned schematic of the fabrication
process, we can see that the suspended SiNx nanogap is the
framework of the metallic nanogap; thus, control during the

fabrication of the SiNx structure determines the subsequent
form of the metallic nanogap. From nanobridge to nanogap,
the TMAH etching process is key to produce the suspending,
which leads to the release of tensile stress that is inherent in
the SiNx nanobridge. Moreover, this causes the concentrated
stress in the middle of the SiNx nanobridge. Once the local
stress in the middle overcomes the strength of the SiNx film, a
crack appears in the middle of the nanobridge. Fig. 2a shows
an SEM image of a SiNx nanobridge with fixed width and
length before the TMAH etching process; thus, no nanogap
appears. For this unsuspended SiNx nanobridge, a simulation
of stress distribution based on maximum principal stress was
carried out by the finite element method (FEM), as shown in
Fig. 2b. We can see that the stress is concentrated at the center
of the nanobridge; this suggests that the most likely breaking
site is on the nanobridge. As a result of the stress released
during TMAH etching, the nanogap appears in the middle of
the nanobridge, as shown in Fig. 2c, which is the SEM image
of a typical array of suspended SiNx nanogaps induced by the
released stress. In Fig. 2c, we can observe that the nanogap
width has little variation from the side to the middle in this
array although the etched parts under the nanogap have an
evident difference between the side and middle of this
nanogap array. To explain this phenomenon, the displacement
distribution in a nanogap array after the stress was released
was simulated by FEM, as shown in Fig. 2d, suggesting that
the nanobridges in an array coupled with each other; this led
to an almost uniform width in an array. Fig. 2e indicates a
better agreement between the simulated (black rectangle) and
experimental (empty circle) results for gap width in the array
shown in Fig. 2c. Although the gap width in the sides is only
approximately 6% larger than that at the center, the nanogaps
in an array still show significant uniformity.

The dependencies of the SiNx nanogap on the length and
width of the nanobridge are summarized in Fig. 2f. We can see
that the nanogap increases with the increasing bridge length
at a fixed bridge width, but an inverse trend is seen in which
the nanogap decreases with the increasing bridge width at a
fixed bridge length. As the bridge length varies, the sample
with a 20 nm wide bridge changes more than the other
samples; this indicates that a narrower bridge width is more
critical to nanogap formation when the bridge length varies.
Therefore, this cracking-induced nanogap depends on the vari-
ation in the shape of the nanobridges controlled by not only
their length, but also width; this is very different from that
reported in a previous study.40 In this study, we proposed that
the shape of the nanobridge depended on its length (X) and
width (Y) defined in Fig. 2a, determining the width of the SiNx

nanogap (W). When the Si substrate below the nanobridge is
etched along both vertical and lateral directions, the concen-
tration and release of stress lead to the formation of a
nanogap, and its width (W) can be expressed as: W = σ· S(X,Y) ·
(1 − υ)/E. In this equation, σ, E, and υ are the stress, Young’s
Modulus, and Poisson’s ratio of the SiNx film, respectively, and
S(X, Y) is a shape function that is related to the length (X) and
width (Y) of the nanobridge and determines the size of the
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etched area below the nanobridge. Practically, with the increas-
ing bridge length (X) and decreasing bridge width (Y), more Si
below the nanobridge can be etched away, S(X, Y) tends to be
larger, and consequently, the gap width (W) enlarges. Thus,
the gap width can be well defined by S(X, Y), controlling the
etched amount of Si below the nanobridge; moreover, this
explains the variation mechanism of the nanogap with the
length and width of the nanobridge, as shown in Fig. 2d.

Metallization is a key step to functionalize SiNx nanogaps
and form metal nanogaps. Herein, a high-quality smooth Ag
film with a roughness of 2.3 nm (RMS) is coated on the SiNx

nanogap arrays for metallization. The Ag deposition can
narrow the SiNx nanogap to sub-10 nm by partly filling it with
a Ag film; this finally forms the desired Ag/SiNx nanogap.
Fig. 3a shows the comparison of the width of the SiNx
nanogap in a single array with 9 gaps before and after Ag depo-
sition, and this array is chosen freely from the large-area
nanogap arrays shown in Fig. 1c and d. We can see that 9 SiNx

nanogaps with the same width of ∼30 nm in one array (blue

column) can be shrunk to a sub-10 nm gap (red column) by
depositing a ∼25 nm thick Ag layer; this reflects the uniformity
and reliability of this metallization process. Moreover, SiNx

gaps, with different widths in the range of 20–50 nm, can be
tuned to form sub-10 nm metallic nanogaps by adjusting the
thickness of the Ag coating between 20 and 60 nm, as shown
in Fig. 3b; this indicates a linear dependence of the metal gap
width on the SiNx gap at different Ag thicknesses. Fig. 3c exhi-
bits the morphologies of three typical sub-10 nm Ag/SiNx

nanogaps, i.e. 7.8 nm, 8.5 nm, and 9.6 nm, selected from
Fig. 3b. We can see that the SiNx gaps of various sizes can be
shrunk down to sub-10 nm by controlling Ag deposition; this
implies the stability and controllability of this metallization
process. Based on Fig. 1–3, we confirmed the feasibility of
stress-cracking and metallization, together controlling the 3D
suspended nanogaps; this further demonstrated a reproduci-
ble, scalable, and large-scale fabrication of 3D metal nanogap
arrays with the width of the gaps controllable from sub-10 nm
to tens of nanometers, providing a reliable, customized way to

Fig. 2 (a) An SEM image of a single SiNx nanobridge before the TMAH etching process, in which the shape of the nanobridge is determined by its
width and length defined by the dashed line. Scale bar 100 nm. (b) Maximum principal stress distribution of this single nanobridge. (c) An SEM image
of a typical suspended SiNx nanogap array with 9 nanogaps after the etching process, in which the stress has been released. The inset shows an
enlarged single nanogap in the middle of this array, as marked by a dashed line. Scale bar 2 µm and 100 nm. (d) The simulated displacement distri-
bution in this nanogap array corresponding to (c). (e) A comparison of the results obtained from the simulated (black rectangle) and experimental
(empty circle) width of each gap in this array. The inset shows a magnified view of the single SiNx gap selected from (d). (f ) Nanogap width (W) as a
function of the width (X) and length (Y) of the nanobridge.
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mass-produce plasmonic nanogap arrays. Hence, the method
as a whole is rather conducive to gap-based electronic device
applications.

Suspended plasmonic nanogap array as an ultrasensitive SERS
substrate

The plasmonic nanogap array structure is a perfect candidate
for highly sensitive SERS detection due to strong electromag-
netic field enhancement induced by the nanogap. Herein, an
as-fabricated sample array of suspended 3D Ag/SiNx nanogaps
of ∼8 nm width is employed as an SERS probe, and
Rhodamine 6G (R6G) is used as a Raman probe. Each
nanogap in a single array can be used as a Raman measure-
ment point for SERS detection with ∼2 μm size in area. To
obtain the sensitivity of these suspended plasmonic nanogaps
as an SERS probe, the Raman spectra of R6G molecules with
concentrations ranging from 10−8 M to 10−16 M on the sus-
pended nanogaps were successively obtained, as shown in
Fig. 4a. Note that the signal of R6G is still detectable at an
extremely low concentration of 10−16 M from most nanogaps;
this directly demonstrates the remarkable ability of the sub-
10 nm suspended nanogaps for ultra-sensitive molecular
detection. Fig. 4b shows the dependence of the intensities of
two typical R6G characteristic peaks at 613 cm−1 and
1366 cm−1 on the concentration, revealing a linear dependence
of intensity on concentration. To further examine the sensi-
tivity of 3D nanogaps, the SERS spectra of R6G at 10−16 M on
the same nanogap array were obtained after immersing for
3 h, 6 h, 9 h, and 12 h. In Fig. 4c, we can see that the intensity

of the typical R6G characteristic peaks increases gradually as
the immersion time increases from 3 hours to 12 hours, and
the peaks at 613 cm−1, 775 cm−1, and 1366 cm−1 become dis-
tinguishable after 6 hours and strong after 12 hours; this
suggests that the number of absorbed molecules increases
with time. Corresponding to Fig. 4c, the near-linear depen-
dence of the peak intensities at 613 cm−1 and 1366 cm−1 on
the immersion time is a further evidence that the nanogap
array-covered surface has an ultra-sensitive capability to detect
molecules, as shown in Fig. 4d. Then, the uniformity of the
SERS spectra is tested by obtaining the Raman spectra for R6G
in a 10−16 M solution from five nanogaps on a single random
nanogap array, as shown in Fig. 4e, in which most typical R6G
characteristic peaks can still be clearly distinguished,
sufficiently demonstrating the homogeneity of the extreme
detection ability of suspended nanogaps. To examine the
spatial distribution of the localized field enhancement and the
homogeneity of the SERS response, Raman mapping was per-
formed on a nanogap array prepared in the R6G solution at
10−8 M. The Raman mapping image was obtained using the
sum of peak intensities at 613 cm−1, 775 cm−1, and
1366 cm−1. As can be seen in Fig. 4f, the mapping image is a
clear profile of the nanogap array, which overlays well with the
optical image. Notably, the highest SERS intensity has been
found at the nanogap; this implies that the hot spots locate
only in the nanogap zone. The mapping results certainly
demonstrate that the strong electric field enhancement is loca-
lized entirely in the gap zone and show the controllability and
repeatability of the fabrication process. In addition, we can see

Fig. 3 (a) Statistical results of a typical SiNx nanogap array before and after Ag layer deposition; one SiNx nanogap array has 9 gaps in number and
about 30 nm width, and a sub-10 nm Ag nanogap (red column) can be fabricated by depositing a 25 nm Ag layer on a SiNx nanogap (blue column).
(b) Dependence of the Ag nanogap width on the width of the SiNx nanogap and the thickness of the Ag layer. (c) SEM images of sub-10 nm Ag gaps
obtained on SiNx nanogaps with the widths of 20 nm, 30 nm, and 40 nm by correspondingly depositing the Ag film of 20 nm, 30 nm, and 45 nm,
respectively. Scale bar: 100 nm.
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that the areas aside the suspended nanogap structure exhibit
strong SERS intensity, which can be attributed to the rough
surface caused by the etching process as a result of the metalli-
zation process.

Herein, the SERS enhancement factor (EF) can be estimated
by the conventional formula EF = (ISERS/NSERS)/(IBulk/NBulk),
where ISERS and NSERS are the SERS signal intensity and
number of molecules absorbed on the surface of the sample
exposed by the laser, respectively, and IBulk and NBulk are the
Raman signal intensity and number of molecules of R6G
powder exposed by the laser, respectively. The generally
accepted notion is that when a sample is immersed in a 10−4 M
R6G solution for 3 hours, a monolayer of R6G absorbs on

the sample surface.41,42 Then, NSERS can be calculated by NSERS =
S/SR6G; S and SR6G are the area of the sample exposed by the
laser and the occupied area of a R6G molecule, respectively.
Moreover, Nbulk = M/m = (Sspot·L·ρ·NA)/mmol, where M and m are
the mass of excited R6G powder and the molecular mass of
R6G, respectively. L is the depth of laser penetration in R6G,
ρ is the density of R6G, and Sspot is an area of laser spot with a
1 μm radius, NA is the Avogadro’s number, and mmol is the
molar mass of R6G. The calculated results indicate that the
SERS EF of R6G in the suspended 8 nm Ag/SiNx nanogap struc-
ture can be estimated to be ∼108, higher than the SERS EF
reported using other nanofabrication processes. This high
SERS EF value for a 3D nanogap is the reason that we have

Fig. 4 (a) SERS spectra of R6G with different concentrations ranging from 10−8 M to 10−16 M, all from one single nanogap under the same immer-
sion time. To make this graph visually clear, the spectra of 10−14 M and 10−16 M are multiplied by 5 and 20, respectively. (b) The intensity of the
Raman feature peak of R6G at 613 cm−1 and 1366 cm−1 as a function of molecular concentration from 10−8 to 10−16 M (in log scale), corresponding
to (a). (c) SERS spectra of the same gap with 10−16 M R6G were obtained after immersion for 3 h, 6 h, 9 h, and 12 h. (d) The changes in intensity of
the Raman feature peaks of R6G at 613 cm−1 and 1366 cm−1 with immersion time corresponding to (c). (e) The SERS spectra obtained from five sub-
10 nm nanogaps in a single random array prepared with an R6G solution of 10−16 M, showing good uniformity. (f ) Raman optical image (top) of
typical nanogap arrays and the corresponding Raman mapping image (bottom) of a nanogap array created using the sum of peak intensities at
613 cm−1, 775 cm−1, and 1366 cm−1, with an R6G solution of 10−8 M. Scale bar: 2 μm.
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obtained an extremely high sensitivity of 10−16 M in SERS
detection while holding promise for SERS detection even at a
single-molecule level.43

Field enhancement mechanism

For the as-fabricated 3D plasmonic nanogap, a sub-10 nm gap
is a very important feature that can produce a very strong field
enhancement effect that contributes mainly to ultrasensitive
detection. Moreover, a large ratio of gap-height to gap-width
(more than 30) is another outstanding feature, which forms a
deep nanocavity below the Ag-nanogap to confine photons and
further increase the field enhancement in the gap zone. Thus,
this deep plasmonic nanogap will have an advantage in local
field enhancement over a shallow nanogap. Fig. 5 shows the
FDTD simulation results of the electromagnetic field distri-
bution of a sub-10 nm suspended 3D Ag/SiNx gap, clarifying

the mechanism of field enhancement and the concentrated
effect on the light in a deep nanocavity below the nanogap. As
shown in Fig. 5a, the 8 nm metallic nanogap formed by
coating a 25 nm Ag layer over a SiNx nanogap with a depth of
220 nm was chosen as a basic model structure. Fig. 5b illus-
trates the field distribution on a suspended Ag/SiNx nanogap
above a V-shaped cavity, and herein, we can see clearly that the
maximum value of the enhanced field is localized entirely
between two Ag tips. Fig. 5c and d shows the X–Z and X–Y
enlarged views, respectively, of the electric field amplitude dis-
tribution in a single Ag-nanogap, in which the strongest field
enhancement clearly appears in the top of the Ag nanogap and
in the center between Ag tips, greatly contributing to ultra-
sensitive SERS detection. Moreover, the Ag nanoparticles
around the nanogap have contribution to the SERS effect. The
depth of the SiNx gap, with a high aspect ratio forming a verti-

Fig. 5 (a) Schematic of the structure of the 3D suspended Ag/SiNx nanogap. (b) Cross-sectional view of the calculated electric field distribution in a
suspended Ag/SiNx nanogap. (c) and (d) magnified X–Z and X–Y views of the electric field distribution in the Ag nanogap, respectively. (e) Electric
field distribution profiles of the suspended Ag/SiNx nanogap with 100 nm, 150 nm, 220 nm, and 300 nm thick SiNx layer, respectively.
(f ) Dependence of the field enhancement factor (EF) of the Ag nanogap on SiNx layers of different thicknesses, indicating the Fabry–Perot resonance
occurring in this nanocavity structure.
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cal nanocavity, must be another key factor influencing the
field enhancement of the suspended Ag nanogap. It has been
demonstrated that the nanocavity structure helps magnify the
electric field coupling in the nanogap23,44 by squeezing the
phonon into a small volume. Thus, this nanocavity enhances
the plasmon coupling in the gap zone, leading to a higher
SERS intensity in the nanogap.

In this study, the depth of a nanocavity is determined by
the thickness of the SiNx layer. Fig. 5e presents the FDTD
simulation results of field distribution at different thicknesses
from 100 nm to 300 nm of the SiNx layer, one-to-one corres-
ponding to the depth of the SiNx gap; thus, we can clearly dis-
tinguish the effect of the SiNx gap depth on the field enhance-
ment of the Ag nanogap by brightness differences of the spots
dispersed in the nanocavity. By examining the field distri-
bution along the Ag/SiNx gap, we can see that a gap depth of
220 nm shows the strongest field intensity, focused mainly
around the upper end of the gap. Moreover, the field intensity
distribution along the gap varies somewhat in brightness with
change in the gap depth. Overall, this trench is covered with
Ag and forms a gap line via two slanted side walls, which can
generate a strong local electric field and couple with LSPR
from the nanogap of the top Ag. Further, we infer that this
nanocavity can be considered as a nano-waveguide structure
composed of the upper Ag nanogap and the lower SiNx deep
nanogap. When an incident light beam enters this nano-wave-
guide structure through the metal nanogap, the light produces
a series of reflectance and interference effects, causing the
Fabry–Perot resonance. In this kind of resonance, the field
intensity distribution differs according to the gap depth at the
nanocavity, which agrees well with the simulated field inten-
sity distribution shown in Fig. 5e.

To further verify the existence of the Fabry–Perot reso-
nance in this nanocavity, the simulated electromagnetic
enhancement factor (EF) of the Ag nanogap is plotted for
different SiNx gap depths in Fig. 5f. The curve in Fig. 5f
shows a clear fluctuation, and the highest EF of 2.3 × 106

appears at a gap depth of 220 nm and then decreases with
the decreasing gap depth. Interestingly, two other peak
values of EF can be observed at the gap depths of 340 nm
and 420 nm, showing a quasi-periodic change feature. The
variation of EF with gap depth, given in Fig. 5f, sufficiently
complies with the characteristics of Fabry–Perot resonance
to prove that this resonance occurs in this nanogap struc-
ture. For the Fabry–Perot resonance, if the depth of the
nanocavity and the wavelength of the light are well matched,
the EF value reaches a maximum due to a resonance domi-
nated by constructive interference; otherwise, the EF value
tends toward a minimum when the resonance is dominated
by destructive interference.24,33,45 Therefore, for these 3D
suspended Ag/SiNx nanogaps considered as plasmonic nano-
cavities with a high aspect ratio, an appropriate gap depth
(220 nm) is highly conducive to greatly enhanced local field
intensity in the nanocavity and especially in the Ag nanogap
due to the Fabry–Perot resonance occurring in the nanocav-
ity, which contributes greatly to ultrasensitive SERS detec-

tion in this study. Notably, the abovementioned simulated
electromagnetic EF is smaller than the previous calculated
SERS EF; this can be attributed to the fact that the electro-
magnetic EF simulation cannot reflect two contributions
from both chemical enhancement and the rough surface of
the Ag film to enhance the SERS signal as compared to the
case of SERS EF.

Conclusions

In this study, we present a feasible approach to fabricate sub-
10 nm suspended plasmonic metallic nanogaps with extreme
geometries by combining stress-induced cracking with metal-
lization. The fabrication method has good controllability for
the location, number, and size of nanogap formation in a
large area and can produce large numbers of nanogap array
devices on a surface with good uniformity. This 3D plasmonic
nanogap is used as an SERS substrate, showing an extremely
high sensitivity of ∼10−16 M to R6G molecules and a very
strong SERS enhancement factor of ∼108, demonstrating
extraordinary SERS detection ability even at the single-mole-
cule level and great potential for application in ultra-sensitive
detection devices. Interestingly, based on FDTD simulation,
we can find that the Fabry–Perot resonance occurs in a deep
nanocavity beneath the nanogap structure that greatly
enhances the local field intensity, especially in the Ag
nanogap sample with the highest electromagnetic EF of 2.3 ×
106, at a gap depth of 220 nm and is the main contributor to
the ultrasensitive SERS detection demonstrated in this study.
Moreover, this 3D metallic nanogap is a good candidate for
nanoelectrodes serving as building blocks for electronic
measurement devices. The nanocracking followed by metalli-
zation was proven to be a stable, repeatable, and efficient way
to fabricate suspended sub-10 nm gaps over a large area and
opens a route for the practical application of these arrays in
molecular devices and sensing and even more promising
areas.
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