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ABSTRACT: This article presents a proof-of-concept for a new
imaging method that combines tip-enhanced Raman spectroscopy with
intermittent-contact atomic force microscopy to provide simultaneous
nanometer-scale mechanical imaging with chemical contrast. The
foremost difference from a standard tip-enhanced Raman microscope is
the Raman illumination, which is modulated by the cantilever drive
signal so that illumination is only active when the tip is close to the
surface. This approach significantly reduces contact forces and thermal
damage due to constant illumination while simultaneously reducing
background Raman signals. Near-field optical and dynamic cantilever
simulations highlight the effect of the imaging parameters on the tip—
sample force and the evanescent field enhancement. The experimental
images obtained with this new imaging method demonstrate a lateral
resolution sufficient to identify single-walled carbon nanotube bundles
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T ip-enhanced Raman spectroscopy (TERS) combines the
chemical sensitivity of Raman spectroscopy with the
subdiffraction-limited resolution of near-field optics.' ® TERS
has become established as a powerful imaging tool with reports
of spatial resolutions as low as 1—15 nm under ambient
conditions’ ™" and sub-nanometer spatial resolution under
ultrahigh vacuum and cryogenic temperatures.'*~'® TERS
relies on the formation of localized surface plasmons at the end
of a metal probe.'"'””"” Since the intensity and spatial
confinement of this evanescent field decays exponentially with
increasing tip—sample distance,">*® atomic force microscopy
(AFM) feedback technigues are conventionally employed to
maintain the separation.

There are three typical optical configurations used for
TERS: top illumination and collection; side illumination and
collection; and bottom illumination and collection.! If the
sample is transparent, bottom illumination and collection can
be used, allowing for the illumination beam to be focused
through the sample onto the tip apex.'® For opaque samples,
top illumination and collection®" is required to avoid cantilever
shadowing; a specialized tilted TERS probe is needed. Finally,
the side illumination and collection configuration” is suited to
opaque samples and allows an optimal polarization alignment
with the probe tip, while reducing direct back scatter. This
mode requires a focusing lens with a high numerical aperture
(NA) and a long working distance, but parabolic focusing
mirrors can be used as an alternative.””**
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Conventional TERS, based on contact mode AFM feedback,
is routinely used for spectroscopy of single points; however,
simultaneous recording of topographic maps and Raman
spectra in contact mode is complicated by several factors,
including the effect of contact forces, which can cause critical
deformations and displacements”® when imaging soft, sticky, or
easily displaced samples. Thermal damage can also occur due
to constant laser exposure.6 To reduce contact forces, dynamic
AFM methods such as tapping-mode AFM*° are required to
widen the application range of AFM-TERS imaging. This
combination has also been adopted in other near-field
spectroscopy applications, such as infrared spectroscopy
(AFM-IR).”’

In order to reduce damage to the sample and tip during
topography acquisition, a hybrid mode between contact mode
TERS and intermittent contact mode AFM was demonstrated
for imaging functional groups on the surface of two-
dimensional materials.”® In this mode, the z-axis feedback is
switched between the constant-force contact mode for Raman
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spectra acquisition and constant-amplitude intermittent-
contact mode for topography acquisition. In practice, this
mode is inherently slow and the switching between feedback
parameters leads to artifacts in the topography channel, as
shown in Figure 3(B).

The disadvantages associated with contact-mode TERS have
led to the development of TERS modes purely based on
intermittent-contact-mode AFM.'>?%*73° Iy these modes, the
AFM is operated continuously in constant-amplitude inter-
mittent-contact mode with continuous or gated illumination
and collection of Raman spectra. The combination of TERS
and intermittent-contact mode inherits the benefits of reduced
lateral friction and reduced adhesion for soft sam7ples, while
maintaining high resolution in the z-direction.>*>” However,
the intensity and spatial confinement of the evanescent field
will decay exponentially with distance from the probe,'>*’
which requires precise control and timing between the tip—
sample distance and spectrum acquisition. This can be
achieved by temporal gating of the Raman spectra detection
system.””" To be effective, the gating needs to occur for a
fraction of the L}Jrobe cycle time, on the order of a few hundred
nanoseconds.”’ Since the response time of charge-coupled
device array-based spectrometers is insufficient for these timing
requirements, avalanche photodiode arrays have been used to
gate the Raman acquisition.” In this approach, the ability to
measure multiple Raman bands is sacrificed to enable precise
gating at the expense of reducing the Raman spectra to a single
band. These snapshots can then be used to estimate the
background Raman signal which is removed from the final
measurement.””*’ Another disadvantage is that the cantilever
tip and sample experience continuous laser exposure, while the
Raman acquisition is confined to a small fraction of the
cantilever oscillation cycle, potentially leading to degradation
of the tip and delicate samples.

An alternative to gated acquisition is to modulate the Raman
laser illumination beam.'” Advantageously, this method uses a
standard spectrometer that acquires multiple bands simulta-
neously. The concept of this technique is illustrated in Figure
1, which shows the illumination laser being pulsed when the
probe is in contact with the sample and highlights the duty
cycle as an important parameter. This technique was first
experimentally investigated by Kawata et al,'”” who used
precise tip—sample distance control to profile the spatial decay
of the evanescent field forming at the end of the tip. In their
work, multiple Raman measurements are taken along an
isolated single-walled carbon nanotube; however, no complete
Raman images or height maps are reported.

In this article, we present a complete proof-of-concept for a
new imaging mode termed modulated-illumination intermit-
tent-contact TERS (MIIC-TERS) with the ability to acquire
intermittent-contact AFM topography images and full-spec-
trum TERS images simultaneously. The modulation scheme
significantly reduces the background Raman signal compared
to intermittent-contact AFM modes with constant illumination
and inherits low tip—sample interaction forces from tapping-
mode AFM. The MIIC-TERS imaging mode is experimentally
compared to constant-illumination intermittent-contact TERS
(CIIC-TERS) and a recently developed hybrid mode.”***
Additionally, near-field optical simulations coupled with
dynamic cantilever simulations are used to examine the
influence of AFM imaging parameters and the TERS duty
cycle on the tip—sample force and evanescent field enhance-
ment.
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Figure 1. Schematic representation of MIIC-TERS. The Raman
laser is synchronized with the cantilever deflection to allow precise
timing of the laser modulation with respect to the AFM cantilever
position.

The experimental setup is based on a modified Horiba
XploRA-AFM TERS microscope, as described in Figure 2. An
acoustic optical modulator (AOM) modulates the illumination
source. The Raman laser exposure time is kept constant at 500
ms for all imaging modes, and the sample scanner is held
constant during laser exposure at each pixel, which leads to a
slightly longer pixel dwell time. For hybrid mode TERS, the
pixel dwell time must be increased further to accommodate the
tip—sample approach and retraction time and to allow for
settling of the cantilever dynamics, which leads to a longer
overall imaging time. A detailed description of the imaging
protocols and parameters for the hybrid mode, CIIC-TERS,
and MIIC-TERS are listed in the Supporting Information.

Normalized G-band maps and height images of graphene
flakes using hybrid mode TERS and CIIC-TERS are shown in
Figure 3. Although hybrid mode TERS provides an acceptable
Raman map in Figure 3(A), the height map in Figure 3(B)
exhibits the line artifacts labeled A and area artifacts labeled B.
In contrast, the Raman map obtained with CIIC-TERS in
Figure 3(C) appears noisy due to the low number of counts,
which are plotted in Figure 3(E). Figure 3(E) also shows that
the CIIC-TERS background signal is similar to the hybrid
mode, but the Raman signal is much lower, which is due to the
small percentage of time that the probe tip is near the sample.
Although the CIIC-TERS Raman map is noisy, the height map
in Figure 3(D) is free from artifacts associated with surface
tracking, e.g., artifacts such as features A and B in Figure 3(B).
An investigation of the area artifacts in Figure 3(B) found that
the hybrid mode to-contact procedure, which is required at
each pixel, does not result in identical force and amplitude set
points for consecutive pixels when switching between tapping
mode and contact mode on flat areas of the sample, and
therefore, the resulting amplitude of the cantilever deflection is
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Figure 2. Schematic of the MIIC-TERS experimental setup. The custom-built free-space optical modulation system includes a laser source and
spectrometer (Horiba XploRA-AFM TERS microscope), an acoustic optical modulator (Isomet IMAD-P80L-1.5), two optical edge filters

(Semrock 638 nm), alignment, and bypass mirrors.

not purely a function of the topography and can lead to
imaging artifacts.

These experiments demonstrate that the hybrid mode
provides adequate Raman mapping at the expense of high
contact forces and low-quality topographic imaging. Con-
versely, CIIC-TERS provides low contact forces and high-
quality topographic imaging at the expense of low-quality
Raman mapping. Therefore, there is a significant need for a
combination of high-quality Raman and topographic imaging
with low contact forces, which is achieved by the proposed
modulated-illumination intermittent-contact mode.

A time-domain simulation of the TERS probe trajectory was
combined with a stationary optical model to investigate the
effect of the laser pulse timing. The trajectory simulation was
used to determine the probe’s separation as a function of time,
which can be seen in Figure 4(B), along with the relative
instantaneous tip—sample force. Subsequently, the optical
model in Figure 4(A) is applied for a given probe separation to
yield relative electric field enhancement. The model stipulates
that the electric field decays exponentially with tip—sample
distance which agrees with recent experimental findings.”’ By
combination of these models, the relative electric field
enhancement as a function of time is plotted in Figure 4(B).
The dynamic simulation does not allow for sample indentation
during repulsive interaction which causes a zero tip—sample
distance and maximum electric field enhancement for multiple
points in time. Figure 4(C) shows the average relative electric
field enhancement as a function of the laser pulse duty cycle for
different amplitude set points. For a duty cycle of 100% and
amplitude set point of 75%, which is the case for the
experimental CIIC-TERS results presented thus far, the
average relative electric field enhancement (Raman signal to
background ratio) is approximately 0.3 and hence explains the
poor experimental Raman measurement for this mode.

The simulation results in Figure 4(C) suggest that a lower
duty cycle is always desirable to increase the average relative
electric field enhancement, but this conclusion neglects noise
sources present in the spectrometers. For a constant
integration and imaging time, a lower duty cycle will reduce
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the overall signal integrated by the spectrometer leading to
lower signal-to-noise ratio. This can be counteracted by
increasing the integration time, however, at the expense of
image acquisition time. An alternative approach is to decrease
the AFM amplitude set point, as demonstrated in Figure 4(C),
allowing for a longer duty cycle for a given relative electric field
enhancement. However, decreasing the amplitude set point
will increase the tip—sample forces® which may lead to
damage of the sample and tip. Additionally, for high set points,
the cantilever may remain in the attractive imaging regime
which limits the minimum tip—sample distance, resulting in a
reduced relative electric field enhancement, even for low duty
cycles. Ultimately, the laser duty cycle and AFM amplitude set
point need to be tuned for a given cantilever and sample
combination to achieve the desired balance of relative electric
field enhancement, tip—sample force interaction, and imaging
time.

To demonstrate the imaging capabilities of MIIC-TERS,
high-resolution Raman and topography maps were collected
simultaneously from carbon nanotubes and graphene flakes.
Figure S shows the Raman maps and topography of a carbon
nanotube cluster with a 10 nm pixel size.

Figure S(E) shows the Raman spectra for the three points
highlighted in Figure S(A)-(C). The Raman spectra for point 1
show high counts for the D-band (1350 cm™) and G-band
(1580 cm™") with a lower count for the 2D-band (2680 cm™).
These spectral properties, combined with the size of the
features, lead to the conclusion that point 1 corresponds to a
multiwalled carbon nanotube.*' Similarly, the cross section P*-
P of a multiwalled carbon nanotube shown in Figure S(F)
highlights the subdiffraction limited resolution with a full-width
at half-maximum of approximately 20 nm. Point 2 has a high
count for the G- and 2D-bands and a low count for the D-
band. Given its shape and size in conjunction with these
spectral properties, it is concluded that this point corresponds
to a multilayered graphene flake.”” Point 3 shows a high count
only for the G-band, and given its small width, it can be
concluded that it corresponds to a single-walled carbon
nanotube.’
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Figure 3. Experimental verification of hybrid mode TERS and
CIIC-TERS. (A) G-band (1580 cm™') Raman map and (B) height
map using hybrid mode TERS; Topography artifacts are highlighted
with labels A and B. (C) G-band Raman map and (D) height map by
using CIIC-TERS. (E) Raman spectra of the points labeled 1 and 2 in
(A) and (C). Imaging parameters: Free-air amplitude 20 nmy;
amplitude set point 55% (hybrid), 35% (CIIC); image size 5 X S
pum, 100 X 100 pixel; pixel dwell time 700 ms (hybrid), 600 ms
(CIIC); exposure time SO0 ms; imaging time 117 min (hybrid), 100
min (CIIC).

Figure 5(C), (D) show images of the G-band Raman signal
and the topography. The only common feature in both of these
maps is the graphene flake. Due to the large 200 nm probe
radius, the topography resolution is insufficient to resolve the
multiwall and single-wall carbon nanotubes labeled 1 and 2;
that is, MIIC-TERS provides better spatial resolution in the
Raman map compared to the topography map.

It can be observed that the Raman maps and topography
map are free from artifacts associated with AFM feedback
errors, such as line artifacts or other discontinuities. The
topography map in Figure S(D) reveals two large round
features in the top-right and lower-left corner which are not
represented in the corresponding TERS images. In particular,
the feature in the top-right corner shadows the graphene flake
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2 which is highlighted with arrows in Figure S(A)-(C). Since
these features do not exhibit any significant Raman spectra, it is
assumed they are due to sample contamination which
introduces an approximately 12 nm offset between the TERS
probe tip and sample surface, resulting in significant enhance-
ment reduction according to Figure 4(A). Further analysis is
provided in the Supporting Information.

Figure S(G) shows an offset between the Raman signal and
the topography, which is estimated to be 30 nm. This offset is
caused by the random granular nature of the silver probe
coating. When silver is evaporated onto a SiO, probe, the
difference in surface free energy leads to the formation of a
granular silver layer and the near-field enhancement is
concentrated around these grains.42_44 As a result, if the
grain responsible for the Raman signal is different from the
grain making contact with the sample, an offset between the
topography and Raman image can be observed."> Assuming
the two grains are adjacent to each other, the grain size is equal
to the offset of 30 nm, which is in good agreement with
reported values of 40 nm for a similar probe.*”

The AFM-TERS imaging results presented in this article
were acquired with different silver-coated TERS probes and in
different regions on the sample. This approach was required
due to the short lifetime of silver AFM-TERS probes.”~*
Consequently, imaging parameters such as the amplitude set
point, Raman hot spot on the tip apex, MIIC-TERS phase
offset, and MIIC-TERS duty cycle must be optimized for each
TERS probe and imaging mode. Due to the variability between
probes,* direct comparisons between the Raman signal-to-
noise ratio of each imaging mode is challenging.

All AFM-TERS results presented in this work were acquired
on gold substrates, which can result in stronger electric-field
enhancement of the combined substrate-sample-tip sys-
tem.””** Since all imaging modes were tested on the same
sample, the bias introduced through additional enhancement
from the gold substrate is common for all imaging modes and
is not expected to influence the comparisons or conclusions.

The article demonstrates tip-enhanced Raman spectroscopy
using intermittent contact and modulated illumination to
provide low contact forces and simultaneous high-quality
Raman and topographic imaging. The mode is experimentally
compared to a recently published hybrid mode and
intermittent-contact TERS with constant illumination. The
results verify the need for accurate timing between Raman
acquisition and tip—sample separation to maximize the signal-
to-background ratio. The results are consistent with near-field
optical simulations that predict improved average enhance-
ment with a reduced illumination duty cycle.

While all three imaging modes were tested with equivalent
Raman laser exposure times of 500 ms, MIIC-TERS would
benefit from extended pixel integration times to increase the
overall signal-to-background ratio at the expense of imaging
time. However, due to thermal drift of the custom free-space
optical modulation system, longer integration times are
prohibitive particularly at ambient temperatures.”” In the
future, the authors aim to fiber-couple the optical modulation
system to significantly reduce optical drift which would allow
longer pixel integration times. Another significant barrier is the
poor yield, high cost, low reproducibility, and short lifetime of
silver-coated TERS probes.”””** These limitations make it
challenging to objectively compare the Raman signal-to-
background ratio for different AFM-TERS imaging modes,
particularly when multiple TERS probes must be employed.
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Figure S1: Schematic of the MIIC-TERS experimental setup highlighting the key compo-
nents.

Experimental Setup

The experimental setup is based on a Horiba XploRA-AFM TERS microscope. This mi-
croscope uses the side illumination and collection configuration. A 100X Mitutoyo objective
lens with a NA of 0.7 focuses the excitation beam on to the TERS probe; this lens is housed
in a nanopositioner allowing for precise alignment. An acoustic optical modulator (AOM)
(Isomet IMAD-P80L-1.5) modulates the illumination source. The AOM is introduced to
the input beam path via two optical edge filters (Semrock 638 nm short pass), which also
divert the output beam around the AOM, as shown schematically in FigureS1. To ac-
commodate the additional optical components and their associated alignment mirrors and
opto-mechanical components, an external optical breadboard was installed. To insert this
external configuration into the pre-existing optical beam path, two bypass mirrors were in-
serted between the laser and spectrometer and the AFM. The illumination wavelength used
was 638 nm, and the power was set to 200 uW.

For all AFM-TERS measurements, a Horiba Raman test sample with single-walled car-

bon nanotubes (CNTs) and graphene oxide flakes dispersed on a 100 nm gold layer on glass
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Figure S2: Illustrative timing diagram between cantilever oscillation and Raman laser expo-
sure for (A) hybrid mode TERS, (B) CIIC-TERS, and (C) MIIC-TERS.

was imaged with a silver-coated Omni™ TERS probe from Horiba Scientific (OMNI-TERS-
FM-Ag). The cantilever has a nominal spring constant of 2.7 N/m, nominal resonance fre-
quency of 60 kHz, and tip radius of 200 nm. The tapping amplitude was set to 20 nm for all

measurements.

Scanning Protocols

Hybrid Mode TERS

The images presented in Figure 3 (A)-(B) of the main manuscript were obtained with the
factory standard Horiba Scientific hybrid scanning protocol (SpecTop™)! which bypass the
components of the MIIC-TERS setup. In this mode, topography images are obtained in
amplitude-modulation intermittent-contact mode and Raman spectra are obtained at each
pixel by performing a to-contact approach to a desired force set point. Typical interaction
forces are in the order of 2 — 10 nN with an Raman laser exposure time of 0.05 — 0.5s.! The
transition between acquisition of topography and Raman spectrum results in a discontinuous
scanning trajectory since the cantilever repeatedly switches between amplitude modulation
(to acquire topography) and contact mode (to acquire Raman spectrum). This process is
illustrated in Figure S2(A). Note that the pixel dwell time is longer than the laser exposure
time to accommodate for the tip-sample approach and settling of the cantilever dynamics,

which leads to increased imaging time. All imaging parameters are summarized in Table S1.
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Figure S3: Schematic block diagram of the MIIC-TERS setup.

Constant Illumination Intermittent Contact TERS (CIIC-TERS)

The images presented Figure 3 (C)-(D) of the main manuscript were obtained in constant-
amplitude intermittent-contact mode with constant laser illumination and continuous scan-
ning. Since the cantilever position with respect to the sample is not synchronized with the
Raman spectrum acquisition, a large amount of background scatter is captured. This process

is illustrated in Figure S2(B). All imaging parameters are summarized in Table S1.

Modulated-Illumination Intermittent-Contact TERS (MIIC-TERS)

The imaging results presented in Figure 5 (A)-(D) of the main manuscript were obtained with
Modulated-Illumination Intermittent-Contact TERS (MIIC-TERS). A suitable illumination
duty cycle for the sample and AFM configuration was found by tuning the Raman spectra
from a graphene flake as a known sample. Initially, the duty cycle was set to 25%, and
the phase was swept until a Raman spectrum typical for a graphene flake was observed.
The laser pulse duty cycle was then slightly reduced, and the phase was once again swept
to maximize the graphene flake spectrum. This process was repeated until there was a
reduction in the best achievable graphene flake spectrum amplitude, which corresponded to
a duty cycle of approximately 5%. A timing diagram for the laser modulator and oscillation
cycle is show in Figure S2(C); and a block diagram of the MIIC-TERS setup is shown in
Figure S3. A phase-locked loop (PLL) is used to generate a phase-shifted signal with respect
to the AFM cantilever drive to accommodate for the cantilever dynamics. A signal generator
is subsequently used to create a square-wave signal with a defined duty cycle to modulate

the acoustic optical modulator (AOM) acting on the Raman illumination laser. All imaging



parameters are summarized in Table S1.

Imaging Parameters

The imaging parameters for the results presented in Figure 3(A)-(D) and Figure 5 (A)-
(D) of the main manuscript are summarized in Table S1. The amplitude setpoint has been
optimized for each imaging mode following best practices.

Table S1: Imaging Parameters for the results presented in Figure 3(A)-(D) and Figure 5
(A)-(D) of the main manuscript.

Parameter Value

Hybrid Mode TERS | CIIC-TERS | MIIC-TERS
Image Size 5 X 5um 5 X 5um 1 x1um
Image Resolution 100 x 100 pixel
Pixel Size 50 nm 50 nm 10 nm
Free-air Amplitude 20 nm
Amplitude Setpoint 55% 35% 46%
Exposure Time 500 ms
Imaging Time 117 min 100 min 100 min
Pixel Dwell Time 700 ms 600 ms 600 ms

Image Post-processing

Topography images have been post-processed by removing a background plane due to slight
sample tilt. Additionally, a slow drift in the optical components was observed which leads
to a drift in sensitivity in the direction of the slow-scan axis in the Raman maps shown
in Figure 5 (A)-(C) of the main manuscript. This artifact was removed by estimating the
background Raman spectrum for each point of the map with the use of linear interpolation
and excluding the D-,; G- and 2D-bands. The boundaries of the bands were defined to be
1200 — 1400cm™!, 1500 — 1700 cm ™! and 2500 — 2700 cm™~! for the D-, G- and 2D-bands,

respectively. This estimated background Raman spectrum was removed from the spectra,
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and the Raman signal was summed between the boundaries of each band. No other spatial

filtering was applied to the images.

Numerical Results

The intermittent-contact TERS imaging results with constant and modulated illumination
are further corroborated with Matlab simulations using the metallic nanoparticle boundary
element method (MPNBEM)? combined with a time-domain intermittent-contact AFM simu-

lation. First, a single mode of the cantilever interacting with a gold sample is simulated by

solving
(1) + G (e) + wdy(t) = ult) (1)
with
u(t) = %‘%[Fd sin (wot) + Fis(d,t)] (2)

being the input force and d, Q),wq, k, Fy are the tip-sample separation, quality factor, res-
onance frequency, stiffness, drive force amplitude and Fi (d,t) is the tip-sample force as a
function of tip-sample distance. Here, the Derjaguin-Muller-Toporov (DMT) model?® is used
for the tip-sample interaction which combines classical Hertz contact mechanics with van
der Waals forces to model the attractive forces between stiff samples with low adhesion.*
The simulations resulted in repulsive interaction for amplitude set points of 75%, 55%, 35%
and attractive interaction for 95% amplitude set point. The parameters given in Table S2
are adapted from published data® for the probe and sample used in this simulation.

The resulting cantilever tip trajectories are then used to solve Maxwell’s equations for

isotropic metallic nanoparticles at optical wavelengths. For this purpose, the simulation

toolbox MNPBEM? for metallic nanoparticles (MNP) based on a boundary element method



Table S2: Summary of dynamic AFM simulation parameters.

Param. Description Value
Ag free-air amplitude 30nm
Q Q factor 200
k stiffness 10N/m
Fy drive force amplitude kdo
Wo resonance frequency 2760 kHz
SP setpoint [35 % — 95 %]
H Hamaker constant 7.1e729)
R tip radius 200 nm
ag atomic separation 0.164 nm
E, elastic modulus tip 130 GPa
o Poisson ratio tip 0.3
E, elastic modulus sample 80 GPa
Vs Poisson ratio sample 0.3

(BEM) approach®7 is employed. The boundary element method allows the plasmon re-
sponse of metallic nanoparticles to be calculated at optical excitation wavelengths. These
calculations solve a set of six equations based on the full set of frequency domain Maxwell’s
equations to yield the surface charge of the nanoparticle. From the surface charge, the elec-
tric field enhancement surrounding the particle can be found. For the full set of equations,
the reader is referred to previously published work.?® The simulation results are consistent
with analytic solutions for spheres and ellipsoids.? The method was used to calculate the
electric field enhancement surrounding a silver nanocone with a 1 ym length, 200 nm radius
of curvature and 15° half-angle (approximating the experimental AFM probe) for a range
of tip-sample distances. A 635 nm plane-wave with a linear polarization aligned with the
nanocone major axis was used as the illumination source. An exponential model of the form
f(x) = ae® + ce®™ was fitted to the numerical results using least-squared regression where

x is the tip-sample separation and f(z) is the enhancement; the model is plotted in Figure



4(A) of the main manuscript. The coefficients with 95% confidence intervals are

a=42.7 (1.009, 84.39) (3)
b= —0.2108 (—0.6054, 0.1838) (4)
¢ = 16.65 (—35.46, 68.77) (5)
d = —0.0337 (—0.1324, 0.065). (6)

The average tip-sample force F,, is found by applying energy conservation principles and

the virial theorem'® which results in

— Aok’
Fo=="2V1-5P?
W= V=S (7)

where Ay is the free-air amplitude and SP = A/A, is the amplitude set point. This formula
was shown to be a valid approximation for stiff samples and tip-sample distances where the

contact time is less than 0.2/ fy (i.e. set points higher than 20%).°

Discussion on Shadowing Artifact

The topography map in Figure 5(D) in the main manuscript reveals two large round features
in the top-right and lower-left corner which are not represented in the corresponding TERS
images. These are labeled as features 1 and 2 in Figure S4(A) and (C). In particular, feature 2
shadows feature 3. Since these features do not exhibit any significant Raman spectra in Fig-
ure 5S4(B), they are assumed to be sample contamination which introduces an approximately
12 nm offset between the TERS probe tip and sample surface, which results in suppression
of feature 3. The effect of increased tip-sample separation is plotted in Figure 4(A) in the
main manuscript, which shows that a 12 nm increase in separation can result in a significant
intensity reduction. This phenomenon is exacerbated by the large probe radius and lack

of correlation between the optical and mechanical centers, which can result in the probe
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Figure S4: (A) G-band (1580 cm™') Raman map, (B) Raman D-, 2D- and G-bands for the
features labeled 1, 2, and 3 in (A), (C) intermittent contact AFM height map, and (D) Raman
G-band and height for the cross section Q*-Q highlighted in (A),(C). Imaging parameters:
Free-air amplitude 20 nm; amplitude setpoint 46%; image size 1 x 1 um, 100 x 100 pixel;
pixel dwell time 600 ms; exposure time 500 ms; duty cycle 5 %; imaging time 100 min.

‘riding-up’ high-profile parts of the sample without illuminating the feature underneath it.!*

Figure S4(D) shows a cross-section along the line Q*-Q highlighted in Figure S4(A) and (C).

It can be observed that the Raman intensity drops off sharply at the onset of feature 2.
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