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Abstract: Photoluminescence (PL), a photo-excited
spontaneous emission process, provides a wealth of op-
tical and electronic properties of materials, which enable
microscopic and spectroscopic imaging, biomedical
sensing and diagnosis, and a range of photonic device
applications. However, conventional far-field PL mea-
surements have limitations in sensitivity and spatial res-
olution, especially to investigate single nano-materials or
nano-scale dimension of them. In contrast, tip-enhanced
photoluminescence (TEPL) nano-spectroscopy provides
an extremely high sensitivity with <10 nm spatial resolu-
tion, which allows the desired nano-scale characteriza-
tions. With outstanding and unique optical properties,
low-dimensional quantum materials have recently
attracted much attention, and TEPL characterizations,
i. e., probing and imaging, and even control at the nano-
scale, have been extensively studied. In this review, we
discuss the fundamental working mechanism of PL
enhancement by plasmonic tip, and then highlight recent
advances in TEPL studies for low-dimensional quantum
materials. Finally, we discuss several remaining chal-
lenges of TEPL nano-spectroscopy and nano-imaging,
such as implementation in non-ambient media and in situ
environments, limitations in sample structure, and con-
trol of near-field polarization, with perspectives of the
approach and its applications.
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1 Introduction

With fundamental understanding as well as engineering
studies for a range of organic and inorganic materials and
hard and soft matter systems, we have achieved remark-
able developments in modern device technologies. While
we mainly used bulk material systems for device applica-
tions in the past several decades [1], they have reached the
limit in their electrical and optical properties, device per-
formance, and application range. To overcome these lim-
itations in bulk systems, on the one hand, a significant
effort is being made to discover unknown materials which
show superior performance [2, 3]. On the other hand,
dimensional reduction of conventional bulk systems gives
rise to new physical phenomena, such as quantum
confinement effect [4] and dielectric screening effect [5],
which lead to significantly improved functions and prop-
erties [6, 7]. Therefore, low-dimensional quantum mate-
rials have emerged as appealing resources for the next
generation devices [8].

As the physical length scale of quantum materials is
reduced to the nano-scale, understanding physical proper-
ties at their natural scale is desirable. To investigate struc-
tural properties of low-dimensional quantum materials,
e. g., surface roughness, lattice structure, and structural
defects, scanning tunneling microscopy (STM) and trans-
mission electron microscopy (TEM) are widely used [9-13].
Specifically, STM is a unique local probe providing electrical
properties [10, 11, 14] and spin information [15-17] with
atomic resolution. However, measurements are difficult in
ambient condition and careful sample preparation is needed
to obtain the desired information with high resolution [18].
In addition, optical properties associated with electronic
processes, such as absorption and photoluminescence (PL),
cannot be investigated with STM and TEM.

In contrast, confocal microscopy combined with PL
spectroscopy allows to investigate these optical re-
sponses in ambient condition, yet with diffraction limited
spatial resolution and low sensitivity [19]. To this end,
near-field PL. measurement approach, i. e., tip-enhanced
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PL (TEPL) nano-spectroscopy and -imaging [20], has
emerged for multifunctional nano-characterizations of
low-dimensional quantum materials, since it provides
high spatial resolution of ~10 nm with high optical
sensitivity owing to the plasmonic nano-optical antenna
effect [21, 22].

In this review, we briefly describe technical limitations
in far-field optical imaging and summarize near-field im-
aging methods from aperture fiber type approach to tip-
enhanced nano-spectroscopy and -imaging. Further, we
describe the principles and enhancement factor of TEPL.
We then discuss nano-scale field localization at the apex of
plasmonic tip in various conditions, e. g., materials of a tip,
substrates, and polarization, based on electromagnetic
simulation results. Next, we focus on highlighting recent
TEPL studies for low-dimensional materials, specifically
applications to 0-dimensional (0D), 1D, and 2D quantum
systems. Lastly, we discuss several remaining challenges
of TEPL nano-spectroscopy and nano-imaging, such as
implementation in non-ambient media and in situ envi-
ronments, limitations in sample structure, and control of
near-field polarization, with perspectives of the approach
and its further applications.

2 Historical developments of near-
field microscopies

In far-field spectroscopy and imaging, the Airy patterns
from two different objects are distinct and resolvable if
they are apart farther than the Rayleigh criterion [23]. To
overcome this diffraction limit (A/2NA, where A is a
wavelength of light and NA is a numerical aperture of
lens), near-field optical imaging techniques have
emerged. The original theoretical concept of high reso-
lution near-field imaging was proposed by E. H. Synge in
1928 [24]. He proposed to make a small aperture (diam-
eter of <10 nm) in thin metal film and use the transmitted
light through that aperture to illuminate a sample placed
near the nano-aperture. However, this innovative idea
could not be practically implemented for a long time due
to its several technological difficulties at that time, such
as nano-fabrication, nano-precision positioning, and low
sensitivity of an optical detector. Almost 60 years later,
this original idea of near-field imaging had been imple-
mented by the advent of a scanning probe microscopy
(SPM) technique [25, 26]. Near-field scanning optical mi-
croscopy (NSOM) is the first approach for measuring
near-field optical responses using an optical fiber probe.
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The metal-coated optical fiber probe has a nano-aperture
with a diameter of ~50-100 nm, which determines a
spatial resolution of NSOM, to detect or to illuminate
near-field signals on the surface of samples [27]. With a
high spatial resolution far beyond the diffraction limit,
many groundbreaking works were allowed in physics [28,
29], chemistry [30, 31], biology [32, 33], and material
sciences [34-37].

However, against all expectations, the application
range of NSOM had been highly limited due to the low
sensitivity, since the transmission intensity through the
NSOM probe is inversely proportional to the fourth power
of the aperture size [38, 39]. In addition, other problems of
optical fibers, such as wavelength-selective optical loss,
polarization modification, and dispersion, also restricted
the broad applications of NSOM. To overcome these con-
straints of an optical fiber probe, an inverse approach using
near-field scattering, so called apertureless NSOM
(ANSOM) or scattering-scanning near-field optical micro-
scopy (s-SNOM), was proposed [29, 40-44]. In this method,
evanescent waves on the surface of a sample are scattered
by an apertureless tip and converted into propagating
waves, which provide a near-field image with a spatial
resolution of <10 nm in optimized conditions. This has been
a great step forward, but weak near-field scattering signal
was still a significant issue because image contrast and
spatial resolution can be easily deteriorated due to the far-
field background.

At that time, plasmonic nano-materials (Au or Ag in
the visible frequency) had gained great attention with
surface enhanced Raman scattering (SERS) studies, which
showed single-molecule sensitivity [45, 46]. Similarly,
plasmonic tip has started to be used in s-SNOM to obtain
the desired strong near-field signals. The first demonstra-
tion was tip-enhanced Raman spectroscopy (TERS) [47-51]
and this tip-enhanced nano-spectroscopy and -imaging
approach was extended widely to detect elastic [52, 53] and
other inelastic scattering [54, 55], as well as nonlinear op-
tical responses [56, 57]. Specifically, TEPL spectroscopy
provides electronic properties of semiconducting materials
at the nano-scale, such as quantum dots [58], quantum
wires [59], and transition metal dichalcogenides (TMDs)
[20]. Most studies showed highly enhanced PL signals, yet
in the weak coupling regime. Recently, TEPL approach
further advanced to tip-enhanced strong coupling (TESC)
spectroscopy using plasmonic tip-cavity at room tempera-
ture [60]. In brief, historical development in near-field mi-
croscopy is summarized in Figure 1 and we focus on TEPL
spectroscopy and its applications in this review.
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theoretical proposal, and near-field
scanning optical microscopy (NSOM). Ax
denotes spatial resolution. (B) Schematics
of scattering-type scanning near-field
optical microscopy (s-SNOM), tip-enhanced
nano-spectroscopy (TERS and TEPL), and
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3 TEPL mechanism and
enhancement factor

Basically, field enhancement in plasmonic tips is attrib-
uted to two phenomena as follows. First, electric charges
are highly concentrated in the vicinity of a plasmonic tip
due to the electrostatic lightning rod effect [61]. Second,
when an external electromagnetic field, e. g., excitation
laser beam, is applied to the tip, optical fields are strongly
localized at the apex due to the collective resonant oscil-
lations of the electrons, i. e., localized surface plasmon
resonance (LSPR) effect [62].

The LSPR of plasmonic tip can be understood with
simple analytical models [37, 63, 58]. The tip is approxi-
mated as a polarizable sphere with a radius r(«A) and
frequency-dependent permittivity esn[w]. Based on the
Clausius—Mossotti relation, the induced polarization of the
sphere is defined by ps,, = Aspn€oEinc, where Ei is the
incident electric field. The polarizability asp, is given by

€sph [(l)] -1

Espn (W] + 2)' M

Asph = 4m’3<
Since the permittivity of Ag and Au nano-spheres
makes the denominator of Eq. (1) to be very small in the
visible frequency, the polarizability, scattering cross-sec-
tion (Ogcqr o< aﬁph), and the induced polarization show
resonance behaviors with nano-optical antenna effect.
When a plasmonic tip with E;, ,, approaches closely
to a sample or a substrate with a distance d, the polariz-
ability is understood with the coupled dipole model
[37, 63, 64]. If we assume the sphere as a point dipole with
the dipole orientation in the z-axis (perpendicular to the

volume for an excitation wavelength.

sample surface), an image dipole associated with the
localized surface charge is induced beneath the surface
at —d with the dielectric function of f,,; = (egnlw] - 1)/
(espn[w] +1). Hence, the effective polarizability a.; and
polarization p, due to the dipole-dipole interaction can
be expressed as

aSPh(l + Bsurf)
eff = > 2
I By J(16m(r +dy’) @
peff = aeffEOEinc,z' (3)

The near-field localization at the apex of plasmonic tip
leads to much larger excitation rate for PL response of the
sample compared to that of conventional PL spectroscopy.
In addition to the excitation rate, the spontaneous emission
rate of the sample is also increased by the presence of
plasmonic tip close to an emitter, known as the Purcell effect
F,= (3/412) (A/n)>Q/V, where n is index of refraction of an
optical cavity with the quality factor Q and mode volume V
[65]. Even though a non-radiative energy transfer from the
emitter to the plasmonic tip [66], i. e., PL quenching, occa-
sionally occurs due to ohmic losses in the metal, PL signal is
generally enhanced by the plasmonic tip effect [67].

The enhancement factor EF of TEPL is estimated with
contributions of the excitation rate and the spontaneous
emission rate [68)]. In general, PL intensity is quantified by
the product of the excitation rate I'** and the quantum effi-

ciency 1. The 1 can be expressed as 1 = K™/ (k™ + ),

krad nrad

where is the radiative decay rate and k™" is the non-
radiative decay rate. Accordingly, EF can be defined as the
ratio between TEPL intensity and far-field PL intensity,
given by
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FEX
EF = 1 e, @)
L™ Mg

where subscripts TE and FF denote tip-enhancement and
far-field. Tip-enhanced excitation rate can also be
expressed as I'7y = (E7e/Eprp)* with tip-enhanced electric
field intensity. Note that TEPL enhancement was reported
as high as ~6 x 10° with Au tip-cavity for dark excitons in
WSe, monolayer [69].

4 Field enhancement in plasmonic
tips

Field enhancement in plasmonic tips leads to the large
excitation rate for strong TERS and TEPL responses, which
provide high spatial resolution imaging. To quantify the
enhanced field distribution at the tip apex, there have been
numerous theoretical studies [70-75]. In this section, we
discuss field distribution and enhancement in various
conditions, e. g., tip material, substrate, and excitation
polarization, with electromagnetic simulation results per-
formed by finite difference time domain (FDTD) or finite
element method (FEM).

Photo-induced electronic responses of plasmonic tip
are described by the dielectric function [76]. When an
external field is applied to a plasmonic tip, the real part of
the dielectric function describes the polarization strength
as a function of the excitation frequency, i. e., it de-
termines a spectral resonance of the LSPR. The imaginary
part describes the optical losses, which determine the
plasmon bandwidth [77-79]. Silver and gold tips are
commonly used for TERS and TEPL spectroscopy due to
their low losses in the visible and near infrared fre-
quencies [70, 80—-82]. Under the side-illumination with
p-polarized light (E-field parallel with respect to the tip-
axis), optical field is strongly localized at the apex of

E/E;
)
y

M@ =110m)
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plasmonic tip owing to the lightning rod effect [71, 83-88].
Since free electrons of a metal tip resonantly oscillate with
excitation field perpendicular to the surface, optical near-
fields of E, and E, components are distributed at the tip
apex, as shown in Figure 2A and B. Figure 2C shows the
simulated optical field distribution at the apex of tips
made with different materials, such as Au, W, Si, and
glass [70]. Au tip shows the highest field enhancement
due to the LSPR effect. On the other hand, tungsten (W) tip
shows low field enhancement, which is comparable to Si
and glass tips, due to the strong damping of the field
caused by absorptive loss in a poor conductor.

The geometry of a plasmonic tip, such as the apex size
and the cone angle, influences the field enhancement and
plasmon resonance. Figure 2D shows the calculated field
enhancement of Au tip at a 630 nm excitation as a function
of the tip-radius and the cone angle [70]. The field
enhancement is gradually increased ranging from 10 to 10’
times as the radius is decreased for different cone angles.
Decreasing cone angle also gives rise to stronger field
enhancement. In contrast, an opposite simulation result
was reported by Zhang et al. [72]. They modeled the ge-
ometry of Ag tip with infinite length and the fixed tip-radius
of 20 nm, and simulated the field enhancement of the tip
with cone angles of 15°, 20°, and 25°. As can be seen in
Figure 2E, tips with larger cone angle show higher field
enhancement in the visible and near infrared regions. This
behavior is similar to the field enhancement of biconical
antennas [89]. A more sophisticated simulation with
respect to both the cone angle and the excitation wave-
length was performed by Goncharenko et al. [73]. Figure 2F
shows the spectral and cone angle dependence of the field
enhancement for Ag tip. For the increasing cone angle, the
plsamon resonance is blue-shifted with the increasing field
enhancement. However, at the normal excitation wave-
length of 550 ~ 650 nm for TERS and TEPL, sharp tips give

Figure 2: (A-B) Simulated E, and E, field
distributions of Au tip illuminated by p-
polarized light [71]. Copyright 2004 Optical
Society of America. (C) Simulated electric
field distribution of free-standing tips made
with various materials, such as Au, W, Si,
and glass [70]. (D-F) Simulated field
enhancement of plasmonic tips with
respect to the tip-radius, cone angle, and
excitation wavelength [70, 72, 73].
Reprinted with permission from [70].
Copyright (2008) American Chemical
Society. Copyright 2009 John Wiley & Sons,

R (nm) Wavelength/nm

Ltd [72]. Reprinted from [73], with the
permission of AIP Publishing.
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the higher field enhancement. These inconsistent simula-
tion results [70, 72, 73] of cone angle dependence are
mainly due to the complex interplay of competing mech-
anisms on the surface charge density. When the cone angle
is increased, on the one hand, the surface charge density
and field enhancement are increased due to the decreased
value of the imaginary part of the metal dielectric function.
On the other hand, larger cone angle leads to enlarging the
surface area, which reduces the charge density and field
enhancement [73].

As we described in section 3, a substrate plays an
important role for the field enhancement due to the dipole-
dipole interaction [70, 72, 74, 75, 90-92]. Figure 3A shows a
variation of the field enhancement for different distances
ranging from 2 to 40 nm between Au tip and Au substrate
[70]. In this simulation, the tip-radius is set to 10 nm and an
excitation wavelength of 630 nm is used. The Au surface is
fixed at z = 0 nm and the variable tip position is located at
z = d positions. The field enhancement is dramatically
increased when the tip-substrate distance is decreased to a
few nanometers because the effective polarizability is
inversely proportional to the third power of the distance d,
as can be seen in Eq. (2). Specifically, the near-field inter-
action becomes effective when the tip-substrate distance is
shorter than twice the radius of tip. As for the spatial dis-
tribution, the field localization is stronger near the tip apex
compared to the Au surface based on the tip geometry and
the coupled dipole model. Figure 3B clearly demonstrates
the lateral spatial distribution of the localized field. The
curves show lateral cross-sections of the enhanced optical
field near the Au surface for different tip-substrate dis-
tances. This result indicates that the tip-substrate distance
significantly influences the spatial resolution in near-field
imaging. Table 1 shows the simulated field enhancement in
the plasmonic gap between Ag tip and different substrates
[74]. As expected, good conductor substrates give stronger
field enhancement due to the higher surface charge density.

In addition to the tip-material, geometry, and substrate
effects, the field enhancement is also affected by the
propagation direction and polarization of the excitation
field [75]. Figure 4 shows optical field intensity distribution
at the apex of Ag tip at an excitation wavelength of 532 nm
for different polarization conditions. When the excitation
polarization is perpendicular with respect to the tip-axis,
the field enhancement on the tip shaft is more significant
compared to the tip apex as shown in Figure 4A. In
contrast, for the excitation polarization in parallel with the
tip-axis, optical near-fields are strongly localized at the
apex with ~10 times larger field intensity (Figure 4C).
Figure 4B and D shows stronger field enhancement and
localization due to the substrate effect, as we discussed
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Figure 3: (A) Simulated variation of the field enhancement for different
distances ranging from 2 to 40 nm between Au tip and Au substrate. (B)
Simulated lateral cross-sections of the enhanced optical field near
the Au surface for different tip-substrate distances. Reprinted with
permission from [70]. Copyright (2008) American Chemical Society.

earlier. Based on this feature, the side-illumination geom-
etry is generally used for TERS [93-96] and TEPL [20] ex-
periments. Some research groups use the bottom-
illumination geometry to measure transparent samples [53,
97]. In this case, since the excitation direction is fixed along
to the tip-axis, a linearly polarized excitation beam is not
suitable for the large field enhancement, as can be seen in
Figure 4A. Therefore, a radially polarized beam is used to
effectively excite plasmonic tip. Figure 4E and F shows the
field intensity distribution with a radially polarized light
from the bottom. In this case, the enhancement factor is
much higher than the side-illumination case using a line-
arly polarized light because the excitation field is more
effectively spatially localized near the tip, as also can be
seen in far-field studies [98-102]. Note that the field
enhancement factor can be additionally increased by using
the tilted tip geometry [57].

5 Applications to 0D materials

Weak optical responses from 0D materials, such as single
molecules and nano-crystals, are generally hard to detect
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Table 1: Simulated field enhancement in the plasmonic gap between Ag tip and different substrates. FE: finite element, BCB: brilliant cresyl
blue [74]. Copyright 2013 by John Wiley & Sons, Inc. Reprinted by permission of John Wiley & Sons, Inc.

Metal E, (FDTD) E, (FDTD) E, (FE) TERS (BCB) TERS (PhS)
Au 1 1 1 1 1
Cu 0.92 0.848 0.16 +0.11

Ag 0.81 0.654 0.559 0.23 +0.05 0.77
Al 0.63 0.402

Pd 0.61 0.375

Pt 0.55 0.297

Ni 0.53 0.281 0.07 +0.06 0.72
Cr 0.51 0.264

Ti 0.45 0.199 0.14 +0.12

Mo 0.44 0.194 0.16 +0.11

w 0.41 0.166

Al,Osname 0.09

SiO,nam 0.05 0.003

Tip only 0.05 0.003

Electric Field Intensity
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with conventional optical microscopy [103, 104]. While a
quantum dot, 0D semiconducting material which has
smaller diameter than exciton Bohr radius, gives strong PL
responses [105], characterizing intrinsic optical properties
of a single dot in interacting environments with diffraction
limited spectroscopic methods remains challenging.
Therefore, tip-enhanced optical characterizations of 0D
materials were highly desired in the early stage of near-
field optics. In this section, we discuss tip-enhanced PL
measurement of single molecules and quantum dots [103,
106-111]. In addition, we discuss recent observation of PL
energy splitting of single quantum dots in the strong
coupling regime at room temperature [58, 60].

Since the first observation of single molecule signals
from a solid crystal at cryogenic temperature by Moerner
et al. [112], Betzig et al. demonstrated that a single-mole-
cule detection is even allowed in ambient conditions us-
ing illumination-mode NSOM [104]. In that experiment,
an apertured fiber probe (diameter of <100 nm) and
avalanche photodiode (APD) were used to measure PL
from individual carboncyanine dye molecules. These

Electric Field Intensity

S 500 0
[EJ/|E,|*~720

A J .

X/ nm

Figure 4: Electric field intensity distribution
at the apex of Ag tip at an excitation
wavelength of 532 nm for different
polarization conditions. The bottom-
illumination with a linearly polarized light
without (A) and with Au substrate (B). The
side-illumination with a linearly polarized
light without (C) and with Au substrate (D).
The bottom-illumination with a radially
polarized light without (E) and with Au
substrate (F) [75]. Copyright (2013) Optical
Society of America.

TN 1500
[EF/|E,~11510

Ag

Au
b @

molecules were carefully selected for a photo-stability,
and rapid spectral diffusions at room temperature were
suppressed by coating the molecules with thin poly-
methylmethacrylate (PMMA) film. Although this experi-
ment provided many interesting optical properties of
single molecules, e. g., non-radiative energy transfer and
dipole orientation, luminescence signal through the
nano-aperture was obviously too weak to extend its
measurement range to broad applications. Therefore,
NSOM measurement for single molecules could be per-
formed by only a few research groups [104, 113, 114], and
the necessity of higher sensitivity near-field microscopy,
such as an ANSOM or a scattering-type NSOM, started
blooming. Note that while the ANSOM was not proposed
at that time, field-enhancement at the apex of illuminated
tip was already studied even earlier than Betzig’s single-
molecule NSOM experiment [115].

Several years later, Azoulay et al. presented spectro-
scopic measurements of single-molecule fluorescence us-
ing Si AFM tip [103]. A home-built confocal microscope
setup was combined with an AFM to obtain enhanced
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fluorescence from single molecules through localized
excitation field at the tip apex. Figure 5 shows measured
fluorescence spectra of Rh640 molecules in PVB thin film
when the tip is approached (A) to and retracted (B) from the
sample. Since they used a non-plasmonic tip for this
experiment, the fluorescence enhancement factor was not
very large. In addition, the excitation polarization and
molecular orientation were not carefully controlled, as well
as 30 nm thick PVB film gave unavoidable limitation in tip-
sample distance. Notwithstanding, it was the valuable first
demonstration of spectral analysis for tip-enhanced single-
molecule fluorescence.

As seen in these early stage works, both apertured and
ANSOMs are capable of measuring single molecule fluo-
rescence, yet with low optical sensitivity. To overcome
these technical limitations, a number of innovative ap-
proaches were presented. For example, Frey et al. showed a
hybrid mode of apertured and ANSOM by fabricating
metallic tip to an optical fiber probe, so-called tip-on-

A

3

count rate
4%‘ —
[ S—
——

Figure 5: (A) Fluorescence spectra of Cy3 molecules when Si tip is
approached (top) and retracted from sample (bottom). (B—C) Tip-
induced fluorescence images of Cy3 molecules (pair) in different
positions. (D-E) Corresponding AFM images of fluorescence images
(B) and (C). The scale bars in (B-E) are 50 nm. Reprinted [106] with
permission from Copyright 2006 by the American Physical Society.
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aperture (TOA) NSOM [110]. This approach can improve
optical sensitivity and spatial resolution in NSOM imaging
via field localization of the metallic tip. Furthermore, far-
field background noise, a general problem in apertureless
NSOM, is highly suppressed by collecting near-field signals
through the fiber-type probe. With this TOA probe, Frey
et al. investigated fluorescence properties of single Cy3
molecules with a spatial resolution of 10 nm [110, 116].
Despite these advantages, TOA probe is not widely used
due to the complex fabrication process.

While scattering signals in ANSOM are generally
stronger than near-field signals through a nano-aperture,
the detected scattering light is basically a mixture of near-
field and far-field signals. The unwanted far-field signal is
a background noise which can reduce a spatial resolution
in near-field imaging, as aforementioned. To solve this
problem, Ma et al. developed a novel phase filter to selec-
tively detect near-field fluorescence [106]. In the ANSOM
setup with a tapping mode AFM (~80 kHz) and an inverted
microscope optics, they characterized the tip-oscillation
phase and fluorescence intensity from Cy3 molecules when
the distance between tip and sample is sinusoidally
changed. By analyzing correlation between the tip phase
and fluorescence intensity, they found a specific phase
which gives maximum fluorescence enhancement.
Through this phase filter, a signal-to-noise ratio (SNR) was
improved ~6 times for Cy3 single molecules. In addition,
the measured near-field fluorescence image showed a
spatial resolution of 8.2 nm, which is even higher resolu-
tion than AFM topography, as shown in Figure 5B-E.

Based on these efforts for the advanced instrumenta-
tion, the application range of NSOM was extended to bio-
logical imaging in aqueous environments with single-
molecule sensitivity. The main difficulty of NSOM opera-
tion in liquid is low Q-factor of tuning fork or AFM canti-
lever. To achieve high Q-factor, Héppener and Novotny
used normal-mode AFM based on tuning fork and attached
a gold nano-sphere onto the apex of Si tip [108, 117]. This
approach enabled to resolve individual Ca* pumps and
PMCA4 proteins on the cell membrane in PBS solution with
50 nm spatial resolutions [108, 117]. The inverse approach
of near-field biological imaging in liquid was also
demonstrated [33]. This study showed a conventional
NSOM probe can be operated in liquid by increasing Q-
factor with a novel resonance control method. Further, the
single-molecule level sensitivity from membrane proteins
could be achieved by labeling plasmonic gold nano-
particles onto the target biomolecules.

The another significant TEPL application for OD mate-
rials is a quantum dot. The first experiment of fluorescence
enhancement at the Si tip apex was demonstrated by



3096 —— H.Leeetal.: TEPL spectroscopy and imaging

Protasenko et al. in 2002 [109]. They prepared ZnS over
coated CdSe quantum dots on the prism surface, and excited
the sample with a 488 nm, vertically polarized laser to
effectively suppress the far-field background with the
evanescent illumination. The Si tip was approached to the
quantum dots with a tip-sample distance of 5-10 nm in non-
contact mode, and the tip-scattered fluorescence signal was
measured using a band-pass filter and an APD. The
enhancement factor of tip-induced fluorescence was as high
as 5-fold for a single isolated quantum dot, and the fluo-
rescence intensity difference for a tip-induced QD and
adjacent QD was obtained as high as 90-fold due to the
destructive interference between them. This effect also led to
high spatial resolution of 30-40 nm in near-field fluores-
cence imaging.

In addition, in this early stage study, they found that a
range of complex optical processes can occur in the tip-
sample gap including fluorescence enhancement and
quenching dependent on tip preparation condition, materials
of tip, and distance between tip and sample. Therefore, TEPL
experiment should be carried out carefully, and there are a lot
of optical processes to be investigated in the tip-emitter in-
teractions. Note that quenching effect or non-radiative charge
transfer to the tip was one significant issue in the early stage
of near-field fluorescence spectroscopy and imaging. Tradi-
tionally, an intermittent contact mode with an optimized gap
between tip and sample was used to minimize this effect with
reasonably high fluorescence enhancement [118, 119].

In addition to the quenching, another main difficulty of
TEPL approach is the far-field background. Since the detec-
ted signal is a mixture of far-field and near-field responses,
disrupting far-field signal reduces a spatial resolution when
the enhancement factor is not high enough. To overcome this
limitation, Gerton et al. demonstrated a method to selectively
collect near-field signal decoupled from the far-field back-
ground by making a large tapping amplitude in intermittent
contact mode [111]. When the tip is intermittently contacted
to the quantum dots, the near-field excitation rate is maxi-
mized as well as near-field PL component. On the contrary,
the far-field component out of total detected PL signals is the
highest rate when the distance between tip and sample is at
maximum. Therefore, by demodulating near-field PL signals
with tip oscillating frequency, far-field background can be
effectively suppressed. Using this approach, Gerton et al.
measured tip-enhanced fluorescence for single isolated
CdSe-ZnS core-shell quantum dot, and achieved sub-10 nm
spatial resolution by effectively suppressing the far-field
signal, as shown in Figure 6A [111]. Figure 6B shows fluo-
rescence intensity as a function of tip-sample distance for
three different types of nano-crystals, such as a CdSe-ZnS
quantum dot, a CdSe-ZnS nanorod, and a dye-doped latex
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Figure 6: (A) Near-field fluorescence image of CdSe/ZnS quantum
dots using Si tip. (B) Distance dependent fluorescence intensity
between tip and different samples. The distance dependent curves
with solid circles, open squares, and open triangles are for a quantum
dot of 5 nm diameter, a nano-rod of 20 nm length, and a dye-doped
latex sphere of 5 nm diameter, respectively. Reprinted [111] with
permission from Copyright 2004 by the American Physical Society.

sphere. This result shows that spatial confinement of near-
field fluorescence regarding tip-induced enhancement is
dependent on the size and shape of sample. The half-
maximum of distance dependent TEPL intensity was derived
as 1.7 nm for a quantum dot which is several times smaller
value than previous conventional tip-enhanced PL ap-
proaches [116, 120-123].

Quantum dots are widely used not only as bright op-
tical sources for modern display devices [124], but also as
solid-state single emitters for quantum information devices
[125]. Up to present, most TEPL studies of quantum dots
were performed in the weak coupling regime, where
coupling occurs between exciton and plasmon. Recently,
the coupling strength between them was extended to
strong coupling regime even at room temperature using
TEPL approach [58, 60], which provides new insight into
dynamic quantum photonic devices. As illustrated in
Figure 7A and B, the experimental methods are roughly the
same as typical TEPL nano-spectroscopy. The key factor to
reach the strong coupling regime is the small mode volume
V of the tip-cavity because the coupling strength g is
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proportional to 1/+/V. As seen in Figure 7A, Grof et al.
fabricated slit-like (<10 nm) plasmonic nano-resonator at a
corner of a gold flake, which is mounted at the apex of a tip-
less AFM cantilever. When single isolated colloidal
CdSeTe/ZnS quantum dots are positioned in the small
mode volume of this nano-resonator, they could observe
energy-split multiple-peaks in the measured TEPL spectra
with the coupling strength of up to 110 meV. They identified
that these results are attributed to collective coupling of a
band-edge multiplet of states [58]. A similar but reverse
approach was demonstrated by Park et al. using an elec-
trochemically etched gold tip and gold substrate [60]. In
the experiment, drop-casted single isolated CdSe/ZnS
quantum dots were used as the single emitter. To protect
quantum dots from photo-oxidation, gold substrate and
quantum dots were coated with a thin 0.5 nm ALO;
capping layer. Using a scanning Au tip operated by a shear-
force AFM mode, they could find single quantum dots and
control cavity mode volume dynamically. In addition, the
tilted tip geometry was used to have maximum field
enhancement, as seen in Figure 7B.

Park et al. nicely demonstrated PL spectra of quantum
dot excitons, cavity plasmon, as well as TEPL spectra in the
weak and strong coupling regime, as shown in Figure 8A.
When the cavity loss is larger than the coupling strength,
TEPL spectrum is similar to far-field PL of a quantum dot.
On the contrary, when the coupling strength exceeds the
plasmonic cavity loss, two clear TEPL peak are observed
due to the large PL enhancement and Rabi splitting (green).
The maximum mode splitting they observed was
~160 meV at room temperature. In addition, from
measured TEPL evolution of strongly coupled plexciton,
they found that the typical blinking behavior of a quantum
dot is also observed in the strong coupling regime
(Figure 8B). The main beauty of their works is tuning the
coupling strength by controlling the nano-cavity mode
volume through the dynamic tip-sample distance control
of AFM. Figure 8C shows the transition from strong
coupling to weak coupling when Au tip is vertically
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retracted from a single quantum dot [60]. Prior to these
strong coupling works, most tip-enhanced microscopy
studies tried to avoid perturbation of sample properties
induced by strong plasmon field. On the other hand, these
works provide a new paradigm of tip-enhanced microscopy
in the deliberate perturbative environments.

6 Applications to 1D materials

While OD quantum materials are important building blocks
as an appealing optical source for high performance op-
toelectronic device applications [60], a separated wave-
guide structure is needed to transport optical or electronic
information of them. In contrast, 1D quantum materials are
the most ideal platforms because they not only have strong
quantum confinement effect in horizontal axis but also can
transfer charges, photons, or other information along the
longitudinal axis [126]. Therefore, 1D materials have
attracted much attentions as a miniaturized photonic de-
vice in the new emerging field of integrated on-chip in-
formation technology [127]. To understand optical and
electronic properties of 1D materials, a range of PL char-
acterization studies have been performed, yet with
diffraction-limited far-field spectroscopy and imaging
which cannot provide information on nano-scale hetero-
geneity [59]. In this section, we discuss TEPL applications
on 1D quantum materials which show distinct nano-scale
optical properties compared to far-field investigations.
Single-walled carbon nanotubes (SWCNTs) are hollow
cylinder shape 1D carbon materials with a diameter of
typically smaller than 2 nm [59]. Semiconducting SWCNTs
have low radiative recombination rate and short emission
lifetime of photo-excited state due to their unique elec-
tronic band structure and dimensional effect [59]. In
addition, PL energy of SWCNTs shows inverse proportional
behavior with respect to the nanotube diameter [59].
Bohmler et al. demonstrated that these emission properties
can be locally controlled at the nano-scale by using a nano-
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Figure 7: Tip-enhanced photoluminescence
spectroscopy experiments for single quantum
dots in the strong coupling regime
demonstrated by two different groups. (A)
Illustration of an experiment with fabricated
plasmonic nanoresonator (PNR) and measured
far-field and near-field PL spectra of CdSeTe/
ZnS quantum dots. Inset: SEM image of PNR.
The scale bar is 100 nm. (B) Illustration of an
experiment with a tilted Au tip geometry. From

[58, 60]. Reprinted with permission from
AAAS.
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optical antenna-tip [59]. Figure 9A shows a schematic di-
agram of the measurement setup equipped with an inver-
ted mode microscope and a tuning fork based shear force
AFM. The SWCNTSs are excited by radially polarized 594 nm
or 633 nm continuous wave HeNe laser, and the back-
scattered far-field PL or TEPL signals are detected by an
APD and a charge coupled device (CCD). In the detection
beam path, a rotating linear polarizer is used to investigate
radiation direction of PL (Figure 9B). Since 1D carbon
nanotubes can be thought as a chain of point dipole
emitters, we expect linearly polarized dipolar emission
from the sample. Figure 9C shows simulated radiation
patterns for in-plane (6 = 90°, left) and out-of-plane (6 = 0°,
right) dipolar emitters. This expected dipolar radiation
pattern was observed in polarization resolved far-field PL
measurement.

Through external control of excitation conditions
with nano-optical antenna-tip, PL properties of 1D ma-
terial, e. g., radiative emission rate and angular distri-
bution of radiation, can be modified. Figure 9D and E
show TEPL image of an SWCNT (inset shows a corre-
sponding AFM topography) and near-field PL radiation
pattern when Au tip is located in the arrow indicated in
the near-field PL image (D). In contrast to the tip-induced
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Figure 8: (A) Far-field PLand TEPL spectraofa
single CdSe/ZnS quantum dot in the weak
and strong coupling regimes. Gap plasmon
response without a quantum dot is shown
with an orange curve. The dots and lines
indicate measured data and theoretical
model fit, respectively. (B) Time-series of
far-field PL spectra of quantum dot excitons
(top) and plexciton TEPL spectra for a single
quantum dot (bottom). (C) Distance
dependent TEPL spectra when the tip is
retracted from a single quantum dot from
0 to 4 nm. From [60]. Reprinted with
permission from AAAS.
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PL radiation pattern, far-field PL radiation pattern shows
linearly polarized behavior as shown in Figure 9F.
Figure 9G shows the same result as Figure 9F, but the
intensity scale is changed for better comparison with
Figure 9E. From these results we know that when Au tip is
approached to the SWCNTSs, the PL intensity is increased
roughly 5 times, as well as emission polarization of single
dipole is changed to unpolarized radiation. The
enhanced PL intensity is attributed to the increased
excitation and radiative emission rates in the vicinity of
Au tip. The observed circular radiation pattern is typical
characteristic of a point dipole oriented vertically.
Therefore, this result demonstrates that when the tip is
closed to the SWCNT, a new radiation channel is created
and the radiation energy is transferred to the tip. In this
case, the scattered PL emission with the ring-shape ra-
diation pattern is detected [59]. This work demonstrates
that heterogeneous optical and electronic properties of
1D materials can be resolved with TEPL imaging. Addi-
tionally, PL properties of 1D emitters are allowed to
control with improved performances at the nano-scale
through nano-optical antenna-tip.

In addition to the modified dipolar emission of the
SWCNTs in near-field [59], understanding their spatial

Figure 9: (A) Schematic diagram of near-field
PL measurement setup. (B) Modeling of the
detection beam path to analyze PL radiation
pattern. (C) Simulated radiation patterns for
the two different point dipole conditions,

i. e., horizontally oriented (6 = 90°) and
vertically oriented (6 = 0°) dipoles. (D) TEPL
image and topography of the SWCNT. The
scale bar is 100 nm. Tip-enhanced near-
field (E) and far-field (F, G) PL radiation
patterns at the point indicated by an arrow
in TEPL image (D). (G) is the same image as
(F), but the intensity scale is modified for

TETEE S B s

clearer comparison with (E) [59]. Copyright (2010) Optical Society of America.
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heterogeneity in optical and electronic properties is of
significance to material physicists. Qian et al. visualized
the nanoscale optical heterogeneity of semiconducting
carbon nanotubes wrapped by DNA with spectral analysis
[128]. The helical wrapping of a carbon nanotube by the
charged DNA backbone induces 71— stacking interactions
between them, as well as electrostatic interactions [129—
131]. These effects in the DNA-nanotube hybrid structure
make change in relative dielectric constant of the nano-
tube, which leads to modifications in electronic proper-
ties, such as exciton binding energy and band gap.
Additionally, it facilitates symmetry breaking in the
electronic band structure of carbon nanotubes which
gives rise to PL energy shifts. To characterize these
modified local optical responses, TEPL nano-imaging
study was performed [128]. As sample systems, DNA-
wrapped nanotubes were spin-coated on a thin mica
layer/cover slip. To adhere, the naturally negatively
charged DNA onto the surface, the mica layer was made to
have positive charges with Mg* ions [129]. TEPL setup was
based on an inverted optical microscope with confocal PL
optics, and a distance between a sharp metallic tip and
the sample was regulated by a shear-force feedback
mechanism. With the highly improved spatial resolution
of TEPL compared to confocal PL imaging, DNA-induced
PL energy transition of carbon nanotube was visualized at
the nano-scale [128]. Figure 10A and B show AFM topog-
raphy of a DNA-wrapped carbon nanotube and corre-
sponding TEPL image. To visualize the TEPL image, the
integrated PL intensity between 970 and 1,030 nm, i. e.,
corresponding to emission range of the sample, was used.
Figure 10C and D shows position-dependent peak emis-
sion energies along the 1D nanotube structure derived
from the measured TEPL spectra. An obvious spectral
fluctuation between 1.241 and 1.259 eV was observed due
to the non-uniform DNA-wrapping around the nanotube.
As can be seen in Figure 10D, the length scale in the
transition of PL peak energy is sub-diffraction limit.
Therefore, the observed nano-scale heterogeneity could
not be resolved with confocal PL imaging. As a matter of
fact, the transition between PL energy levels of DNA-
wrapped and unwrapped segments occurs on a smaller
length scale than the spatial resolution of TEPL imaging
(15 nm). Distance dependent intensity profiles
(Figure 10E) and individual TEPL intensity maps for the
1.259 eV (unwrapped) and 1.259 eV (wrapped) peaks in
Figure 10F and G shows a clear anti-correlated behavior.
Note that, from the tip-sample distance dependence of
TEPL measurement, they confirmed that the metallic tip
does not perturb the PL emission energy of the sample
[128].
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Figure 10: AFM topography (A) and simultaneously measured near-
field PL image (B) of a DNA-wrapped carbon nanotube on the mica
substrate. (C, D) Position-dependent peak emission energies
derived from the TEPL spectra along the 1D sample. To derive the
peak values at each position, the measured spectra were fitted with
a Lorentzian line function. (E) Position-dependent PL intensities for
emission peaks of 1.241 eV (DNA-wrapped segments) and 1.259 eV
(DNA-unwrapped segments). TEPL intensities with respect to the
position of a carbon nanotube for the peaks of 1.259 eV (F) and
1.241 eV (G) [128]. Reprinted with permission from [128]. Copyright
(2008) American Chemical Society.

In addition to the carbon nanotubes, CdSe nanowire is
also one of the significant 1D material for integrated pho-
tonic devices, photo-voltaics, and sensing devices owing to
their strong photo-induced responses and controllability
[132]. For example, CdSe nanowires have much higher
absorption cross-section compared to CdSe quantum dots.
In addition, the quantum confinement of CdSe nanowires
is highly increased when the diameter of nanowires is less
than 11 nm because CdSe has an exciton Bohr radius of
5.6 nm and the electronic band gap energy is inverse pro-
portional to the square of a diameter due to the changed
quantum confinement effect [126].

In 2011, Béhmler et al. demonstrated tip-enhanced PL
and Raman characterizations of CdSe quantum wires and
revealed the diameter-dependent quantum confinement
effect [132]. Figure 11A shows a brief schematic diagram of
the experimental setup, which consists of a confocal mi-
croscope and a shear-force AFM. CdSe nanowires
(Figure 11B) were dispersed on a glass substrate and
excited by a 632.8 nm radially polarized HeNe laser. An
electrochemically etched Au tip was used to scatter near-
field PL signal of the sample, and the signal was detected
either by an APD with spectral filtering or a CCD with a
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spectrometer. Strong field enhancement at the tip apex
leads to significant improvements in both spatial resolu-
tion and PL intensity compared to confocal PL measure-
ment. Figure 11C shows a topography of CdSe quantum
wires measured with tip-enhanced near-field optical mi-
croscopy and Figure 11D and E shows simultaneously
measured near-field PL and Raman images. With the
improved spatial resolution of 20 nm in near-field images,
the diameter difference of two wire branches (I and II) and
their tripod structure is clearly revealed. Additionally,
spectral differences in PL between thin (II) and thick (I)
nanowires were visualized which could not be resolved
with the conventional far field PL imaging. The PL energy
shift between thin and thick wires was observed up to
several tens of meV. Figure 11F shows near-field PL spectra
measured at branches I and II. The thicker wire (I) gives PL
response at lower energy (red) compared to the thinner
wire (II, blue) due to the decreased band gap. As can be
seen in Figure 11E, stronger Raman scattering signal was
obtained from the thinner quantum wire due to the reso-
nance Raman effect [132].

7 Applications to 2D materials

Transition metal dichalcogenide monolayers are emerging
2D semiconductors which have unique excitonic properties.
Dimensional reduction of TMDs from bulk to monolayer
gives rise to direct band-to-band transition of electric
charges, e. g., an exfoliated MoS, monolayer shows direct
bandgap at ~1.8 eV with strong PL emission even though its
bulk state (multilayers) has an indirect bandgap at ~1.3 eV
[133, 134]. In addition, stable neutral excitons, biexcitons,
and trions are formed in 2D TMDs even at room temperature
with large exciton binding energy due to the strong
Coulomb interaction, whereas optical and electronic
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properties of bulk state are determined by free charge
carriers [135, 136]. Therefore, TMD monolayers have
attracted much attentions as 2D semiconductors and,
controlling these unique excitonic properties have poten-
tial applications for the next generation ultra-thin, -light,
and flexible optoelectronic devices [137]. For practical ap-
plications of TMD-based optoelectronic device, character-
ization of optical and electronic properties should be
preceded. These properties on the microscopic scale can be
easily understood from spectroscopic far-field PL mea-
surement [138, 139]. However, nano-scale optical and
electronic properties at the defects of 2D TMD, such as
impurities, vacancies, grain boundaries, and edges cannot
be understood with a conventional far-field PL spectros-
copy due to the diffraction limit. Therefore, TEPL charac-
terization of these mnano-scale defects and spatial
heterogeneity is highly desirable. In addition, tip-induced
local control of TMD excitonic properties, e. g., PL
enhancement and bandgap modification, provides a new
point of view for novel device platforms [140]. In this sec-
tion, we discuss recent progress of TEPL applications to 2D
TMD materials.

Park et al. demonstrated TEPL nano-spectroscopy and
-imaging for a WSe, monolayer in 2016 [20]. This work was
the first TEPL approach for 2D TMDs with high sensitivity
and spatial resolution, even though a few apertured NSOM
works were performed prior to this work [141, 142]. The
experiment is basically based on a conventional confocal
microscope setup which uses illumination from the top
with atomic force microscope (AFM) tip for performing
TERS and TEPL. Helium—Neon laser (632.8 nm, <0.5 mW) is
focused through the objective lens (100x, NA = 0.8) and the
electrochemically etched gold tip with apex radius (<15 nm)
is fixed in the center of focal area. The tip is tilted with ~40°
with respect to the vertical line of the sample surface [20].
Figure 12A shows confocal PL (top left) and TEPL images

Figure 11: (A) Schematic diagram of tip-
enhanced near-field optical microscopy
setup. (B) Transmission electron
microscopy (TEM) image of CdSe quantum
wires. (C) Topography of branched CdSe
nanowire measured with shear-force AFM.
(D-E) Corresponding near-field intensity
maps of PL and Raman responses. (F) Near-
field PL spectra at the positions | and Il
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indicated in (C) [132]. Copyright 2011 by
John Wiley Sons, Inc. Reprinted by
permission of John Wiley & Sons, Inc.
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(bottom) of a chemical vapor deposition (CVD) grown WSe,
monolayer on SiO, substrate with corresponding AFM
topography. Compared to confocal PL image, TEPL images
show clear nano-scale defects, such as twin boundary,
nucleation site, and edge, with highly enhanced PL intensity
and spatial resolution <15 nm. In addition, an obvious
change in PL intensity with spectral peak shift is observed in
the spectral TEPL analysis as shown in Figure 12B. Figure 12C
shows TEPL spectra and deconvolution of exciton and
biexciton peaks obtained from the crystal edge, nucleation
site, and crystal face. Compared to the PL response at the
crystal face, the decreased PL intensity with slight spectral
blue-shift at the edge is attributed to energy funneling from
higher energy states to lower ones in the heterogeneous and
disordered semiconducting system. This PL modification at
the edge is observed over ~30-80 nm spatial extent, which is
a similar length scale to the edge roughness of TMD crystal
[143]. The distinct blue-shift with largely decreased PL in-
tensity at the nucleation site is possibly due to the imperfect
composite ratio of Se [144], as well as W residue on the
surface of the crystal which can be a channel of non-radia-
tive recombination [145]. Furthermore, through the high
spatial resolution TEPL measurement and spectral analysis
at twin boundaries, the exciton diffusion length of ~25 nm at
room temperature is directly quantified. This work demon-
strated that high resolution TEPL nano-spectroscopy and
-imaging allows to reveal heterogeneous optical and elec-
tronic properties at the nanoscale defects of 2D TMD crystals.

Since understanding local excitonic processes was
desirable at the early stage of new emerging TMD mono-
layers, similar TEPL work has done by Su et al. for MoS,
monolayer at about the same time [55]. They performed
direct nano-scale PL mapping of excitons and trions and
found the difference in PL enhancement factor between
them due to the influence of the metal-tip work function.
For the experiment, an exfoliated MoS, monolayer was
prepared on a glass coverslip, and a radially polarized
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532 nm laser was focused on the sample surface using an
inverted microscope. Ag- or Au-coated Si cantilevers were
used for excitation field localization and PL enhancement.
The distance regulation between tip and sample and
sample scanning were carried out using contact-mode
commercial AFM. Figure 13A shows Raman and PL spectra
of MoS, monolayer with and without the Ag-coated tip.
When the tip is approached onto the sample, Raman and
trion PL intensities are enhanced overall, whereas PL in-
tensity of Ay exciton is decreased. The enhanced Raman
and trion PL signals are explained by the highly enhanced
excitation rate at the tip apex because absorption reso-
nance of the Ag-coated tip (2.4 eV) is close to the excitation
beam energy (2.3 eV). On the other hand, the observed
decrease in A, exciton PL is caused by the work function of
Ag (4.3 eV). Because the work function of Ag is lower than
the work function of monolayer of MoS, (4.7 eV), electrons
of Ag tip naturally move to the MoS, crystal which causes n-
type doping effect and PL decrease. As for the comparison
with the Ag-coated tip, when the Au-coated tip is
approached to the same sample, A, exciton PL signal is
enhanced, yet Raman scattering intensity stays the same,
as shown in Figure 13B. This result shows that there is no
significant enhancement of the excitation field because the
plasmon resonance of Au-coated tip (1.9 eV) is quite far
from excitation energy. Therefore, the enhanced PL of A,
exciton is mainly attributed to the charge transfer effect
rather than the increased excitation rate. Figure 13C shows
energy diagram of MoS, and metallic tips which explains
the flow of electrons and p- or n-doping effect of TMD
crystals depend on the material of tip. The unchanged PL
intensity of trions with the Au tip is also explained with this
p-doping effect. Figure 13D shows an overlay image of
TERS intensity for A;; mode and integrated TEPL intensity
for A-exciton band using the Ag-coated tip. Figure 13E and
F shows TEPL maps of Aq-excitons and trions obtained
from deconvolution of Figure 13D. For comparison, TEPL

Figure 12: (A) PL images of a WSe, monolayer
measured with confocal microscopy (top)
and TEPL microscopy (bottom, the integrated
intensity of 770-805 nm and 725-760 nm)
with the corresponding AFM topography. (B)
TEPL spectra along the center axis of a WSe,
monolayer. (C) TEPL spectra with peak
energies of 1.610 eV at the edge, 1.630 eV at
the nuclear site (NS), and 1.606 eV at the
crystal face. Exciton (blue) and biexciton
(red) peaks are fitted with Voigt line function.
Reprinted with permission from [20].
Copyright (2016) American Chemical Society.
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map of B-excitons is shown in Figure 13G. In comparison
with the far-field measurement, PL intensity of trions and
B-exciton are highly enhanced, yet PL quenching behavior
is shown for Ay-exciton with TEPL. In addition, far-field PL
intensity is dominated by the emission of A,-exciton, but
near-field PL intensity is mainly contributed by trion
emission. This study nicely demonstrated the local distri-
butions of excitonic components, such as excitons and
trions, at the nano-scale with the tip-induced effects.
Similar TEPL and TERS works for TMD monolayer were
carried out by Okuno et al. [146]. They also demonstrated
the nano-scale heterogeneity in optical properties for a
CVD grown MoS,. Furthermore, they showed that the local
variations PL properties are associated with the chemical
environments. Figure 14A shows TEPL image of short MoS,
flake. The dark spot on the center is due to the presence of a
nanoscale terrace, which was also confirmed with the AFM
topography. Although the observed nano-scale terrace was
indeed confirmed as a multilayer structure, the MoS, flake
is expected to be a monolayer because only PL intensity is

100 nm
—
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Figure 13: (A-B) PL and Raman spectra of a
MoS, monolayer when a metallic tip is
approached and retracted. Ag-coated tip (A)
and Au-coated tip (B) were used for these
measurements. Blue, purple, and red lines
represent the PL intensity of A°, A", and B
excitons, respectively. (C) Energy diagram
exhibiting work functions of MoS,, Ag, and
Au with the flow of electric charges. (D)
Overlay near-field image of TERS (red) and
TEPL (green) signals of MoS, monolayer.
TEPL images of A° excitons (E) and trions (F),
and B-excitons (G) obtained by
deconvoluting the measured near-field PL
spectra. Reproduced from [55] with
permission from The Royal Society of
Chemistry.
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decreased with no peak shift. The other sample was pre-
pared to have both single- and bi-layer flakes on the sub-
strate. Figure 14B and D shows TEPL image and AFM
topography measured simultaneously. As expected from
the difference in electronic band structure of single- and bi-
layer TMDs, strong PL emission was measured only from
monolayer flakes. Additionally, stronger TERS signal was
observed from single layer flakes, as shown in Figure 14C.
In their experiment, bilayer structure was confirmed by the
Raman peak shift of A;; mode as well as topographic line
profile (Figure 14E).

Beyond the TEPL imaging of TMD crystals to under-
stand intrinsic optical and electronic properties, control of
these properties of TMDs through the nano-opto-mechan-
ical tip force control was presented by Park et al. [20]. For
the experiment, WSe, monolayers grown on SiO,/Si sub-
strate was used. The as-grown crystal is under a tensile
strain of ~1% through physical vapor deposition. To release
the initially applied tensile strain of the crystal, etched Au
tip was used. By carefully applying the tip contact force

Figure 14: (A) Spectrally integrated TEPL

image MoS, nano-flake. TEPL image (B) and
AFM topography (C) of single- and bi-
layered MoS, nano-flakes. (D) TERS spectra
of MoS, monolayer (blue) and bilayer

(green). (E) A topographic line profile of the

sample indicated in (C). Reproduced from
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[146] with permission from The Royal
Society of Chemistry.

02
Distance [pm]



DE GRUYTER
Energy (eV) B Energy (eV)
1.70 1.65 1.60 1.55 1.70 1.65 1.60 1.55
T T T T T T T T
Au tip [ 1

0.98% Force

/

{ssedeo:) /
J

Intensity (a. u.)
Intensity (a. u.)

T T : P 3
r 0% —— As grown o | >
r —— Transferred
r 098% | ‘

L L |
760 780 800
Wavelength (nm)

L T L
760 780 740
Wavelength (nm)

720 740 800 820 720

Figure 15: (A) Evolution of TEPL spectra of a WSe, monolayer under
the tip-force regulation exhibiting irreversible PL energy shift (top).
Far-field PL spectra of as-grown and transferred WSe, monolayer on
the SiO, substrate (bottom). (B) Evolution of TEPL spectra of a WSe,
monolayer under weaker tip interaction exhibiting reversible PL
energy shift. Reprinted with permission from [20]. Copyright (2016)
American Chemical Society.

onto the local spot and retracting the tip from the crystal,
the tensile strain could be released at the nano-scale. They
could monitor the changed strain by measuring TEPL
spectra simultaneously. Figure 15A shows an irreversible
strain shift with respect to the increased compressive force
by the tip regulation. The induced tensile strain on the
crystal was estimated from the peak shift of simultaneously
measured TEPL spectra. The maximum 48 meV of PL peak
shift was observed through the nano-mechanical tip-force
regulation. Note that PL quantum yield of TMD crystal is
decreased under strain due to the modified electronic band
structure [147]. Furthermore, with the weaker tip-force
control, tensile strain of the crystal and corresponding
TEPL enegry could be reversibly controlled, as shown in
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Figure 15B. Controlling optical and electronic properties of
semiconductors is essential for device applications. Con-
ventional methods, such as controlling impurities, defects,
and external dopants, are widely used, yet it is difficult to
control at the nano-scale region [148]. This work presented
a novel approach to dynamically control strain, band gap,
and PL energy of atomically thin semiconductor at the
nano-scale.

Recently, He et al. demonstrated the local control of
radiative emission of neutral excitons and trions in WS,
monolayer through precision gap control between Ag tip
and Au substrate [149]. Figure 16A shows a schematic
illustration of the experimental setup. They used Au-
coated Ag tip which was mounted on a cantilever. The
distance between the tip and substrate was regulated
with contact-mode AFM and precisely calibrated using
the force-distance analysis [55]. Figure 16B shows an
illustration of the classical coupling regime of TEPL
spectroscopy. In this coupling regime, the tip-sample
distance is ~1 nm and PL responses for neutral exciton
(Xo) and trions (X°) are observed, as shown in Figure 16C.
In contrast, when the gap is decreased to ~0.3 nm, direct
tunneling of electrons from Ag tip to WS, is induced. In
this regime, these tunneling charges facilitate the tran-
sition of neutral excitons to trions, as described in
Figure 16D. Therefore, the measured TEPL spectra under
this regime show highly increased trion emission, as
shown in Figure 16E. Further, as seen in Figure 16F,
when the tip-sample distance becomes smaller than
250 nm, PL intensity of trions increases in contrast to the
decreased PL intensity of neutral excions. This result
shows an obvious evidence of neutral exciton-trions
conversion with respect to the picometer gap between tip
and sample. This work demonstrated the quantum
plasmonic effects on WS, monolayer in sub-1 nm gap of
metallic cavity which opens new regimes of nano-scale
control of TMD excitonic processes.

260 300 340

T

260 300 340
Tip-sample distance (pm)

Figure 16: (A) Schematic illustration of tip-
enhanced quantum plasmonic (TEQPL)
imaging. Illustrations of the Au tip — Au
substrate cavity in the classical near-field
coupling regime (B) and quantum coupling
regime (D). Near-field PL spectra of neutral
excitons (blue) and trions (red) in the near-
field coupling (C) and quantum coupling (E)
regimes. (F) Distance dependent near-field PL
intensities for neutral excitons (top) and trions
(bottom) in the quantum coupling regime.
From [149]. Reprinted with permission from
AAAS.
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8 Conclusions and outlook

Since Synge’s old proposal to overcome diffraction limit in
far-field optical imaging [24], near-field scanning micro-
scopy has advanced considerably with the development of
SPM technology in 1980s [150—-152]. The initial approach to
implement near-field microscopy is NSOM using a metal-
coated optical fiber probe [25, 26]. NSOM is an innovative
nano-imaging technique with a spatial resolution of
50 ~ 100 nm, but several inevitable difficulties in using
aperture-type probe, especially weak optical signals, have
restricted the popularization and broad applications. An
inverse approach inducing near-field scattering by the tip,
e. g., s-SNOM, made improvements in near-field microscopy
by solving many problems of NSOM with an improved
spatial resolution of <10 nm [29, 40—-44]. However, obtaining
high spatial resolution image is still challenging due to the
far-field background. To this end, tip-enhanced nano-im-
aging approach has been developed using the LSPR effect of
plasmonic tip [47-49]. With combined nano-spectroscopic
measurement of Raman and PL, i. e., TERS and TEPL, its
application range is widely extended. Recently, TEPL
approach further advanced to the strong coupling regime
using plasmonic tip-cavity, i. e., TESC spectroscopy [60].
We focused on the principles and applications of TEPL
in this review. Basically, the enhancement factor of TEPL
signal is determined by the tip-induced excitation rate and
the spontaneous emission rate [69]. Since the spontaneous
emission rate is increased by the Purcell effect, we can
achieve larger enhancement using metal substrates by
making smaller mode volume, which also enables large
excitation rate based on the coupled dipole model [37, 63,
64]. To demonstrate application studies, we discussed
TEPL results on the low-dimensional quantum materials.
For the sake of convenience, we classified the results by the
dimension, i. e., 0D, 1D, and 2D materials. In the 0D
application section, we discussed TEPL studies of single
molecules and single quantum dots from weak to strong
coupling regimes. We then discussed TEPL applications on
1D materials, such as single-walled carbon nanotubes and
CdSe quantum wires. Lastly, we presented recent TEPL
nano-spectroscopy and nano-imaging results on 2D TMDs.
In addition to the materials we have discussed in this
review, many kinds of new emerging low dimensional
material systems are being studied today. Therefore, TEPL
will be a more important characterization method to un-
derstand optical and electronic properties of new emerging
materials at the nano-scale. Beyond the high resolution
nano-spectroscopy, this tip-enhanced PL approach can be
used to dynamically control quantum light-matter
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interactions at the nano-scale. If we use highly conductive
metal substrates, the field enhancement and mode volume
of the tip-cavity are dramatically changed depending on
the tip-substrate gap. By precisely regulating tip-substrate
distance with atomic force feedback, we can control the
plasmon strength, which is easily coupled to other quasi-
particles of materials, such as excitons. Recently, Park
et al. demonstrated several studies on the tip-induced
control of material properties, e. g., reversible control of PL
energy for TMD monolayers and single quantum dots in the
weak and strong coupling regimes [60]. As for the
perspective of instrumentation, currently most TEPL
studies were performed in ambient conditions. For broader
applications of TEPL approach as well as groundbreaking
works, the advanced instrumentation studies must take
precedence. For example, low-temperature TEPL setup will
allow to measure intrinsic excitonic properties with nar-
rower PL linewidth and higher intensity by suppressing
thermally activated processes, e. g., relaxation, quenching,
and photoionization [153, 154]. This implementation en-
ables to measure atomic defects of low-dimensional
quantum materials in great detail. In addition, cryogenic
temperature will be more favorable for TESC experiment
because optical losses in plasmonic tip and substrates are
decreased. For application to soft and living matters, such
as biological samples, a routine operation of TEPL setup in
liquid is desirable even though it has remained chal-
lenging. Furthermore, TEPL measurement for device sys-
tems with in situ control of electrical and electronic
properties will be a valuable advance. Because this multi-
functional measurement will allow to understand correla-
tion information of structural, optical, electronic, and
electrical properties. The other challenge is near-field po-
larization control at the apex of plasmonic tip [57]. As we
discussed in section 4, the polarizability and the field in-
tensity are dominant in the axis perpendicular with respect
to the sample surface. On the other hand, each of the ma-
terials has a different orientation of transition dipole
moment, e. g., the electric dipole orientation of 1D and 2D
materials is preferably into in-plane direction [59, 20].
Therefore, controlling near-field polarization of in-plane
and out-of-plane components will be an innovative
approach for effective TEPL measurement as well as nano-
crystallography applications.
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