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ABSTRACT: Gold nanoplates (AuNPLs) enable the gap-mode configuration of tip-
enhanced Raman spectroscopy (TERS). This allows for low-concentration molecular
sensing and high-resolution imaging. Compared with non-gap-mode TERS, the gap
plasmon provides significantly higher enhancement factors. In addition, AuNPLs
exhibit a lightning rod or edge effect, further enhancing the laser field and increasing
the spectroscopic sensitivity. In this study, we investigate the relationship between the
thickness of AuNPLs and the intensity of the spontaneous Raman signal produced by
4-nitrobenzenethiol, a reporter molecule used in TERS. Our experimental and
theoretical results show that the intensity of TERS spectra increases with an increase in
the thickness of the AuNPLs. This study of the thickness dependence of AuNPL
allows us to find a configuration with maximal nanoplasmonic effects. Moreover, the
electromagnetic interaction of the AuNPL with the tip, positioned near the AuNPL’s
edge, results in a plasmonic nanoantenna configuration for field enhancement, with
important promise for future applications to nanobioimaging and biosensing.

Noble metal nanomaterials (NMNs) are among the most
important plasmonic materials due to their broad

applicability in various research fields, including bioimaging,1−3

drug delivery,4−6 data storage,7 and catalysis.8−10 Upon
resonant electromagnetic radiation, the collective oscillation
of electrons of NMNs can be generated owing to the localized
surface plasmon resonance (LSPR) effect.11−13 As a result, a
strong field enhancement can be created in the vicinity of the
NMNs. This contributes to the enhancement of Raman
scattering of the molecules located in the vicinity of NMNs,
with a factor of around 106−109, a phenomenon known as
surface-enhanced Raman spectroscopy (SERS).14 SERS is a
powerful technique used in a variety of applications. However,
it does not provide spatial resolution; SERS studies are limited
by optical diffraction, similarly to most other far-field
spectroscopic techniques. To achieve higher spatial resolution,
near-field scanning probe microscopies (SPM), such as
scanning tunneling microscopy (STM) and atomic force
microscopy (AFM), were developed.15,16 SPM is capable of
providing topological information only, without any insight
into its chemical structure. Therefore, it is highly desired to
develop a detection method with high spatial resolution while
maintaining the high sensitivity feature of SERS.
Tip-enhanced Raman spectroscopy (TERS), a nanospectro-

scopic technique that combines SPM with LSPR, could
provide a solution for the above-mentioned limitations.17,18

Raman spectra provide unique fingerprints of molecular
species, without any labeling or staining required. Besides,
TERS enables nanometer or even single-molecule resolution
because only molecules in the direct vicinity of the tip will be

exposed to the enhanced field and consequently imaged.19−22

Compared with traditional TERS that provides an enhance-
ment factor of ∼105, the gap-mode configuration provides a
higher enhancement factor of 109,23−25 which makes it an ideal
candidate for investigating analytes on single-molecule26 and
single-monolayer levels.27−30 The enhancement can be
interpreted by recalling that within the tip−substrate gap the
electric field is enhanced due to the tip−substrate interaction.
Known as the gap-mode plasmon effect, the energy transfer
between the tip and AuNPL causes localization of the electric
field in the tip−sample junction.31 Besides, gap-mode plasmon
leads to a tighter confinement of the electric field, making the
tip a “sharper” probe for single-molecule sensing. In the
previous work, the gap-mode configuration has resolved
molecular vibrations with angstrom-scale spatial resolution.21

In order to improve outcome signals and imaging resolution,
we use Au nanoplates (AuNPLs) as TERS substrates in this
work. AuNPLs have atomically flat32 facets exposed as their
basal facets,32,33 making them ideal candidates for the gap-
mode TERS substrate. The similar Au nanoplates have been
reported efficiently for gap-mode TERS of cystine,24 nucleic
acids,34 and catalytic processing.35 The benefits in sensing and
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photocatalysis raise the significance of studying AuNPL as a
substrate. First, AuNPLs are particularly plasmonically active in
a spectral range stretching from the visible to the near-infrared,
which can overlap with the TERS resonance.36 In addition, due
to their comparable sizes to TERS tips, the tip-AuNPL cavity is
supposed to be easily tunable by adjusting cavity parameters,
such as the AuNPL thickness. Here we investigate the
substrate dependence of gap-mode TERS by fabricating
AuNPLs with various thicknesses from 10 to 60 nm. We
found that the TERS enhancement was directly correlated with
the thickness of AuNPLs, indicating the stronger coupling
efficiency of the plasmonic cavity on thicker AuNPLs. This
phenomenon was further confirmed by simulations of the tip−
AuNPL cavity, which shows a higher absorption/extinction
cross section on thicker AuNPLs.
The starting AuNPL seeds were synthesized by a modified

seed-mediated growth method that was reported previ-
ously,33,37 followed by isotropic growth38 to produce AuNPLs
with different thicknesses. Figure 1a and Figure S1a show the
typical scanning electron microscopy (SEM) and atomic force
microscopy (AFM) images of the obtained AuNPL seeds,
respectively. These AuNPL seeds were fabricated as trigonal
plates with a size of 154.3 ± 19.6 nm and an ∼8 nm thickness.
Detailed synthesis procedures are shown in the Supporting
Information. The absorption spectrum (Figure S2) shows that
two resonance peaks are present at 1330 and 823 nm which are
assigned to the dipolar and quadrupolar plasmon modes of
AuNPLs.37 By controlling the number of starting AuNPLs
seeds in the isotropic growth, we obtained AuNPLs with
gradient thicknesses of ∼15, ∼25, and ∼40 nm (Figure 1b−d).
The 40 nm group also consists of a small quantity of AuNPLs
with 60 nm thickness (Figure 1d). Meanwhile, according to the
SEM results, the lateral dimension of these AuNPLs was
increased to ∼330 nm (Figure S1b−d). The kinetic process of
isotropic growth was also monitored by absorption measure-

ments (Figure S2). As the added quantity of the starting
AuNPL seeds decreases, the in-plane dipolar plasmonic peak
experiences red shifts at the beginning and then changes to
blue shifts. This effect corresponds to the heightened process
of the AuNPLs. Specifically, the peak shows red shifts to 1380
nm for AuNPLs with an ∼15 nm thickness and then blue shifts
back to 957 nm for AuNPLs with an ∼40 nm thickness. The
distinct spectral shifts are due to the faster growth in the lateral
rather than in the vertical direction. The heterogeneous growth
rates are also reflected by the changes in their aspect ratios
during the isotropic growth (Table 1). The AuNPLs with
various thicknesses were mixed and serve as a TERS substrate
after self-assembling a monolayer of 4NBT molecules.

The TERS measurement was conducted in an AIST-NT-
HORIBA side excitation system (45°) with a 633 nm CW
laser. The laser power used throughout the TERS experiments
was approximately 30 μW. TERS probes were fabricated
through the metal deposition of 70 nm of Au on the Si tip
(Appnano Mountain View, CA) at a 1 kHz scanning
frequency. The tip-fabrication procedure is described in detail
in the Supporting Information. A comparison of TERS and
Raman is displayed in Figure S3, implicating that the surface
enhancement of AuNPLs is not sufficient for imaging.

Figure 1. (a) AFM images of starting AuNPLs seed with ∼8 nm thickness. AuNPLs underwent isotropic growth with increased thicknesses of (b)
∼15, (c) ∼25, and (d) ∼40 nm. The insets show the corresponding height profiles along the red dashed lines.

Table 1. Size, Absorption, and Aspect Ratio Evolution of
AuNPLs during Isotropic Growth

dipolar absorption
(nm)

lateral size
(nm)

thickness
(nm)

aspect
ratio

as made 1330 154.3 8 19.2
1 mL of seed 1380 322.3 15 21.5
0.5 mL of
seed

1180 336.6 25 13.5

0.2 mL of
seed

957 322.6 40 8.1
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According to the AFM image in Figure 2a, five AuNPLs
(denoted as 1−5 shown in Figure 2a) with similar lateral sizes
but three groups of thicknesses (i.e., 10 nm (AuNPLs 2, 4, and
5), 35 nm (AuNPL 3), and 65 nm (AuNPL 1)) were selected
(Figure 2c). The isotropic characteristic has been shown in
Figure S4. Instead of providing an equal enhancement, AuNPL
1 showed the highest signal intensity, followed by AuNPL 3.
The TERS signals of AuNPLs 2, 4, and 5 were too noisy to be
differentiated from the background. This trend is consistent

with their thickness variations. Meanwhile, a similar phenom-
enon was also found on widely used Au microplates (Figure
S5), indicating that the thickness of the substrate is a critical
parameter determining enhancement factors (EFs) of gap-
mode TERS.
As shown in Figure 2d−g, we obtained the high-resolution

TERS images (10 nm step size) of AuNPL 1 (65 nm thickness,
Figure 2d,e) and AuNPL 3 (35 nm thickness, Figure 2f,g). It
should be emphasized that the edges are brighter than the

Figure 2. Gap-mode tip-enhanced Raman scattering with varied substrate thickness. (a) AFM and (b) TERS images of AuNPLs with thickness
ranging from 10 to 65 nm. (c) Corresponding height profiles along the red dashed lines in (a). High-resolution (d, f) AFM and (e, g) TERS images
of AuNPLs 1 and 3, respectively. (h, i) Typical TERS spectra extracted from the marked positions in (e) and (g), respectively. The scanning steps
of (b) and (e, g) are 50 and 10 nm, respectively. The acquisition time of all of these TERS images is 200 ms.

Figure 3. Simulated extinction cross section of the tip−AuNPL cavity by the boundary element method (BEM). (a) Localized surface plasmon
resonance (LSPR) of the cavity excited by the p-polarized light. Thicker AuNPLs cause SPR blue shifts. (b) Gap plasmon excited by the s-polarized
light. (c) Thickness dependence of the cross section ranging from 4 to 80 nm. The light is excited at 633 nm with p-polarization. The tip radius is
30 nm. The scale of the triangle plate is set to 400 nm.
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center of AuNPL in both cases, which is also confirmed by the
corresponding TERS spectra (Figure 2h,i). The same
phenomenon, attributed to the edge effect, has also been
observed in TERS of Au microplates.39 The edge effect, or the
lightning-rod effect, is due to the concentrated charge
distribution at corners or edges of micro- or nanostructures.
The plasmon modes of AuNPLs are mainly excited at the
edges.40 Therefore, strong plasmonic interaction at the edge
causes a gap-mode enhancement, leading to bright edges
shown in Figure 2e,g and Figures S6 and S7. The TERS
intensity of AuNPL 1 ranges from 5 × 104 to 3 × 105 counts,
while that of AuNPL 3 ranges from 3 × 104 to 1.5 × 105

counts. On average, the signal intensity of AuNPL 1 is
estimated to be approximately twice that of AuNPL 3. At the
same time, the thickness of AuNPL 1 is 1.85-fold higher. The
thickness of AuNPLs 2, 4, and 5 is 3.5-fold lower than that of
AuNPL 3, which is comparable to twice the 1.85-fold
thickness. However, their TERS signal intensities are lower
than 2 × 104 counts, which is overwhelmed by the background
noise. Thus, the TERS signal intensity shows a nonlinear
dependence on the thickness of AuNPL. To support this
hypothesis, we repeated TERS imaging on various AuNPL
substrates (Figure S6). When the thickness is greater than 20
nm, the TERS signal can be sufficiently distinguished.
During the growth process, AuNPLs of hexagonal and

trigonal shapes coexist. For example, in Figure 2, AuNPLs 1, 4,
and 5 are closer to the hexagonal shape, and AuNPLs 2 and 3
are triangularly shaped. The hot spot distribution and
extinction cross section of both forms are also shown in
Figure 3 and Figures S8 and S9, implicating that their
extinction cross sections are similar when the thickness is
greater than 30 nm. More discussions are given in the next part
to show the similar performance of both forms for TERS.
When a surface plasmon polariton (SPP) is generated along

the nanoplate, charges on AuNPL accumulate at the edge,
creating the bright edge hot spot. Therefore, measurements of
gap-mode TERS are sensitive at the edge. The rest of the
central area is bleached due to a lack of charges. AuNPLs work
as nanoantennas that bring importance to the electromagnetic
interaction of the tip with the AuNPL. It creates an optimal
configuration for the field enhancement at the certain edge of
AuNPL determined by the excitation polarization (Figure S7).
As a result, a narrow edge has been observed in AuNPLs at
60−100 nm. The signal contrast of the edge and the center is
shown in Figure 2h,i. The maximum counts of the nitro signal
(1335 cm−1) at the edge (B, D) and in the center (A, C) in
Figure 2h are 2.5 × 106, 1.8 × 106, 7.1 × 105, and 3.9 × 105,
respectively. The edge-to-center contrast can be estimated by
the peak ratios of the edge and the center, which range from
2.53 to 8.33. Therefore, Figure 2h shows that though the
signals with AuNPL are not homogeneous, signals along the
edges are overally stronger. To compare the edges of different
alignments, the same calculation was conducted for Figure 2i,
which involves two bright edge spots (G, H) and two dark
edge spots (E, F). Their corresponding peak intensities are 1.4
× 106, 1.6 × 106, 3.4 × 105, and 2.6 × 105. The corresponding
peak ratios range from 4.11 to 6.15. The difference in the edges
is attributed to their alignment against the light polarization. A
detailed simulation is shown in Figure S8. Outperforming bulk
Au substrates, the narrow edge effect of AuNPLs potentially
leads to higher enhancement factors of TERS.
The thickness dependence can be interpreted on the basis of

the gap-mode plasmon effect. The ultrasmooth AuNPL film

(Figure S4) performs as a mirror-screening electric field.
Therefore, an image tip can be assumed to understand the
hybridized plasmonic gap. The effective coupling between the
tip and an Au substrate can be approximately estimated by the
tip and its mirror image on different sides of the gap.41 This
method simplifies the gap-mode model to the dual-tip
configuration where the substrate is placed at the center
between the tip and the mirror image. Though Au substrates
are usually considered to be perfect mirrors for electric fields,
with a thickness of tens of nanometers, AuNPLs cannot
perform as an ideal mirror. Since thin substrates of <30 nm fail
to screen the localized electric field, the image tip is
distorted.42 Under this condition, the image tip can be
considered to be a partial image together with opposite charges
in the far field. When the substrate becomes thicker, far-field
emissions are screened, which leads to gradual changes from a
partial image to a perfect mirror image. As a result, coupling of
the tip and the mirror image becomes stronger; therefore, the
electric field in the gap becomes more concentrated and
enhanced.
In Figure 3, AuNPLs with different thicknesses are simulated

via the boundary element method (BEM). The algorithm is
based on the MNPBEM toolbox by Hohenester et al.43

Detailed methods are shown in the Supporting Information.
The extinction cross section is used to estimate the EF. With p-
polarized incident light at 633 nm, thicker substrates show a
larger cross section. Figure 3c shows the calculation of the
thickness dependence. We note that the kinks in the curve of
Figure 3c (extinction cross section as a function of AuNPL
thickness) result from the shifting resonance peaks of Figure
3a. As the AuNPL thickness is varied, the LSPR wavelengths
change, leading to nonlinear variations of the cross section for
a fixed excitation wavelength. When the thicknesses of
AuNPLs are 10, 30, and 60 nm, the cross sections are 6.85
× 104, 3 × 105, and 3.8 × 105 a.u., respectively. According to
TERS theory, ITERS ∝ σ|Einc|

2 × σ|EEm|
2, where the extinction

cross section σ is assumed to be the same for pump and Stokes
wavelengths and TERS signals are proportional to σ2.
Therefore, the spectral intensity ratio of AuNPL 1 and
AuNPL 3 equals 1.69. This estimation matches the measure-
ment of peak ratio IAuNPL1/IAuNPL3 ranging from 1.67 to 2. The
ratio of AuNPL 3 and AuNPL 2 is 19.18. It explains the reason
that AuNPLs 2, 4, and 5 have such weak signals. Moreover,
Figure 3c shows that 30 nm is a saturation thickness in
improving TERS EFs. When the thickness is smaller than 30
nm, EFs are more sensitive to the thickness. As it keeps
increasing, EFs will not change as much. This feature could be
caused by both surface plasmon resonance and the gap-mode
plasmon effect. Besides the thickness, it should be noted that
the shape of the AuNPL may also play a role in the TERS
enhancement. The ideal or thermodynamically stable structure
of AuNPL has two {111} basal facets and six {110} side facets,
making it a hexagonal appearance. However, half of {110} can
grow faster than the rest in the initial growth process, making it
a trigonal shape. In Figure 3 and Figure S9, we compared the
extinction cross section of both shapes. When the thicknesses
of the hexagonal form are 10, 30, and 60 nm, the cross sections
are estimated to be 1.8 × 105, 2.6 × 105, and 4 × 105 (Figure
S9). As for the trigonal case, the cross sections are 6.9 × 104, 3
× 105, and 3.8 × 105, respectively (Figure 3). When the
thicknesses are 30 and 60 nm, hexagonal and trigonal forms of
AuNPL have comparable cross sections. When the thickness is
less than 30 nm, as we hardly observed TERS signals with

The Journal of Physical Chemistry Letters pubs.acs.org/JPCL Letter

https://dx.doi.org/10.1021/acs.jpclett.0c01021
J. Phys. Chem. Lett. 2020, 11, 3815−3820

3818

http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c01021/suppl_file/jz0c01021_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c01021/suppl_file/jz0c01021_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c01021/suppl_file/jz0c01021_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c01021/suppl_file/jz0c01021_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c01021/suppl_file/jz0c01021_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c01021/suppl_file/jz0c01021_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c01021/suppl_file/jz0c01021_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c01021/suppl_file/jz0c01021_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c01021/suppl_file/jz0c01021_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c01021/suppl_file/jz0c01021_si_001.pdf
pubs.acs.org/JPCL?ref=pdf
https://dx.doi.org/10.1021/acs.jpclett.0c01021?ref=pdf


either form, their difference in Raman enhancements are not
concerned. In the case of 633 nm excitation, according to our
simulation, TERS might be affected by both the shape and
thickness of AuNPL when the thickness is below 30 nm but
will be solely affected by the thickness when it is greater than
30 nm.
One of the most concerning artifacts in TERS imaging is tip

contamination. In some independent cases, we also witnessed
this alternative mechanism and found that it was distinct from
our previous results. As shown in Figure S10a, the signals
spread over the last several lines of the scanning. Positions such
as 3 and 4 also show strong characteristic signals of 4-NBT
even if no AuNPL is expected (Figure S10c). These results
indicate that the tip was contaminated by picking up thiolate
molecules during TERS mapping. The tip contamination is an
unpredictable issue before TERS mapping and can make a tip
blunt and unstable and always causes obscure images instead of
the high-resolution ones presented in Figure 2. Therefore, the
TERS images in this letter demonstrates that they are not
caused by tip contamination.
We performed a detailed spectroscopic investigation on the

gap-mode TERS using AuNPLs as substrates. Because of the
edge effect, AuNPLs display a nonuniform hot spot
distribution. The interaction of hot spots and the tip results
in the further improvement of TERS sensitivity. Besides, it is
found that the TERS signal intensity shows a positive
correlation with AuNPL thickness. Moreover, both exper-
imentally and theoretically, we confirmed a saturation
thickness of 30 nm for gap-mode TERS and assumed that a
well-grown AuNPL substrate at 30 nm can sufficiently facilitate
TERS measurement with high sensitivity.
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