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ABSTRACT: Classical versus quantum plasmons are responsible for the recorded signals in
non-contact-mode versus contact-mode tip-enhanced Raman spectroscopy (TERS) and lead

Tapping Mode
AFM tip

|

to distinct observables. Under otherwise identical experimental conditions, we illustrate the

concept through tapping- and contact-mode TERS mapping of chemically functionalized
silver nanocubes. Whereas molecular charging, chemical transformations, and optical
rectification are prominent observables in contact-mode TERS, the same effects are
suppressed using tapping-mode feedback. In effect, this work demonstrates that nanoscale
physical and chemical processes can be accessed and/or suppressed on demand in the TERS
geometry. The advantages of tapping-mode TERS are otherwise highlighted with the latter

in mind.

he combination of scanning probe microscopy and
plasmon-enhanced Raman spectroscopy has enabled
fingerprinting and imaging single molecules through tip-
enhanced Raman scattering (TERS'™®)."”” In atomic force
microscopy (AFM)-based two-dimensional (2D) TERS
imaging measurements, a significant body of work that is
documented in the literature takes advantage of plasmonic
tip—sample nanojunctions to optimally localize and enhance
the incident and scattered optical fields.”®’ In this scheme,
molecular/material systems that are interrogated through
TERS are sandwiched between plasmonic tips and substrates.
This geometry in many ways resembles prototypical plasmonic
antennae, e.g., plasmonic dimers,"” which have been previously
used to detect and/or identify single molecules through
variants of surface-enhanced Raman spectroscopy
(SERS!1™14).15
In recent investigations, we demonstrated that several
physical and chemical phenomena contribute to molecular
signals that are nascent from plasmonic tip—sample nano-
junctions.'®"? Pertinent to this work are prior demonstrations
of molecular chalrging.;,mflg’20 chemical transformations,” and
optical rectification'”'® in gap-mode TERS. In this regard, the
quest for analytical/non-invasive TERS measurements is not
well served: rather than imaging target molecules in a
nonperturbative fashion, their anions'®™'®*° and (photo)-
products” ~** are formed throughout the course of TERS
mapping as a mere consequence of the interplay between
molecules and plasmons. After all, the same plasmons that
enhance the optical cross sections of molecules in TERS*' ~**
allegedly (more on this below) induce physical and chemical
changes in them.”
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Hybrid plasmonic eigenmodes of interacting plasmonic
nanostructures have received extensive scrutiny in both theory
and experiment.”®~>” It is now well-understood that plasmonic
junctions that are <1 nm in size cannot be described using
classical theories.***™>? Indeed, nonlocal screening and
electron tunneling are among the quantum mechanical effects
that modify the lifetimes and resonances of junction plasmons.
The general functional form that governs plasmonic field
enhancement throughout the transition from bonding dipolar
to charge-shuttling plasmons is somewhat well-estab-
lished:**~*> enhancement increases as the gap size decreases
until the onset of nonclassicality (~1 nm), where enhancement
decreases with a further decrease in gap size, in part because of
the nonlocal nature of charge-shuttling quantum plasmons.
This is contrasted with the classical picture in which field
enhancement only increases with a decrease in gap size.”*”>
Classically, the nature of the optical response (bonding dipolar
resonance) is also unaltered as a function of gap size, whereas
quantum and quantum-corrected descriptions of junction
plasmons have identified transitions between bonding dipolar
and charge transfer plasmons in the small gap size (<1 nm)
limit.”°~** Although these concepts are now well-appreciated
in studies of interacting plasmonic metallic nanoparticles and
nanostructures, they have received much less attention from
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Figure 1. (A) AFM images recorded simultaneously with (B) contact-mode TERS images of a silver nanocube (~75 nm sides) coated with NTP.
Shown in the ~1334 cm™! TERS image. The resonance at this frequency corresponds to the symmetric NO, stretching of NTP. Several regions of
interest are highlighted in panel B, and spatially averaged spectra contained within the designated areas are plotted in panels C (regions 1 and 2)
and D (regions 1, 3, and 4). Parameters used in TERS: 50 #W/um? at the sample position, 3 nm later step sizes, 0.1 s time integration/pixel.

the TERS community.”**™** This is certainly the case in the
context of AFM-based TERS, whereby tip—sample distance
control is not trivial to achieve. With the definitions described
above, contact-mode AFM-based gap-mode TERS must then
be exclusively powered by nonclassical plasmons.***” This is
particularly the case for constructs in which ultrathin molecular
layers define the size of the plasmonic gap between the probe
and the underlying substrate. One of the goals of this work is
to test the aforementioned premise.

In the TERS geometry, we previously associated background
fluctuations in contact-mode TERS with charge transfer
plasmons.’™*’” Both the nature of the molecular reporter®®’
and the (contact- vs tapping-mode) feedback mechanism
that is used throughout the course of TERS measurements
potentially comprise useful knobs for switching between
classical/localized field-enhancing plasmons and nonlocal/
quantum plasmons. Although the effects of different molecular
linkers on the response at plasmonic nanojunctions have been
revisited over the years,”” *' how the feedback mechanism
affects the observables in AFM-based TERS remains under-
investigated, in part because of technical difficulties that are
associated with tapping-mode TERS.*”*’ The latter is the
subject of this study. Namely, we compare contact-mode
versus tapping-mode TERS measurements primarily performed
on 4-nitrothiophenol (NTP)- and 4-thiobenzonitrile (TBN)-
functionalized silver nanocubes. We find that whereas effects
such as plasmon-induced molecular charging, chemical trans-
formations, and optical rectification are common occurrences
in contact-mode TERS,'®™'® these phenomena are largely
suppressed in tapping-mode TERS spectral images that were
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otherwise recorded under identical experimental conditions.
We rationalize our observations with quantum descriptions of
plasmonic nanojunctions in mind.

Correlated AFM contact-mode TERS images of a silver
nanocube (75 nm) that is functionalized with NTP are shown
in Figure 1. The TERS image shown is recorded using a hybrid
feedback mechanism: spectra are recorded when the tip is in
contact with the nanoparticle, whereas sample motion relative
to the tip (pixel to pixel) is achieved using tapping-mode
feedback. For the sake of simplicity, we refer to the latter as
contact-mode TERS hereafter, as the spectra are recorded in
contact mode. The contact-mode TERS image exhibits distinct
high-intensity regions that trace the boundaries between the
different faces of the cube. The response at the faces
themselves is otherwise dim. This observation is reminiscent
of prior TERS results from our group,* whereby the images of
faceted plasmonic silver nanoparticles were brightest at facet
boundaries that are characteristic of such particles. Consistent
with our current observations, the response was also dim when
the tip traced the facets.”* Spectra taken in different regions of
interest marked 1—4 in Figure 1B are plotted in panels C and
D and further illustrate the concept. The off-particle (region 1)
and on-face (region 2) spectra are comparable in their overall
intensities. Significant contrast is observed between regions of
high intensity (regions 3 and 4) on one hand and the dim on-
face and off-particle spectra (regions 1 and 2) on the other.
The dominant vibrational resonances of NTP at 1571, 1334,
and 1079 cm ™' are immediately evident in Figure 1D.'® Other
peaks at 1435, 1389, ~1290, 1141, and ~1058 cm™" are also
observed. These peaks can be assigned to the dimercaptoazo-
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Figure 2. Combined (A) AFM and (B) tapping-mode TERS images of the same silver nanocube that is analyzed in Figure 1. The TERS map is
again plotted at the symmetric NO, stretching vibrational resonance. Several regions are highlighted in panel B, and spatially averaged spectra
contained within these regions are plotted in panels C (regions 1—3) and D (regions 1, 4, and 5). Parameters used in TERS: S0 #W/um? at the

sample position, 3 nm later step sizes, 0.5 s time integration/pixel.
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Figure 3. (A) Contact- and tapping-mode spectra taken from Figures 1D (region 4) and 2D (region S) are compared to a theoretical spectrum of
the anionic form of NTP (taken from ref 16). (B) Spatiotemporally averaged contact- and tapping-mode TERS spectra recorded from a TBN-
coated silver nanocube. Several contact-mode TERS spectra are offset and compared in panel C. The dashed vertical line indicates the nominal

frequency of the nitrile stretching vibration.

benzene (DMAB) product (143S, 1389, and 1141
em™)*7*¥*5% and to an anionic form of NTP (a thiolate,
which is marked by broad bands centered at ~1290 and ~1058
cm™"), as elaborated in previous work.'®

Correlated AFM tapping-mode TERS maps of the same
NTP-functionalized silver nanocube that was analyzed in
Figure 1 are shown in Figure 2. The contact- and tapping-
mode TERS images are overall similar, with a few notable
exceptions. First, sample drifting in the vertical direction
throughout the course of the tapping-mode measurements is
evident in both AFM and TERS images. This is due to the
longer time integration used in this case (0.5 s/pixel). Second,

a streak of dim but noticeable Raman activity is observed
toward region 3 (see Figure 2B). This signal traces a 2—3 pixel-
wide (6—9 nm) horizontal line, and its overall intensity is
independent of the tip position. Noting that (i) the
simultaneously recorded AFM map is unscathed in the same
region of the image and (ii) the pre- and poststreak portions of
the TERS image are similar in quality and resolution, we
associate the observation with molecular transfer from the
sample to the tip. More specifically, the observed signal is
attributed to Raman scattering from tip-bound molecules.
Nanoscale tip reconstruction throughout the course of TERS
mapping cannot be rigorously ruled out; it is however less
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likely given (ii) above and the fact that the TERS image in
Figure 2B was recorded with tapping-mode feedback, which is
generally less invasive than (intermittent) contact-mode TERS.
At this juncture and on the basis of the spectra shown in panels
C and D of Figures 1 and 2, it is useful to compare the
differences between contact- and tapping-mode TERS signals
that were recorded using the same tip and nanostructure. In
contact (tapping) mode, the on/off particle contrast is 65 (15).
After the disparate integration times (contact and tapping
values of 0.1 and 0.5 s, respectively) are taken into account, the
ratio of the brightest contact to tapping-mode signal is ~8.
This ratio is consistent with nominal residence times of the
TERS probe within ~1 nm of the surface: 10—20% of each
oscillation period given a 20 nm peak-to-peak tapping
amplitude.

Beyond the observed relative signal magnitudes, several
aspects of the tapping- versus contact-mode TERS spectra are
noteworthy. A side-to-side comparison of the spectra plotted in
Figure 3A reveals that the former contains only the Raman
signatures of NTP. The contact-mode spectrum on the other
hand contains several additional peaks that can be assigned to
an anionic NTP species and to the DMAB photoproduct, as
described above. Repeating the measurements described thus
far with TBN as a molecular reporter (Figure 3B,C)
additionally illustrates that Stark-tuned vibrational resonances
are observed in contact-mode TERS. A detailed analysis of the
latter is documented elsewhere.'”'® Tapping-mode TERS
spectra on the other hand exclusively reveal a single sharp
resonance at 2225 cm ™', which corresponds to the (nominal)
nitrile stretch in TBN. Minimally, the results obtained with
NTP- and TBN-functionalized particles bolster the non-
invasive nature of tapping-mode TERS mapping. Namely,
chemical changes (charging and chemistry) and optical
rectification, which are prominent observables in contact-
mode TERS,'°™'®?*" appear to be largely suppressed in
tapping-mode TERS. The reproducibility and generality of
these observations are ensured by performing similar measure-
ments using different tips and substrates. Exemplary contact-
versus tapping-mode TERS maps of a chemically function-
alized Au nanocube attest to the latter (see the Supporting
Information).

Classically, the same Raman signatures should be observed
in tapping- and contact-mode TERS, the only difference being
the relative signal magnitudes because of the shorter residence
time of the TERS probe at the surface in tapping mode. This is
not the case: we exclusively observe charging and optical
rectification in contact-mode TERS (see Scheme 1). It is
therefore tempting to deduce that under our experimental
conditions, (i) quantum plasmons are exclusively responsible
for molecular charging and chemical transformations and (ii)
only tunneling (and not localized) plasmons are rectified.
Naturally, the relative efficiencies of both processes depend on
the exact experimental conditions, which we stress that herein
besides the distinct feedback modes are otherwise identical
throughout this work. In contrast, we observe a response that is
consistent with classical junction plasmon-enhanced Raman
scattering in tapping mode: enhanced NTP/TBN signatures
are exclusively observed in this case. We therefore propose that
localized plasmons that carry larger enhancement than their
nonlocal/quantum analogues prior to the onset of tunneling
(small gap distances) are sampled within the 20—40 nm
tapping amplitude (~300 kHz resonance frequency) of our
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Scheme 1. Local Optical Field Properties as Inferred from
Molecular Signatures in Contact- versus Tapping-Mode
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probe and govern the time-integrated response at every pixel in
tapping-mode TERS.

The switch between contact-mode and tapping-mode
feedback provides a mechanical perturbation analogous to
the time-dependent changes in optical rectification noted by
Nelson et al.*” The previous study demonstrated that optically
rectified surface potential was observed when plasmonic
nanostructures were illuminated with CW illumination, but
not with pulsed excitation. The 13 ns time window between
pulses enabled short-lived plasmons to relax prior to the arrival
of the next optical pulse. In this picture, the accumulation of
charge derived from optical rectification occurs on a slower
time scale. The lifetimes of optically induced plasmonic
resonances are reported to be on the femto- to picosecond
time scale,*®*’ and the resulting electric fields relax shortly
after excitation.””™>* In our context, it appears that charge is
accumulated in contact mode, whereas tapping allows quantum
plasmons to relax as the probe is distal from the surface, such
that classical plasmons dominate the response.

It is important to point out that the images in both tapping-
and contact-mode TERS still trace local fields that are excited
under our present experimental conditions, as amply
demonstrated in prior works from our group.'®?V*#>*
Non-contact-mode TERS mapping is however advantageous
over its contact-mode analogue in that it is more analytical and
less invasive in every sense. Namely, molecules are simply
probed with high selectivity and sensitivity as opposed to
charged and/or transformed as a mere consequence of TERS
nanoimaging and nanospectroscopy. Moreover, molecules are
not subjected to (often intense) rectified local fields in the
non-contact-mode TERS configuration. Naturally, samples are
also subjected to minimal mechanical forces that are
characteristic of contact-mode feedback mechanisms. On the
practical side, the lifetimes of TERS probes are also
dramatically improved in tapping mode. That said, relatively
longer integration times are required to obtain adequate signal-
to-noise ratios in tapping-mode TERS because of the relatively
short residence time of the probe in the region of high signal
enhancement (prior to the onset of tunneling in our picture).
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The latter may be restrictive from a 2D imaging perspective,
particularly under ambient conditions, but should be adequate
in nanospectroscopy/line imaging of (bio)molecular and
material systems in various environments.

B METHODS

A dilute (0.001%) solution of PAMAM (Sigma-Aldrich) in
ethanol was deposited (spin-casted, 2000 rpm) on a silicon
chip. Next, a 20 uL solution of silver nanocubes (75 nm,
Sigma-Aldrich) was deposited onto the polymer-coated
substrate. After the colloidal solution was air-dried, the
substrate was rinsed with excess amounts of ethanol. Then,
20 uL solutions of NTP (3.8 mM) or TBN (1 mM) were
deposited onto the substrate (silicon, thin layer of PAMAM,
and 75 nm silver nanocubes bottom to top, respectively). The
washing step (excess amounts of ethanol) was repeated prior
to drying the sample with a stream of dry nitrogen.

Our combined AFM optical setup is described in previous
publications from our group.17’18’ + Briefly, silicon probes
(Nanosensors, ATEC) sputtered with Au (100 nm thickness)
were prepared and used for both topographic and nano-Raman
measurements. Tapping-mode measurements were performed
by scanning the sample with respect to an oscillating tip (20—
40 nm amplitude, ~300 kHz resonance frequency). Here, the
driving laser source (633 nm, 50—7S yW) was focused onto
the apex of the metal-coated AFM probe at a grazing angle
(~65°) with respect to the surface normal. The objective used
to deliver and collect the incident and scattered radiation
consists of a 100X air objective (Mitutoyo, 0.7 NA). The laser
polarization was set using a half-waveplate, such that it
coincides with the long axis of the tip. The backscattered
radiation was filtered through several optical filters (dichroic,
notch, and long pass) and registered using a fiber-coupled
detection system that consists of a spectrometer (Andor,
Shamrock 500) coupled to an EMCCD camera (Andor,
Newton).
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Contact- versus tapping-mode TERS images of NTP-
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