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ABSTRACT: Tip-enhanced photoluminescence (TEPL) microscopy allows
for the correlation of scanning probe microscopic images and photo-
luminescent spectra at the nanoscale level in a similar way to tip-enhanced
Raman scattering (TERS) microscopy. However, due to the higher cross-
section of fluorescence compared to Raman scattering, the diffraction-limited
background signal generated by far-field excitation is a limiting factor in the
achievable spatial resolution of TEPL. Here, we demonstrate a way to
overcome this drawback by using remote excitation TEPL (RE-TEPL). With
this approach, the excitation and detection positions are spatially separated,
minimizing the far-field contribution. Two probe designs are evaluated, both

¢

™ Parallel Ag Nanowires

e . e . "

experimentally and via simulations. The first system consists of gold

nanoparticles (AuNPs) through photoinduced deposition on a silver nanowire (AgNW), and the second system consists of two
offset parallel AgNWs. This latter coupler system shows a higher coupling efficiency and is used to successfully demonstrate RE-
TEPL spectral mapping on a MoSe,/WSe, lateral heterostructure to reveal spatial heterogeneity at the heterojunction.

B INTRODUCTION

In recent years, there has been an ever-increasing demand for
methods able to provide spectroscopic data on the nanoscale
due to, eg, the advancing miniaturization of electronic and
optoelectronic devices,'’" DNA mapping,”~® fundamental
research into biological pathways,”'® etc. Conventional light
microscopes are typically limited by the diffraction limit and
can, thus, only provide information on the scale of a few
hundred nanometers.'' In order to satisfy the demand for
higher spatial resolutions, a variety of methods are available
that are commonly grouped as super-resolution microscopy
techniques. A few examples of the developed techniques are
stimulated emission depletion microscopy (STED)'*~"* which
makes use of a secondary, usually donut-shaped, high-power
laser beam to deplete the fluorescent signal everywhere except
at the center of the donut, and single molecule localization
based microscopies such as photoactivated localization
microscopy (PALM, S-PALM)">'® and stochastic optical
reconstruction microscopy (STORM, d-STORM, NASCA,
..)'77*% which make use of the stochastic nature of fluorophore
properties at the single molecule level to switch on subsets of
labels to achieve single molecules localization followed by
image reconstruction and tip-enhanced spectroscopy (TES),
which uses a tip to locally enhance the spectroscopic processes
to generate higher resolution images.”’ TES provides
Raman”>~>* and/or photoluminescence (PL)***” data along
with all the information provided by scanning probe
microscopy (SPM), such as topography, tip—sample inter-
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actions, sample composition, work function, electrical proper-
ties, mechanical properties etc., with nanometer resolution.””**
TES is achieved by locally enhanced electroma%netic (EM)
fields with nanosized plasmonically active probes.”” This local
enhancement is mainly attributed to two effects, the lightning
rod effect’® and localized surface plasmon resonance
(LSPRs).”" To concentrate the excitation volume even further,
a plasmonic substrate can be used, which can lead to
substantially higher enhancements (known as gap mode).*>**
In a nanogap between a plasmonic probe and substrate,
enhancements as high as 6 X 10° have been reported for dark
excitons.”* However, especially for tip-enhanced photo-
luminescence (TEPL), there is a drawback in the gap-mode
configuration, as the plasmonic substrate can significantly
introduce nonradiative energy transfer through Ohmic losses
in metals, resulting in PL quenching.35 Moreover, in the fields
of electronics/optoelectronics and biology, insulating non-
plasmonic substrates, such as mica, glass, and silicon wafers, are
preferred. Thus, the gap-mode enhancement cannot be utilized
in most cases, making this approach not broadly applicable.
Furthermore, to achieve high-resolution images, the PL
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enhancement must be sufficiently high to overcome the
background signal generated by the far field. Although a high
spatial resolution of 5 nm has been reported on nonplasmonic
substrates,”® and even subnanometer resolutions have been
achieved using gap-mode methodology,36 such high resolu-
tions can only be realized with specific samples (e.g, a low
density of quantum dots) and/or experimental conditions (e.g,
cryogenic ultrahigh vacuum). This indicates that the
applicability of TEPL is still limited, and methodologies for
improving TEPL contrast by either signal enhancement or far-
field background suppression are in high demand.

In light of this, we have developed a versatile method that
eliminates the far-field signal from the detection pathway
through the concept of remote excitation (RE).>>*7%% In
traditional TES, the excitation spot and detection spot are
spatially overlapped, as illustrated in Scheme la (known as

Scheme 1. Schematic Representation of the Direct and RE
Principles; in Direct Excitation (a), the Incident Laser Light
and the Detection Points Are Both Aligned to the AgNW
Apex, Meaning That Detection Contains Both the Far-Field
Background and Near-Field Contribution; in Contrast, in
RE (b), the Laser Light Is Misaligned, Away from the
Detection Point, and Focused onto a Light Coupling Point,
Allowing for SPP Propagation and LSPRs at the Apex”
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“This misaligned configuration enables efficient detection of the near-
field signals by blocking the background signals with the pinhole.

direct excitation). Differently, in the RE configuration, the laser
excitation and the detection spots are physically separated
(Scheme 1b). This type of excitation is made possible by
coupling light into surface plasmon polaritons (SPPs) on a
silver nanowire (AgNW).”’40 These SPPs are then able to
propagate over the AgNW and localize at the apex to generate
highly enhanced near-field EM (LSPRs). This allows for any
signals that are directly excited by the incident laser light and
its scattering to be blocked by the confocal pinhole. In such a
way, the near-field signal from the sample of interest can be
effectively decoupled from the far-field background, which
leads to a vast increase in contrast. Chemically synthesized
AgNWs are especially promising materials for this purpose due
to their high crystallinity and atomically smooth surface,
resulting in low radiation damping and low Ohmic losses at

both visible and near-infrared light frequencies.”" While a key
aspect of this technique is the ability of the far-field excitation
light to couple into SPPs, this is not trivial due to the
momentum mismatch between SPPs and far-field light.*”
Although light coupling is possible at the apex of AgNW since
the sharp features allow for momentum matching, this is not
the case at the middle section of a AgNW."™** Several
solutions have been reported to facilitate the coupling of light
into SPPs, ranging from attaching plasmonic nanoparticles
through alternating current electrophoresis,” or physical
deposition by using a micromanipulator,*® and even fabricating
a coupler through ion beam milling.”>*>*° Despite this, a short
SPP decay length (e.g, 1.3 ym @ 532 nm for AgNWs)47 as
well as the low coupling efficiency obstruct current TES
contrast/applicability.

Our experimental and simulation findings validate the higher
coupling efficiency of the proposed novel probe design over
the conventional AgNW probe design, which uses plasmonic
NPs deposited on a nanowire as the coupling point. The
potential of the parallel AQNW (pNW) probe is supported by
comparing their performance in standard confocal microscopy,
direct excitation TEPL, and RE-TEPL microscopy on a lateral
heterostructure of monolayer MoSe,/WSe,. We found that the
pNW coupler system not only effectively suppresses the
appearance of far-field optical artifacts, typical of TEPL
measurements, but also allows us to reveal previously
unattainable spatial heterogeneity of the electronic structures
of the 2D materials thanks to the decoupling of the far-field
contribution by the RE. These findings mark a significant leap
forward in the field of TES, as the design of the pNW probe
outperforms traditional methods by a substantial margin. Our
novel approach opens up exciting possibilities for nanoscale
spectroscopic imaging, with potential applications across a
wide range of scientific and industrial disciplines. By
eliminating limitations in conventional probe designs, it offers
a new tool to gain valuable insights into nanoscale phenomena.

B RESULTS AND DISCUSSION

The SPP properties of the light-coupling systems are compared
(Figure 1la). For both systems, the AgNWs used as plasmonic
waveguides were synthesized via a water-mediated polyol
process previously reported by our group (Supporting
Information-1), which enables obtaining pencil-like sharp
AgNWs.** The synthesized AgNWs possess sharp ends with
an apex radius of ~25 nm, suitable for SPM applications. For
the NPs coupler system, Au NPs were deposited using site-
specific photoreduction of gold ions on a AgNW (Supporting
Information-1).*” The pNW coupler was fabricated by aligning
two AgNWs with physical manipulation (Figures S1 and S2).
The deposited AuNPs and the junction of two AgNW offsets
were employed as the light-coupling points, respectively
(Figure 1la). The SPP properties are investigated both
numerically and experimentally. Figure 1b represents FDTD
simulations of the couplers. The detailed information about the
simulation is described in Supporting Information-3. For this
simulation, the light-coupling point was located 2.5 ym from
the AgNW end. In both coupling systems, incident light
polarized perpendicular to the longitudinal axis of the AgNWs
demonstrated the best coupling efficiency. Comparing the
electric field intensity (IEI*) at the distal end of the AQNW, the
LSPRs at the tip apex with the pPNW coupler were estimated to
be 10° times higher than those with the NP coupler (Figure
1b). This was likely because of (i) the higher coupling
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Figure 1. Comparison proposed light-coupling geometries: in situ-fabricated AuNPs (left) and a pair of parallel AgNW (right), respectively. (a)
Schematic illustration of light-coupling geometries. In both cases, light polarization was set to be perpendicular to the longitudinal axis of the
AgNW. (b) Numerically simulated electronic field intensity along the AgNW. (c) CCD image showcasing both geometries with a coupling point at
2.8 um (AuNP coupler at left and pNW coupler at right, respectively); the inset to the left shows the CCD image of out-coupling light from the
distal end of the AgNW, and the inset on the bottom shows a SEM image of the coupling point, respectively. (d) Integrated intensity of out-
coupling light at the distal end as a function of the coupling point distance from the end. The laser power used in (c,d) was 25 W/cm?.

efficiency at the pNW coupler compared to the NP couplin:

system, (i) the lower Ohmic losses of Ag compared to Au,”

and (iii) the better resonation property on the pNW system
(Figure S3).

Experimentally, the SPP was excited by focusing laser light
of 632.8 nm at the coupling points, and the out-coupling far-
field light from the distal end of the AgNWs was detected with
a CCD camera (see the experimental conditions in Supporting
Information 4). Figure 1c shows typical experimental results
where the coupling points were located 2.8 ym away from the
nanowire end. Although out-coupling light was clearly detected
in both systems, the intensity in the pNW coupler system was
significantly higher than that in the NP coupler system (the left
inset of Figure 1c). In addition, a much lower scattering light

38388

from the coupling point was detected in the case of the pNW
coupler system.

The out-coupling light intensity exponentially depends on
the distance of the coupling point from the distal end (Figure
1d). From the decay curves, the SPP decay length in the pNW
system was estimated to be ~2.9 ym, which was 3 times longer
than that in the NP system (~1.0 gm). The SPP decay length
was defined as the distance at which the SPP intensity reached
1/e of the initial intensity by fitting the intensity of the
experimental and simulated data. The longer SPP decay length,
as well as intense out-coupling with the pNW system, were
consistent with the FDTD simulations. This set of simulations
and experiments suggests that the pNW coupler system would
be well-suited for RE-TEPL microscopy.

https://doi.org/10.1021/acsomega.3c04952
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For RE-TEPL microscopy, the coupler system was attached
to an SPM probe. This was achieved by first fabricating the
parallel AgNWs on an ITO substrate, followed by transferring
the two AgNWs to an AFM cantilever (the detailed protocol is
in Supporting Information-S and Figure SS). An example of
the SEM image of the fabricated parallel AgNW probe is
shown in Figure 2. The distance from the coupling point to the

Parallel AgNWs

Figure 2. SEM image of parallel AgNWs attached to a commercial
silicon AFM cantilever (pPNW probe).

nanowire apex was optimized to be about 3.5 ym in order to
block scattering light at the coupling point with the confocal
pinhole in our TEPL setup (Figure S6).

To validate the TEPL activity of the probes, transition-metal
dichalcogenides (TMD) monolayers, consisting of a lateral
heterostructure of monolayer MoSe,/WSe,,*”*" deposited on
Si/Si0, were used as a standard sample. The TMD monolayer
consists of a MoSe, inner region surrounded by a WSe, outer
region within a single atomic layer. The MoSe, inner region
efficiently emits luminescence centered at ~1.52 eV (~81S
nm), while the luminescence of the WSe, is centered around
1.58 eV (~785 nm) with a relatively low yield (Figure S7). At

the junction between MoSe, and WSe,, the energy states of
these TMDs are considered to be slightly modified due to the
possible crystal strain and/or their complicated intrinsic
exciton migration dynamics, which occur at the nanoscale
(well below the diffraction limit). Figure 3ab displays an
optical reflection image and a diffraction-limited confocal
luminescence image, excited at 632.8 nm, of a MoSe,/WSe,
heterostructure. An AFM topographic image of the junction is
shown in Figure 3c. This AFM image was taken with the pPNW
probe. Because the tip radius of the sharp AgNWs used in this
study was ~25 nm, the AFM images recorded with an AgNW
probe have a resolution of ~25 nm. Thanks to this, the
detailed structure of the TMD monolayer at the nanoscale,
such as contaminations, the edge of monolayers, and the
heterojunction between MoSe, and WSe,, could be clearly
visualized (Figures 3c and S7). During TEPL measurements,
the probe was positioned on the MoSe, part, and consecutive
measurements were performed with the probe in contact (tip-
in) or the probe removed out of the image plane (tip-out),
corresponding to tip-enhanced and conventional far-field
spectroscopy, respectively. The signal that was recorded with
the tip-out configuration represents the background signal
created by the far-field contribution. In the case of direct
excitation (Figure 3d), luminescence peaking around 815 nm
was detected in both tip-in and tip-out configurations. The
contribution of the far-field was substantial, and TEPL
contrast, defined as Iy, /Iy Was estimated to be ~1.6.
Upon switching to RE, as illustrated in Figure 3e, due to a
significant reduction in far-field contribution, the TEPL
contrast was estimated to be ~12.0, which is more than 7
times higher than that obtained with direct excitation. (The
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Figure 3. Comparison between the direct and RE of TEF. (a) Optical reflection image of a monolayer of MoSe,/WSe, lateral heterostructure on a
Si/SiO, substrate. (b) Confocal photoluminescence image of the MoSe,/WSe, monolayer (60X objective NA 0.95, excited at 632.8 nm). (c) AFM
image of the area indicated in (b) with the red square showcasing the monolayer heterostructure taken with the pNW probe. TEPL spectra (green
lines) and luminescence spectra taken without the pNW probe (blue line) were recorded via direct excitation (d) and RE (e).
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Figure 4. Comparison between diffraction-limited confocal microscopy direct excitation TEPL and RE TEPL images of heterostructure MoSe,/
WSe, on a Si/SiO, substrate. Photoluminescence intensity mapping of MoSe, for (a) confocal, (b) direct excitation TEPL, and (c) RE-TEPL in
which the dashed arrows indicate the line profiles plotted of respectively the confocal mapping, the TEPL mapping, and the RE-TEPL mapping.
The confocal map was collected with a 60X NAO0.95 objective, and the TEPL and RE-TEPL maps were recorded with a 100X NAO.7 objective.

detailed experimental configuration of TEPL is displayed in
Figure S8.)

To corroborate these findings, a comparison of PL mapping
was made between confocal microscopy, direct excitation
TEPL, and RE-TEPL microscopy on the heterostructure
(Figure 4). Direct excitation and RE-TEPL measurements
were conducted with the same pNW probe at the same
location of the sample. The maps shown in Figure 4 all focus
on the MoSe,/WSe, heterojunction, and the maps were
constructed using luminescence from MoSe,. When looking at
the TEPL map under direct excitation (Figure 4b), a slight
improvement in image contrast was already observed
compared to the confocal image (Figure 4a). The direct
excitation TEPL map was, however, likely convoluted with an
additional far-field shadow, as seen in the upper part of the
map in Figure 4b. Due to the presence of these far-field
contributions, improvement of the spatial resolution against
the confocal is not clearly seen from the line profile shown in
Figure 4b bottom. In contrast, the RE-TEPL map exhibited an
evident improvement, likely owing to the suppression of the
far-field contributions. The corresponding line profile con-
firmed the increase in spatial resolution, which is ~S times
higher than confocal microscopy.

Thanks to the high spatial resolution of TEPL, spectral
information that showcases heterogeneities could be extracted
at the nanoscale. With diffraction-limited confocal microscopy,
a slight spectral blue shift (shift of the peak position less than a
few nm) of MoSe, luminescence in the vicinity of the
heterojunction was seen (Figure Sa). However, thanks to the
higher spatial resolution of the RE-TEPL, more complex
heterogeneities could be revealed. As shown in Figure Sb, the
position dependence of the blue shift was not as simple as
found in confocal microscopy. First of all, the maximum shift
found in this sample was ~5 nm. Second, the amount of shift
at the hetero junction was not homogeneous along the
heterojunction, where ~5 nm blue shift was found at the apex
of the triangle shape of MoSe,, while only ~2 nm shift was
observed at the long side of the triangle. This blue shift was
most likely due to local strain®® in the material and exciton
migration.”’ The spatial heterogeneity of the blue shift could
reflect the heterogeneity of strain and/or exciton migration
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Figure S. Mapping of the peak positions (left) and the recorded

spectra of the circled areas (right) on a monolayer of the MoSe,/

WSe, lateral heterostructure on a Si/SiO, substrate, respectively, for
(ab) confocal microscopy, and (c,d) RE-TEPL.

dynamics. This high-resolution spectroscopic mapping thus
truly showcases the ability of pNW coupler-mediated RE-
TEPL to harvest further details of the local heterogeneity of
nanomaterials. To further enhance the spatial resolution of RE-
TEPL, two key factors can be explored: AgNW sharpness and
the apex-to-sample distance. A sharper apex will decrease the
excitation volume, while the optimized distance between the
AgNW apex and the sample surface will lead to a higher PL
enhancement, which could result in an improvement of spatial
resolution.

B CONCLUSIONS

This work demonstrates the increased coupling efficiency of a
RE system consisting of two parallel AgNWs, compared to a
more traditional system with in situ-grown Au nanoparticles on
a AgNW. The results obtained showed that this system allows
almost complete removal of the background signal generated
by the far field, which led to a substantial increase in TEPL
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contrast with a nongap mode configuration (or with a
nonplasmonic substrate). The unprecedented performance of
this work can greatly increase the image contrast and reveal
heterogeneities of material properties that would be missed
with any other known technique. Thus, the RE of TEF with
the parallel nanowire coupler will open a new venue for
luminescent material characterization at the nanoscale.
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RE-TEPL, remote-excitation tip-enhanced photolumines-
cence

AuNP(s), gold nanoparticle(s)

AgNW(s), silver nanowire(s)

pNW, parallel nanowire

NP(s), nanoparticle(s)

DNA, deoxyribonucleic acid

STED, stimulated emission depletion

PALM, photoactivated localization microscopy

S-PALM, stroboscopic photoactivated localization micros-
copy

STORM, stochastic optical reconstruction microscopy
d-STORM, direct stochastic optical reconstruction micros-
copy

NASCA, nanometer accuracy by stochastic chemical
reactions

TES, tip-enhanced spectroscopy

EM, electromagnetic

PL, photoluminescence

RE, remote excitation

SPPs, surface plasmon polaritons

LSPRs, localized surface plasmon resonances

CCD, charge-coupled device

SEM, scanning electron microscopy

ITO, indium tin oxide

SPM, scanning probe microscopy

AFM, atomic force microscopy

HOPG, highly ordered pyrolytic graphite

TMD, transition metal dichalcogenides
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