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Introduction

Wafer-scale fabrication of high-quality tunable
gold nanogap arrays for surface-enhanced Raman
scatteringt

Hai Le-The, @ *12 Jasper J. A. Lozeman,}* Marta Lafuente,® Pablo Mufioz,®
Johan G. Bomer,? Hien Duy-Tong,? Erwin Berenschot,® Albert van den Berg,®
Niels R. Tas,® Mathieu Odijk 22 and Jan C. T. Eijkel®

We report a robust and high-yield fabrication method for wafer-scale patterning of high-quality arrays of
dense gold nanogaps, combining displacement Talbot lithography based shrink-etching with dry etching,
wet etching, and thin film deposition techniques. By using the self-sharpening of <111>-oriented silicon
crystal planes during the wet etching process, silicon structures with extremely smooth nanogaps are
obtained. Subsequent conformal deposition of a silicon nitride layer and a gold layer results in dense
arrays of narrow gold nanogaps. Using this method, we successfully fabricate high-quality Au nanogaps
down to 10 nm over full wafer areas. Moreover, the gap spacing can be tuned by changing the thickness
of deposited Au layers. Since the roughness of the template is minimized by the crystallographic etching
of silicon, the roughness of the gold nanogaps depends almost exclusively on the roughness of the sput-
tered gold layers. Additionally, our fabricated Au nanogaps show a significant enhancement of surface-
enhanced Raman scattering (SERS) signals of benzenethiol molecules chemisorbed on the structure
surface, at an average enhancement factor up to 1.5 x 10°.

metallic nanogap regions.” To significantly enhance signals,
the gap spacing needs to be much smaller than the incident

Nanometer-sized metallic nanogaps made of gold (Au) or
silver (Ag) have found many applications including
biomedical and chemical sensing," surface-enhanced Raman
spectroscopy,”” and nonlinear optics® due to their remarkable
electrochemical and optical properties. For the surface-
enhanced Raman spectroscopy, the intensity of the Raman
scattering signal is boosted due to the modified emission of
the scattering signal and the improved excitation of the
studied molecules caused by the near-fields generated in
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wavelength.'® As a result, a strongly confined electromagnetic
field is generated in the nanogap region by localized plas-
mons.'" Using metallic nanogap structures, local enhance-
ment factors up to 10° have been achieved, thus enabling the
detection of a single molecule.® Many methods have been
reported to fabricate metallic nanogap structures, such as elec-
tron beam lithography (EBL),” EBL-based angular deposition,*
electrochemical ~ deposition,"””  electromigration,”®  break
junction,'®' and atomic layer deposition (ALD).>” EBL-based
methods offer a high feasibility in designing the size, position,
shape and orientation of the metal nanogaps. However, their
feature of serial patterning limits their use for high-yield and
low-cost fabrication of large-area metal nanogap arrays.
Moreover, the quality of the metal nanogaps strongly depends
on the sidewall roughness of the patterned resist structures,
which is mostly limited by the properties of the resist.*> Other
indirect methods, such as electrochemical deposition, electro-
migration, and break junction, can produce very narrow metal
nanogaps down to 5 nm.">"'*> However, using these methods it
is difficult to design a reproducible fabrication process, and
thus they are unsuitable for mass production at low-cost. ALD
has recently come to be considered as an effective method to
pattern well-defined metal nanogaps as narrow as 3 nm.”’
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However, the fabrication process involves many complicated
steps, which makes it time consuming. Additionally, the metal
nanogaps patterned by the ALD technique cannot be rapidly
reproduced, whereas other template-based methods allow the
metal nanogaps to be reused by replacing the metal layer sput-
tered over the template surface. Therefore, there is a need for a
robust fabrication technique for wafer-scale patterning of
dense metal nanogap arrays at high throughput but low-cost.

Recently, a compelling technique for patterning periodic
nanostructures has been reported by Solak et al., termed dis-
placement Talbot lithography (DTL).'® Using this technique
with a monochromatic UV beam (365 nm wavelength) allows
high-yield patterning of highly ordered photoresist (PR) nano-
structures, ie. lines, holes or dots, with dimensions down to
approximately 100 nm, over full wafer areas. However, pattern-
ing PR nanostructures smaller than 50 nm using this tech-
nique still requires the use of a deep-UV laser, i.e. an ArF laser
at 193 nm wavelength. To overcome this limitation, we devel-
oped a robust technique for shrink-etching the patterned PR
nanostructures using a mixture of O,/N, plasma.'” As a result,
bottom antireflection coating (BARC) nanostructures with
dimensions down to sub-30 nm could be reliably fabricated
from the initially patterned PR nanostructures.

In this paper, we report and demonstrate a robust and
high-yield method for wafer-scale patterning of dense arrays of
tunable Au nanogaps, combining the DTL-based shrink-
etching technique with dry etching, wet etching, and thin film
deposition techniques. Silicon (Si) structures consisting of
extremely smooth nanogaps were fabricated by combining the
dry etching process with the self-sharpening of <111>-oriented
Si crystal planes during the wet etching process. Such etching
combination has been reported and used to fabricate various
Si-based structures.'®* Subsequent conformal deposition of a
silicon nitride layer and a gold layer resulted in dense arrays of
high-quality gold nanogaps over full wafer areas. The gap
spacing can be tuned down to 10 nm at high uniformity by
changing the Au layer thickness. Moreover, we showed the
potential of our fabricated Au nanogaps for surface-enhanced
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Fig. 1 Fabrication process of high-quality tunable Au nanogap arrays.
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spectroscopy by measuring SERS signals of benzenethiol (BT)
molecules chemisorbed on the structure surface.

Experimental section

Patterning periodic 50 nm BARC nanolines

A BARC layer of 187 + 2 nm (AZ BARLi II 200, MicroChem
Corp., Japan), and a PR layer of 200 + 2 nm (PFI88 photoresist
diluted 1:1 with propylene glycol methyl ether acetate
(PGMEA), Sumitomo Chemical Co., Ltd, Japan) were spin-
coated on the surface of an oxidized (~30 nm thick SiO,)
4-inch Si wafers (525 pm thick, P-type, <100>, single side
polished, Okmetic, Finland), followed by baking at 185 °C for
1 min and 90 °C for 1 min, respectively (Fig. 1a). DTL
(PhableR 100C, Eulitha, Switzerland) was utilized to pattern
PR nanolines of approximately 110 nm in width (250 nm
pitch) at an exposure dose of 1 mW cm™> for 75 s, using a
wafer-scale phase shift mask of 250 nm grating period pur-
chased from Eulitha (Fig. 1b). After the exposure, the oxidized
Si wafer was post-exposure baked on a hotplate at 110 °C for
1 min, developed in the OPD4262 developer for 1 min, and
rinsed with DI water to complete the fabrication of PR nano-
line arrays (Fig. 1c). It is worth mentioning that the patterned
PR nanolines were aligned to the [110] crystal orientation of
the Si wafers - PR nanolines were patterned perpendicularly to
the primary flat of the Si wafers. Subsequently, these PR nano-
lines were shrink-etched into ~50 nm BARC nanolines, using a
two-step reactive plasma etching process, i.e. 50/50 sccm O,/N,
plasma for 1 min and 45 s, and 50 sccm N, plasma for 2 min
(Fig. 1d). These plasma etching processes were conducted
using a wafer-scale parallel plate reactive ion etching system
(in-house built TEtske system, NanoLab Cleanroom) at
13 mTorr, and 25 W."”

Patterning periodic Cr nanolines using lift-off process

A thin Cr layer of approximately 6 nm was deposited over the
surface of the patterned wafer using a sputtering system (in-
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house built T"COathy system, NanoLab Cleanroom) (Fig. 1e).
The sputtering process was conducted at 200 W, and a
pressure of 6.6 x 107> mbar adjusted by using an argon (Ar)
flow. Subsequently, a lift-off process was performed in a 99%
HNO; solution, followed by sonication in DI water for 10 min.
As a result, periodic Cr nanolines of approximately 200 nm in
width (250 nm pitch) were fabricated on the surface of the oxi-
dized Si wafer (Fig. 1f). These Cr nanolines were then used as
a hard mask for further processing of both the SiO, masking
layer and the bulk Si substrate.

Patterning high-quality SiN nanogaps

Reactive plasma etching was used to directionally etch the
SiO, masking layer and the bulk Si substrate, which resulted
in periodic Si nanotrenches of ~50 nm in width and ~150 nm
in depth (Fig. 1g-h). This plasma etching was also conducted
in the TEtske system at wafer-level, 25 scem fluoroform (CHF3),
5 sccm O,, 10 mTorr, and 25 W for 13 min. Thereafter, the Cr
mask was removed completely in a Cr etchant solution (Cr
etch 200, MicroChemicals GmbH, Germany), leaving the SiO,
nanolines as a masking layer (Fig. 1i). After rinsing with DI
water and drying with N,, the patterned wafer was cleaned in
the O, plasma (TePla 300, PAV TePla AG, Germany) at 500 W
for 20 min. Subsequently, the fabricated Si nanotrenches were
etched in a 25% KOH solution at 75 °C for 15 s (Fig. 1k),
cleaned using the standard RCA-2 cleaning process, and
immersed in a 50% HF solution for 10 min to completely
remove the SiO, masking layer, thus leaving only the Si struc-
tures as a template for the deposition of a low stress silicon
nitride (SiN) layer.

Prior to the deposition of the SiN layer, the wafer was
cleaned in a 99% HNO; solution for 10 min, in a 69% HNO;
solution at 95 °C for 10 min, in DI water using a quick dump
rinser, and spin-dried. A thin SiN layer of approximately 35 nm
was deposited over the Si template by using low-pressure
chemical vapor deposition (LPCVD) in a high temperature
tube furnace (Tempress Systems, Inc., The Netherlands) at
850 °C for 40 min (Fig. 1L). The thickness of the deposited SiN
layer was measured using an ellipsometry system (M-2000UI,
J.A. Woollam Co., United States) at an angle of 75°.

Patterning high-quality tunable Au nanogaps

Au layers at different thicknesses were deposited over the SiN-
coated Si templates by using the T’COathy sputtering system at
200 W, 6.6 x 107> mbar.>* By adjusting the sputtering time, Au
nanogaps of different gap spacings down to ~10 nm were fab-
ricated over full wafer areas (Fig. 1m). It is worth mentioning
that all the deposited Au layers were treated with UV-ozone
(PR-100 UV-ozone Photoreactor, UVP Inc., United States) for
5 min.

High-resolution scanning electron microscopy (HR-SEM)
images were taken by using a HR-SEM system (FEI Sirion
microscope, United States) at a 5 kV acceleration voltage and a
spot size of 3. The surface roughness of the deposited Au
layers was determined from atomic-force microscopy (AFM)
images (scan field: 500 x 500 nm?), recorded in contact modes
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using an AFM system (Dimension Icon, Bruker Corp., United
States) in air.

Finite-difference time-domain simulations

The plasmonic behavior of the Au nanogaps was simulated by
using finite-difference time-domain (FDTD) method by means
of a commercial software package (Lumerical Solutions Inc.,
FDTD solutions). The dimensions of the Au nanogap struc-
tures were determined from the HR-SEM images. Given the
translational symmetry of the structures, two-dimensional
FDTD simulations were performed. Conformal mesh (mesh
accuracy 4) and mesh refinement were used to define
the structure with a minimum mesh size of 0.1 nm.
Antisymmetric boundary conditions were used in both bound-
aries in the x-axis to simulate an infinitely periodic array of Au
nanogaps, thus reducing the computational time. Perfectly
matched layer (PML) boundary conditions with a steep angle
profile were selected along the y-direction, which, ideally,
absorb all incident light without creating any back reflections.
A plane wave source propagating in the y-direction with an
electric field parallel to the x-direction was employed to excite
the surface plasmons. Convergence test was made to deter-
mine the optimum distance between the SERS structure and
the PML boundary conditions in the y-axis (2 pm). The values
of the dispersion relations for the different materials used (Au
and Si) were extracted from the literature.>® To represent the
dispersion relation of the SizN, material, a Cauchy model*®
with coefficients of B = 1.9832, C = 0.0096, and D = 6 x 10™*
extracted from the characterization of a SizN, layer by ellipso-
metry, was used. The auto shutoff intensity was fixed at 1 x
107%, and an excitation wavelength of 785 nm was used in the
simulations.

Reflection measurements

Reflection measurements were performed on different Au
nanogap samples featuring different gap spacings, i.e.
~30 nm, ~20 nm, and ~10 nm, in order to determine the
reflection minimum of the different gap spacings. These
reflection spectra were used to select the proper excitation
wavelength for the FDTD simulations and the SERS measure-
ments. The reflection measurements were conducted by using
a microscope (Leica DM6000 FS microscope fitted with an
Ocean Optics HR4000 detector, Germany) with a bright light
source (Leica type 11307072060, Germany). A 100x magnifi-
cation, and a numerical aperture of 0.9 was used for the
measurements. A continuous gold substrate was used as a
background for the reflection measurement.

Surface-enhanced Raman scattering measurements

For the Raman measurements, a confocal Raman microscope
(WITec Alpha300R, Germany) fitted with an UHTS300 spectro-
meter was used. The laser wavelength was chosen based on
the result of the reflection measurements. Two different laser
sources were used for the Raman measurements, ie. a laser
with an excitation wavelength of 785 nm (Topica Photonics
XTRA 785 nm single frequency diode laser), and a laser with a

This journal is © The Royal Society of Chemistry 2019
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wavelength of 532 nm (WITec 532 nm laser). The laser was
focused on the substrate using a lens with a 100x magnifi-
cation, and a numerical aperture of 0.9. The Raman micro-
scope was operated in a backscatter configuration. The elasti-
cally backscattered excitation beam was filtered from the spec-
trum using an edge filter. Polarization of the light beam with
respect to the sample was controlled by rotating the sample
using a rotation plate for rough alighment and a half-wave
dish for precise alignment. The integration time was 100 ms,
and the power applied was 20 mW. It has to be noted that the
measured signals were stable at this applied power. For the
samples, a 5 x 5 um> map of 2500 measurements was created,
in which for every point in the map the enhancement factor
was calculated without performing the averaging. For the refer-
ence BT sample, a total of nine measurements were performed
and averaged before being used to calculate the enhancement
factor.

In this paper, BT molecule was chosen as a reference mole-
cule as it is generally accepted as a reference molecule to deter-
mine SERS enhancement factors in literature.?”2° Moreover, it
can form a well-defined monolayer over the structure surface,
and has strong Raman peaks. A monolayer of BT molecules
was deposited on the Au nanowires by immersing the Au nano-
gaps in a 10 mM solution of BT molecules in ethanol for
15 hours. Before immersing completely in the solution, the Au
nanogaps were slowly immersed perpendicularly to the solu-
tion surface so that the solution could enter all Au nanogaps
by capillary flow. Subsequently, the Au nanogaps were rinsed
with ethanol, and dried with N, gas. After the functionali-
zation of the Au nanogaps, SERS Raman spectra were
measured. In addition, a neat BT solution in a glass vial was
also measured using the same power and same integration
time as for the SERS measurements, which was then used to
determine the enhancement factor.

Determination of the enhancement factor

A large variety of methods have been reported to determine
the enhancement factor of a SERS substrate.>® However, each
of them has its own advantages and disadvantages, and the
reported enhancement factors vary widely depending on the
method used. In this paper, we used a method reported and
used by Pilot et al.,> Le Ru et al,’® and Lin et al>" In this
method, the enhancement factor is calculated by comparing
the normalized results of a SERS structure, functionalized with
a reference molecule (BT), against the normalized results of
the neat solution of the same reference molecule. The
enhancement factor is approximated from the following
equation:*’

CRaman . ISERS

EF = CSERS . [Raman X, (1)

Raman

where C is the number of the BT molecules per unit of
volume in the neat BT solution. The value of C**™*" can easily
be calculated by dividing the density of the liquid by the mole-
cular weight, and subsequently multiplying it by the
Avogadro’s number. This results in a C**™" of 5.86 x 10>
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molecules per cm?®. CS*® is the surface density of the BT mole-
cules forming a monolayer on the surface of the Au nanogaps.
The surface density of the BT monolayer on a flat gold surface
has been reported in literature,>*** and is in the order of 3.3 x
10" molecules per cm®. Using this value and the estimated
surface of the Au nanogaps (Fig. S167), the surface densities of
the BT monolayer on the surface of our fabricated Au nano-
gaps can be calculated, which are 7.67 x 10" molecules per
em?, 8.22 x 10" molecules per cm?, and 6.48 x 10'* molecules
per cm”® for the Au nanogaps of ~30 nm, ~20 nm, and
~10 nm, respectively. I’*™* is the integrated intensity of the
peak at 1070 cm™" in the neat BT solution, and I°*®® is the
integrated intensity of the same peak of the SERS sample.**’
7N (7.231 x 10* cm) the integrated area of the normalized col-
lection efficiency of the instrument.

The normalized collection efficiency was obtained by taking
several Raman spectra of a Si wafer at various positions along
the z-axis. For each spectrum, the area of the Si peak at
520 cm™" was then obtained, and then normalized against the
area measured at the focal point. The result obtained was a
bell-shaped curve with the offset from the focal point on the
y-axis and the normalized area on the x-axis (Fig. S177).

Results and discussion
Patterning periodic 50 nm BARC nanolines

Fig. 2a shows the HR-SEM images of periodic PR nanolines
patterned on an oxidized Si wafer applying DTL. The top-view
image shows well-fabricated PR nanolines (250 nm pitch) with
a high uniformity in terms of the line width. The width of the
PR nanolines was approximately 114 nm with a relatively small
variation (standard deviation) of 2 nm. For the uniformity
measurement of the fabricated PR nanolines, four areas were
selected over a full wafer area (Fig. S1-S27). The cross-sectional
image shows a highly vertical PR sidewall, thus indicating a
robust fabrication process achieved by applying the DTL
technique.

Top-view

Cross-section

Fig. 2 Top-view (scale bar: 1 pm) and cross-sectional (scale bar:
500 nm) HR-SEM images of (a) periodic PR nanolines, and (b) ~50 nm
BARC nanolines shrink-etched from the patterned PR nanolines.

Nanoscale, 2019, 11, 12152-12160 | 12155
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Fig. 2b shows the HR-SEM images of BARC nanolines
shrink-etched using a mixture O,/N, plasma, starting from the
patterned PR nanolines. It is remarkable that the BARC nano-
lines were found to be still uniform over a full wafer area
(Fig. S3t), and that their sidewalls remained highly vertical
after the shrink-etching process, as shown in the cross-sec-
tional image. These periodic BARC nanolines of 50 + 3 nm in
width were subsequently used as a template to pattern Cr
nanolines by using a lift-off process.

Patterning periodic Cr nanolines using lift-off

Fig. 3a shows a top-view HR-SEM image of periodic Cr nano-
lines (~6 nm thickness) patterned on the surface of an oxi-
dized Si wafer. A high width uniformity of the fabricated Cr
nanolines was obtained over a full wafer area (Fig. S471), with
an average width of approximately 50 nm. It is worth mention-
ing that the lift-off process was conducted in a 99% nitric acid
(HNOj3) solution as BARC cannot be dissolved in acetone.
Moreover, the patterned wafer needs to be immersed immedi-
ately into DI water for sonication after the immersion in the
HNO; solution as drying the wafer before the sonication could
result in the permanent sticking of unwanted Cr residues on
its surface (Fig. 3b). Such Cr residues are attributed to the col-
lapse of a Cr layer deposited on the sidewall of the BARC nano-
lines during the sputtering process. In addition, deposition of
a thick Cr layer of approximately 12 nm also made it difficult
to obtain the complete lift-off of Cr (Fig. 3c). We attribute this
to the fact that the Cr layer completely covered the BARC nano-
lines, thus preventing the diffusion of HNO; to completely dis-
solve the BARC.

Patterning high-quality SiN nanogaps

Fig. 4a shows the HR-SEM images of Si nanotrenches after
directionally dry etching the bulk Si in a parallel plate reactive
ion etching system (in-house built TEtske system, NanoLab
Cleanroom). From the cross-sectional image, a well-defined
pattern of Si nanotrenches that have relatively vertical sidewalls
is seen, indicating an anisotropic etching process. Moreover,
the top-view image shows no damage to the area that is pro-
tected by the Cr layer after the etching process. This indicates
that a continuous Cr layer was formed at the thickness of
approximately 6 nm, and that this Cr layer was sufficient to
withstand the etching of the SiO, masking layer and the bulk

Fig. 3 (a) Top-view HR-SEM image of periodic Cr nanolines with
~50 nm spacing fabricated by using a lift-off process. (b) Unwanted Cr
residues caused by drying the wafer before the sonication in DI water.
(c) A thick deposited Cr layer (~12 nm thick) resulted in an undesired
structure after the lift-off process. Scale bar represents 1 pm.
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Top-view

Cross-section

Fig. 4 Top-view (scale bar: 1 pm) and cross-sectional (scale bar:
500 nm) HR-SEM images of the fabricated (a) Si nanotrenches after dry
etching, (b) Si structure after wet etching in the KOH solution, and (c)
after wet etching of the SiO, masking layer.

Si substrate for 13 min (~150 nm deep in Si). It is clear from
the cross-sectional image that the top edge of the SiO,
masking layer was slightly damaged. We attribute this damage
to the faceting formation at these SiO, edge regions during the
dry etching process. However, such damage was not found to
affect the formation of Si structures after the wet etching in a
potassium hydroxide (KOH) solution (Fig. 4b). A high uniform-
ity of the etched profile into the sidewall of the Si nano-
trenches was obtained, in which the etching virtually ceased at
<111>-oriented Si crystal planes (etching rate of 12.5 nm
min~"). It is worth noting that over-etching of the wafer in the
KOH solution could lead to the formation of undesirable
v-grooves in the bulk Si substrate (Fig. S5t). After wet etching
of the SiO, masking layer, a dense array of extremely smooth Si
nanogaps of approximately 120 nm (250 nm pitch) was
obtained (Fig. 4c). Since the roughness effects of the patterned
Cr nanolines and SiO, masking layer on the quality of the Si
nanogaps are eliminated by the subsequent crystallographic
etching of Si, using this Si template for further patterning of
Au nanogaps significantly improves their quality.

Fig. 5 shows the HR-SEM images of a fabricated Si template
after coating with a SiN layer. The top-view image shows well-
defined SIN nanolines with high uniformity in width
(~200 nm) and periodicity (~250 nm) (Fig. S61). It can be
observed from the cross-sectional image that the SiN layer
(~35 nm thick) was conformally deposited over the Si tem-
plate, resulting in very smooth and uniform SiN nanogaps of
approximately 50 nm (Fig. 5b).

——l50.7 nm! 50.7 nm——

50.7 nm——|

Fig. 5 (a) Top-view (scale bar: 500 nm) and (b) cross-sectional (scale
bar: 200 nm) HR-SEM images of a fabricated Si template coated with a
SiN layer.

This journal is © The Royal Society of Chemistry 2019
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Patterning high-quality tunable Au nanogaps

Fig. 6a shows the HR-SEM images of a dense array of high-
quality Au nanogaps fabricated by sputtering a Au layer over
the SiN-coated Si template. A high uniformity in gap spacing
of the fabricated Au nanogaps was obtained over a full wafer
area (Fig. S7t). It is worth noting that the top-view HR-SEM
images of the Au nanogaps fabricated from different batches
showed a high reproducibility of the fabrication process
(Fig. S871). It is clearly shown in the cross-sectional image that
the sputtered Au layer completely covered the structure
surface. It is worth mentioning that no metallic adhesion layer
was used to improve the adhesion of the sputtering Au layer
with the SiN surface. Therefore, the adverse effects caused by
metallic adhesion layers on the optical and electrical pro-
perties of pure Au were eliminated.*®*° Fig. 6b shows a close-
up top-view HR-SEM image of Au nanogaps after the sputter-
ing of a Au layer approximately 113 nm thick. Well-defined Au
nanogaps of approximately 10 nm were fabricated at the
periodicity of 250 nm. Since the roughness of the template was
minimized by the crystallographic etching of Si, the roughness
of the Au nanogaps depended almost exclusively on the rough-
ness of the sputtered Au layers. Decreasing the thickness
of the Au layer was found to decrease its roughness
(Fig. S9-S117),*° though the Au gap spacing became wider
(Fig. 6¢c-e). This can be improved by depositing a thicker SiN
layer than the currently used SiN layer of ~35 nm, thus narrow-
ing down the SiN nanogaps. Then, a thinner gold layer is
required in order to obtain a similar Au gap spacing.

In our fabrication process, only the photoresist nanolines
are serially patterned (approximately 10 min per wafer),
whereas the other processes can be performed in batch. All
together, the process may offer a unique combination of high

Fig. 6 (a) Top-view (scale bar: 1 pm) and cross-sectional (scale bar:
200 nm) HR-SEM images of a fabricated array of Au nanogaps. (b) A
close-up HR-SEM image (scale bar: 200 nm) shows well-defined Au
nanogaps with a gap spacing of approximately 10 nm. The gap spacing
was tuned from (c) ~30 nm to (d) ~20 nm, and (e) ~10 nm by increasing
the thickness of the deposited Au layers from ~67 nm to ~90 nm, and
~113 nm, respectively. Scale bars represent 200 nm.
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geometrical control and a good potential for low-cost pro-
duction. Furthermore, it is worth mentioning that our SiN-
coated Si templates can be reused by replacing the Au layer
with another fresh layer, without damaging the template
material or altering its dimensions.

Finite-difference time-domain simulations

Fig. 7 shows the finite-difference time-domain (FDTD) simu-
lation results of the local field intensity enhancement factor at
Au nanogaps with different gap spacings at the excitation
wavelength of 785 nm. The color scale represents the normal-
ized amplitude of the enhanced electric field |E| with respect
to the amplitude of the incoming electric field |E,|. As can be
seen in Fig. 7, the reduction of the gap spacing resulted in an
increase in the enhanced electric field at the Au nanogap
region, which can be explained from the increasing surface
plasmon resonance (SPR) strength when decreasing the gap
spacing.”™** Similar results have also been reported for
different structures when reducing the gap spacing.”>** In
addition, Fig. 7c clearly shows that there are two major
regions of the enhanced electric field generated within the
~10 nm Au nanogaps. Awang et al. reported a similar obser-
vation when simulating the electric field distribution within
the gap of the Au nanograting pairs supported on the
SF10 glass substrate,*> which they attributed to the corner
effect of the structure.

Surface-enhanced Raman scattering measurements

Fig. 8a shows the reflectance spectra measured on various Au
nanogap samples containing different gap spacings. A red
shift and formation of a second peak at ~525 nm were
observed in the spectra when reducing the gap spacing. The
appearance of such second peak at lower wavelengths has
been reported in the literature, both for two nanoparticle
systems** and nanowires.” Romero et al. attributed the for-
mation of these peaks to the strong interactions of single par-
ticle multipoles.*® However, it has to be noted that the expla-
nation of Romero et al. was based on the two nanosphere
system.

-100 -50 0 50 100

-100 -50 0 50 100 -100 -50 0 50 100

Fig. 7 FDTD-simulated distribution of the local field intensity enhance-
ment factor (|E|?/|Eo|?) at the wavelength of 785 nm for Au nanogaps of
(a) ~30 nm, (b) ~20 nm, and (c) ~10 nm. The yellow dashed lines indi-
cates the SiN boundary.
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Fig. 8 (a) Reflectance spectra. SERS signals (b) of pure BT, and (c)
measured on Au nanogap arrays of ~30 nm, ~20 nm, and ~10 nm gap
spacing, with (d) a close-up image. (e) Calculated enhancement factors
of the spectra obtained from the measurements over a 5 x 5 pm? area
for the ~10 nm Au nanogaps, and (f) the corresponding histogram.

Fig. 8b shows the SERS signal of the pure BT used as the
reference. Fig. 8c shows the SERS signals measured on various
Au nanogap samples containing different gap spacings of
~30 nm, ~20 nm, and ~10 nm, after coating a monolayer of
BT molecules. As can be seen at the 1070 cm™" peak in Fig. 8d,
there is a slight increase in the measured signal with decreas-
ing gap spacing from ~30 nm to ~10 nm. It might be surpris-
ing that the enhancement in the electric field strength in the
simulated gap region (see Fig. 7), which is about 10-fold from
the ~20 nm to ~10 nm gaps, causes only a relatively small
increase in the measured signal. However, this can be
explained by the fact that the fraction of the scattered signal
that reaches the objectives (NA = 0.9, a,am ~64°) decreases
with an increasingly narrow gap and consequently lower
escape angle. It must furthermore be noted that the BT mono-
layer forms only on the sample surface after drying (white
lines in Fig. 7), so that the high field enhancement in the
entire gap in the ~10 nm Au nanogaps does not contribute to
the measured SERS signal (Fig. S12-S137). It is thus expected
that the ~10 nm Au nanogaps are especially useful for measur-
ing in solution.

It is worth mentioning that all the Au nanogaps were slowly
immersed perpendicularly to the BT solution surface before
immersing completely in the solution. We expect that the solu-
tion could wet the entire Au nanogaps by the capillary flow.
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This procedure was followed because immersing the Au nano-
gaps into the BT solution, parallel to the solution surface,
resulted in a significant drop in the signal intensity, especially
for the ~10 nm Au nanogaps (Fig. S141). We attribute this to a
lack of penetration of the solution with analyte molecules to
the region of the nanogaps, caused by the hydrophobic nature
of Au. Therefore, in that case, although there is a strongly
enhanced electric field at this region (see Fig. 7), a lower SERS
signal is generated, leading to a significant drop in the totally
obtained signal. This would imply that the method of sample
introduction is an important factor in the present SERS
structures.

To investigate the homogeneity of the enhancement over
the structure surface, a map of 5 x 5 um?® containing 2500 exci-
tation points (50 lines containing 50 points per line) was con-
structed, and the enhancement factor was calculated using
eqn (1). As shown in Fig. 8e, for the Au nanogaps of ~10 nm
gap spacing, a relatively high uniformity in the enhanced
factor was obtained (Fig. 8f). For the structures with gap spa-
cings of ~30 nm and ~20 nm, the maps of the enhancement
factor are shown in Fig. S15.1

The average enhancement factors calculated by averaging
2500 spectra of each map and their relative standard deviation
were 1.1 x 10° + 19.7%, 1.1 x 10° + 22.7%, and 1.5 x 10° +
31.7% for the Au nanogaps of ~30 nm, ~20 nm, and ~10 nm,
respectively (Fig. S16-S171). These obtained enhancement
factors are comparable to those reported in the literature® >’
at similar gap spacings. These enhancement factors are
expected to be enhanced by further narrowing down the gap
spacing. This can be done by conformal deposition of a
thicker SiN layer than the currently used SiN layer of ~35 nm
before sputtering the gold layer.

In addition, it is noteworthy that for the second, smaller
peak at around 525 nm in the reflectance spectra, no signal
was observed when exited by a 532 nm laser (Fig. S187).

Conclusions

In summary, we report a robust method for wafer-scale pat-
terning dense arrays of high-quality Au nanogaps, combining
DTL-based shrink-etching with dry etching, wet etching, and
thin film deposition techniques. Using this fabrication
method, SiN-coated Si templates with extremely smooth SiN
nanogaps were fabricated over full wafer areas, which were
then used as a template to pattern high-quality Au nanogaps
by sputtering a Au layer over the structure surface. The quality
of the Au nanogaps was significantly enhanced by minimizing
the roughness of the template used for the Au deposition. By
varying the thickness of deposited Au layers, we successfully
demonstrated the fabrication of high-quality tunable Au nano-
gaps down to ~10 nm gap spacing over full wafer areas. Our
fabricated Au nanogaps showed a significant enhancement of
SERS signals (up to 1.5 x 10°) of BT molecules chemisorbed on
the nanogap surface compared to those obtained when using
a pure BT solution. Moreover, using the FDTD simulation

This journal is © The Royal Society of Chemistry 2019
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allowed us to predict the location of the hot-spot regions. As a
result, a tailored sample introduction procedure was intro-
duced for our fabricated Au nanogap arrays in order to obtain
good SERS signals, especially for the ~10 nm Au nanogaps. In
addition, the simulations indicated that the ~10 nm and
~20 nm Au nanogap arrays are expected to give higher
enhanced signals when measuring in solution as the
enhanced electric field in between the gap is then fully
employed. With its simple operation, our fabrication method
is suitable for the high-yield and low-cost patterning of high-
quality tunable Au nanogaps that can be used in many appli-
cations, including biomedical and chemical sensing,>* and
surface-enhanced spectroscopy.®*°
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