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ABSTRACT
We report a robust and high-yield fabrication method for wafer-scale patterning of high-quality sub-10 nm gold
(Au) nanogaps. Our method combines displacement Talbot lithography (DTL) based shrink-etching technique [1]
with dry etching, wet etching, and thin film deposition techniques. The fabricated Au nanogaps showed a significant
enhancement of SERS signals of benzenethiol (BT) molecules chemisorbed on the structure surface.
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INTRODUCTION
Gold nanogaps have a wide range of potential applications including biomedical and chemical sensing [2], and
surface-enhanced Raman scattering (SERS) [3] due to their remarkable electrochemical and optical properties.
However, fabrication of periodic high-quality Au nanogaps down to sub-10 nm at a full wafer-scale has been
considered challenging. In this paper, we report a robust and high-yield method for wafer-scale patterning dense
arrays of size-tunable Au nanogaps, combing a DTL based shrink-etching technique with dry etching, wet etching,
and thin film deposition techniques. Using this method, we fabricated Si templates coated with an extremely smooth
SiN edges, which were further coated with a Au layer to obtain high-quality Au nanogaps over full wafer areas. By
adjusting the Au thickness, Au nanogaps down to sub-10 nm were fabricated at a high uniformity. Furthermore, we
demonstrated the potential of our fabricated Au nanogaps for surface-enhanced spectroscopy by measuring SERS
signals of benzenethiol (BT) molecules chemisorbed on the surface of the Au nanogap arrays.
EXPERIMENTAL
Figure 1 shows details of the process for wafer-scale fabrication of sub-10 nm Au nanogaps. An array of ~110
nm PFI88 photoresist (PR) nanolines was patterned on an oxidized silicon (Si) wafer using DTL (PhableR 100C,
EULITHA), and subsequently shrink-etched into bottom anti-reflection layer coating (BARC - AZ® BARLi® II
200) nanolines of ~50 nm in width, using the combination of O2/N2 plasma etching with N2 plasma etching (Figure
1a-d) [1]. A thin chromium (Cr) layer of ~6 nm was sputtered on the surface of the patterned wafer [4], followed
by a lift-off process in a 99% nitric acid (HNO3) solution, which resulted in ~200 nm Cr nanolines with a nanogap
spacing of ~50 nm (Figure 1e-f). These Cr nanolines were used as a hard mask to further dry etch the SiO2 masking
layer (~30 nm thick), and Si substrate, using a parallel plate reactive ion etching system (in-house built TEtske
system, NanoLab) at wafer-level, 25 sccm CHF3, 5 sccm O2, 10 mTorr, 25 W for 13 min (Figure 1g-h). After wet
etching the Cr layer in a Cr etchant solution for 2 min and rinsing with DI water (Figure 1i), the Si substrate was
etched in a 25% potassium hydroxide (KOH) solution at 75℃ for 15 s (Figure 1k). The SiO2 masking layer was
then removed completely in a 50% hydrogen fluoride (HF) solution for 10 min to complete the fabrication of the Si
template with extremely smooth edges [5]. Thereafter, a low stress silicon nitride (SiN) layer of ~35 nm was
conformally deposited over the fabricated Si template by using low-pressure chemical vapor deposition (Figure 1L).
Finally, a gold layer of ~90 nm was sputtered directly on the top surface of the SiN coated Si template, resulting in
high-quality sub-10 nm Au nanogaps over full wafer areas (Figure 1m). The Au nanogap can be adjusted by
changing the thickness of the sputtered Au layer. Finally, the SERS signal of BT molecules chemisorbed on the
surface of these fabricated Au nanogaps was measured, and compared to that of BT chemisorbed on a flat Au layer
at the same thickness (WiTec confocal Raman/AFM/NSOM system, Germany).
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Figure 1: Fabrication process of sub-10 nm Au nanogap arrays.

RESULTS AND DISCUSSION
Figure 2(a) shows the HR-SEM image of a fabricated PR nanolines array patterned on an oxidized Si wafer by
using DTL. Well-defined PR nanolines were obtained with a high uniformity in terms of the line width (113.5 ± 1.5
nm). It is highly remarkable that the BARC nanolines were found to be still uniform over a full wafer area (50.0 ±
2.5 nm), after the shrink etching process (Figure 2b). Using these fabricated BARC nanolines, a well-fabricated
pattern of Cr nanolines were obtained over a full wafer area (Figure 2c).
Figure 3(a) shows the HR-SEM images of Si nanotrenches after dry etching in the TEtske system. From the
cross-sectional image, Si nanotrenches with a relatively vertical sidewall were observed, thus indicating an
anisotropic etching process. After the wet etching of the Si wafer in the KOH solution, a high uniformity of the
etched profile into the sidewall of the Si nanotrenches was obtained, in which the etching virtually stopped at <111>
oriented crystal planes (Figure 3b). After wet etching of the SiO2 masking layer, a Si template consisting of periodic
Si nanogaps with an extremely smooth gap of approximately 120 nm was obtained (Figure 3c). Since the roughness
effects of the patterned Cr nanolines and the SiO2 masking layer on the quality of the Si nanogaps were eliminated,
using this Si template for further patterning Au nanogaps could significantly improve their quality.
Figure 4 shows the HR-SEM image of a fabricated Si template coated with a SiN layer. It can be observed that
the SiN layer was conformally deposited over the Si template, leaving very smooth and uniform SiN nanogaps of
approximately 50 nm in gap spacing. Figure 5 shows the HR-SEM images of a dense array of Au nanogaps,
fabricated by sputtering a Au layer over the SiN coated Si template. A high uniformity in the gap spacing of the
fabricated Au nanogaps was obtained over a full wafer area. The close-up image shows that Au nanogaps of
approximately 10 nm with a periodicity of 250 nm and of high gap uniformity were fabricated by sputtering a Au
layer of approximately 90 nm thick.
Figure 6 shows that the measured SERS signal of BT molecules chemisorbed on the Au nanogap surface was
significantly enhanced, compared to that of BT chemisorbed on a flat Au layer at the same thickness.

Figure 2: Top-view HR-SEM images of the fabricated (a)
PR, (b) BARC, and (c) Cr nanolines. Scale bars represent
1 μm.

Figure 3: Top-view (scale bar: 1 μm) and cross-sectional
(scale bar: 500 nm) HR-SEM images of the fabricated (a)
Si nanotrenches after dry etching in the TEtske system, (b)
Si structure after wet etching in a 25% KOH solution, and
(c) Si template after wet etching of the SiO2 masking layer.
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Figure 4: Cross-sectional HR-SEM image of a fabricated
Si template coated with a SiN layer. Scale bar represents
200 nm.

Figure 6: Measured SERS spectra of BT chemisorbed on
a Au nanogap surface and a flat Au surface, with
corresponding vibrational modes [6]. The measurement
data were acquired from a single scan over a single spot,
without performing signal averaging to enhance the
signal-to-noise ratio.

Figure 5: Top-view (scale bar: 1 μm) and cross-sectional
(scale bar: 500 nm) HR-SEM images of sub-10 nm Au
nanogap arrays. A close-up HR-SEM image (scale bar:
200 nm) shows the high quality of the fabricated Au
nanogaps.

CONCLUSION
In summary, we report and demonstrate a robust method for wafer-scale patterning high-quality sub-10 nm Au
nanogaps. With its simple operation, our fabrication method is thus suitable for high-yield and low-cost production
of tunable Au nanogaps, which show a high potential for SERS applications.
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