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ABSTRACT: We revisit nanoscale local optical field imaging via tip-enhanced
Raman scattering (TERS). Rather than taking advantage of molecular reporters
to probe different aspects of the local fields, we show how ultralow frequency
Raman (ULF) scattering from the (nanocorrugated) metallic probe itself can be
used for the same purpose. The bright ULF-TERS response we record allows
non-invasive (tapping mode feedback) local field imaging, enables visualization
of the local fields of small (≥20 nm) isolated plasmonic particles, and can also
be exploited to distinguish between Si and SiO2 domains with 5 nm spatial
resolution. We describe our approach and its limitations, particularly when it
comes to using all-metallic versus molecular reporters.

Combining scanning probe microscopy with (non)linear
optical spectroscopy achieves the best of both worlds and

has led to significant advances in our understanding of
molecular and material systems.1 Several popular techniques
have emerged from this combination, including tip-enhanced
Raman scattering (TERS2), which allows chemical and
chemical reaction imaging with one- to few-nanometer spatial
resolution under ambient laboratory conditions.3 While
subnanometer resolution has thus far only been achieved
through measurements conducted at ultrahigh vacuum and
ultralow temperatures (UHV-ULT),1,4,5 ambient and in situ
measurements continue to be important, e.g., in the realms of
biological imaging and plasmonic catalysis.
Recent TERS studies have targeted analytes ranging from

quantum and semiconductor materials and (bi)metallic
catalytic nanostructures to small molecules. Indeed, down to
single-molecule detection sensitivity has been observed either
directly in UHV-ULT TERS or indirectly under ambient
conditions by virtue of the demonstrated spatial resolutions.
Beyond chemical imaging, interesting applications of TERS
include vibrational mode visualization,4 chemical reaction
monitoring,6 and direct nano-optical sequencing.7 In the
same vein, our group has contributed to the field through
studies aimed at optical field imaging.3 From visualizing the
spatial distributions and vector components of local optical
fields to measurements that are sensitive to local optical field
resonances, hyperspectral TERS maps indeed contain a wealth
of information about the (non)local fields that are acting on
nearby molecular and material systems.3

In a recent report from our group, we extended TERS to the
ultralow frequency (ULF) domain.8 Namely, using smooth

plasmonic probes, we tracked low frequency interlayer
phonons in TMD heterostructures. In this work, we combine
ULF-TERS with the concept of local optical field imaging via
nano-Raman. Rather than relying on molecular reporters, we
now use ULF-Raman scattering from a (sputtered) plasmonic
probe. The tip-only signal is further enhanced in the vicinity of
nanostructures and material systems that further enhance the
ULF-Raman signal of the probe. These include isolated
plasmonic nanoparticles that are ≥20 nm in diameter. Non-
invasive ULF-TERS is possible using tapping mode AFM
feedback, by virtue of the large low frequency Raman response
compared to conventional Raman scattering from molecules in
the fingerprint region. As a direct application of our approach,
we show that ULF-TERS from the plasmonic probe can be
used to distinguish between Si and SiO2 on the nanoscale, with
high sensitivity and a spatial resolution of ∼5 nm under
ambient conditions.
Because ULF Raman signals are very close to the laser line,

caution needs to be exercised to ensure that the recorded low
frequency response is indeed inelastic as opposed to a result of
laser light leaking through the filters. This is the starting point
for our discussion. Beyond engineering controls, i.e., the use of
ultranarrow lasers and appropriate ULF notch filters, we
performed several initial checks, which are summarized in
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Figure 1. Panels a and b of Figure 1 show spectra resulting
from the transmission of white light through the 532 and 633
notch filters, both with and without laser illumination.
Illumination was achieved using a removable in-line camera
that can be placed before the objective (side illumination
channel) and that is equipped with a built-in white light-
emitting diode source. These two plots otherwise show the
filter functions and also reveal that the ultranarrow lasers we
use are fully contained within the ultrasharp spectral window of
null transmission. Panels c and d of Figure 1 show Raman
scattering spectra taken on or off plasmonic probes, and they

are obtained by integrating the spectral response contained in a
circular area centered around the tip apex or in the blue areas
seen in Figure 1e−g. The images (Figure 1e−g) are otherwise
obtained by mapping the optical response in space using a xyz
piezo objective scanner to which the side illumination
objective is mounted. Similar images are typically used to
locate the apex of the plasmonic probe prior to nano-optical
mapping. From these images, it is immediately evident that the
inelastically scattered radiation (both Stokes and anti-Stokes)
is nascent from and localized to the apex of the probe. This
localization is a prerequisite to the measurements described

Figure 1. White light transmission through the (a) 532 and (b) 633 nm notch filters with and without laser light. The full widths at half-maxima of
the blocking bands are ±6 and ±4 cm−1 in panels a and b, respectively. (c and d) Normalized terahertz Raman spectra of a silver-coated AFM tip
(Nanosensors, ATEC-NC) at 532 and 633 nm, respectively. These images were taken from hyperspectral micrographs of the probe recorded by
using an xyz piezo objective scanner. (e−g) Maps taken from micro-Raman spectral images of a silver-coated AFM tip. The images were integrated
in the 10−30 cm−1 range (e), around the laser line in the −3 to 3 cm−1 region (f), and in the −10 to −30 cm−1 spectral region (g). Note that the
images were recorded using a 633 nm continuous wave laser and that the entire field of view is 3 μm in both the vertical and horizontal directions
(100 nm step size in both directions). Conditions for the 532 nm measurement: 150 nm AFM tip, 0.5 mW laser power, 0.5 s/pixel integration.
Conditions for the 633 nm measurement: 130 nm AFM tip, 0.26 mW laser power, 1 s/pixel integration.

Figure 2. Tapping mode for ULF-TERS imaging of silver nanoparticles on silicon. The ULF-TERS maps depict the results of various silver
nanoparticles imaged using a metal-coated AFM tip (Nanosensors, ATEC-NC) in tapping mode. (a and b) ULF-TERS images of 100 nm
(nanoComposix, SCPH100) and 55 nm (nanoComposix, SCPH55) silver nanocubes, respectively, using a 633 nm continuous wave laser. (c) A 20
nm silver nanoparticle (Sigma-Aldrich, 730793) irradiated at 532 nm. (d) ULF-TERS spectra normalized to the laser intensity, averaged when the
AFM tip is placed on or off the silver nanoparticle in panel c. (e) Line profile of the ULF-TERS response in the Stokes region along the dashed line
in panel c.

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

https://doi.org/10.1021/acs.jpclett.3c02122
J. Phys. Chem. Lett. 2023, 14, 8334−8338

8335

https://pubs.acs.org/doi/10.1021/acs.jpclett.3c02122?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c02122?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c02122?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c02122?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c02122?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c02122?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c02122?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c02122?fig=fig2&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.3c02122?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


below. The zero line image (Figure 1f), however, shows no
contrast, as it tracks only a small amount of stray laser light as
opposed to an optical response. Finally, it is important to note
that not all tips we tested were suitable for the measurements
described below. ULF Raman signal localization to the apex
that results in images similar to those shown in panels e and g
of Figure 1 is necessary for high resolution ULF-TERS
mapping.
Hyperspectral ULF-TERS images of 100 and 55 nm silver

nanocubes are shown in panels a and b, respectively, of Figure
2. Using 633 nm laser excitation, a clear enhancement of the
ULF Raman response can be seen. These images are
reminiscent of conventional (fingerprint region) TERS images
of chemically functionalized plasmonic nanocubes.9 The
images trace the edges of the cubes where the local fields
defined by the interaction between the plasmonic probe and
the edges of the cubes are maximally enhanced. Deviations
from square-shaped scattering in this case can be traced back
to the heterogeneous morphology of the sputtered metallic
probe.10 Note that these measurements, and unlike most of our
prior demonstrations, are performed using tapping mode AFM
feedback by virtue of the brightness of the ULF-TERS signal.
This allows us to push the limits of our approach to local
optical field mapping to smaller plasmonic nanoparticles as tip-
induced displacement of the particles is minimal here versus
using intermittent AFM feedback. Indeed, the spectral
response in intermittent AFM feedback is recorded when the
tip is in direct contact with the surface with a preset force value
that falls in the repulsive regime, even though pixel-to-pixel
motion is still executed using tapping mode AFM. Empirically,
this easily causes displacement of silver and gold nanoparticles.
Figure 2c shows the TERS map of an irregular 20 nm
plasmonic silver nanoparticle. The image was recorded by
using a 532 nm laser source to better match the energy of the
incident radiation with the resonance of the smaller silver
nanoparticle. The visualized local optical field profile is
irregular, and it tracks the non-uniform morphology of the
particle, as described well elsewhere.9

Even though the origin of the contrast that we observe in the
images is clear, distinct phenomena can lead to ULF Raman
scattering from the probe away from and/or in contact with
the nanoparticles (see Figure 2d). The Stokes/anti-Stokes
asymmetry observed here can, on one hand, be associated with
electronic Raman scattering, as discussed in a recent report.11

That said, enhanced vibrational Raman scattering from
heterogeneous metallic nanostructures sustained near the
apex of the sputtered plasmonic probe cannot be excluded.12

Indeed, seminal works in the area of plasmon-enhanced Raman
scattering assigned similar observations to localized acoustic
vibrations from nanostructures sustained on rough metal
films.12 In practice, it is likely that both phenomena contribute
to the recorded signals, and distinguishing between them is
difficult in our case of a sputtered plasmonic probe.
Nevertheless, our observation of ultrahigh spatial resolution
in ULF-TERS (Figure 2e) necessitates that the signal be
nascent from small metallic nanostructures on the probe and
that the signal be further enhanced at plasmonic junctions
defined by the plasmonic probe and plasmonic nanoparticles.
The measurements described above establish that ULF-

TERS spectral images report on the spatial profiles of confined
and enhanced local optical fields near metallic nanostructures.
Our next demonstration takes advantage of a similar effect,
namely, enhanced ULF-Raman from the probe, but now on Si
versus SiO2. The substrate can be visualized by using the
schematic and topographic AFM map in Figure 3a. It consists
of ∼20 nm high SiO2 domains on top of a silicon substrate.
Optical imaging of the SiO2 edge in Figure 3a results in the
simultaneously recorded tip-out [retracted by ∼25 nm from
the surface (Figure 3b)] and tip-in spectra [tip in contact with
the substrate (Figure 3c)]. Subtracting the former from the
latter results in the pure near-field image shown in Figure 3d.
Near-field spectra taken when the tip is on Si versus SiO2 are
shown in the same plot in Figure 3e. Our observation of
enhanced ULF-TERS on Si versus negligible ULF-TERS on
the SiO2 domain can be understood on the basis of prior
analyses.13 Finite-difference time-domain simulations (not
shown) that account for our experimental construct also reveal
strongly enhanced local optical fields on Si versus SiO2. The
difference in local optical field enhancement is what generates
the observed contrast. Using a lateral step size as small as 2 nm,
we establish that the spatial resolution in these measurements
is on the order of 6 nm (see Figure 4). This is contrasted with
the result shown in Figure 2, where strong interactions
between the plasmonic tip and plasmonic nanostructures yield
ultraconfined local fields that we track with sub-3 nm spatial
resolution.
In conclusion, this work shows that ULF-TERS scattering

from a corrugated metallic probe can be used to track local

Figure 3. ULF-TERS imaging of dielectric materials. (a) Schematic of the sample, which consists of an AFM calibration standard (NT-MDT,
TGQ1). The lower part of the same panel shows a representative topographic AFM map of the substrate. The ULF-TERS images in panels b−d
track a small area at the Si−SiO2 interface. (b and c) ULF-TERS images (averaged between 10 and 30 cm−1) when the tip was retracted and in
contact with the substrate, respectively. (d) Pure near-field ULF-TERS image obtained by normalizing the tip-in image using the tip-out response
recorded at every pixel. (e) Averaged near-field terahertz Raman spectra on the Si and SiO2 regions. For this experiment, we utilized a silver-coated
AFM tip with a thickness of 100 nm irradiated using a 532 nm continuous wave laser (1.0 mW power). Spectra were otherwise time-integrated for
0.1 s at every pixel.
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optical fields in the vicinity of metallic and dielectric substrates.
Compared to related measurements that rely on molecular
reporters, the brightness of the signals from the probe allows
tapping mode TERS mapping with a high signal-to-noise ratio.
The non-invasive nature of tapping mode TERS allows us to
interrogate smaller plasmonic particles, which is currently not
trivial using intermittent contact AFM feedback, wherein
particles are displaced and even picked up by the probe. The
downside of the currently used approach has to do with the
limited information content here versus in the case of
molecular TERS, where vector components, resonances, and
even nature (local vs nonlocal) of local optical fields can be
tracked. The current approach, nonetheless, allows us to
distinguish between Si and SiO2 with high sensitivity as a result
of dimmer ULF-TERS atop SiO2 versus Si. Given the
importance of these structural motifs in emerging (micro)-
electronics and the semiconductor industry more generally, the
approach we describe here could be attractive for emerging
research directions.
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