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Control of excitons in transition metal dichalcogenides (TMDCs) and their heterostructures is fundamentally interesting for tailoring
light-matter interactions and exploring their potential applications in high-efficiency optoelectronic and nonlinear photonic
devices. While both intra- and interlayer excitons in TMDCs have been heavily studied, their behavior in the quantum tunneling
regime, in which the TMDC or its heterostructure is optically excited and concurrently serves as a tunnel junction barrier, remains
unexplored. Here, using the degree of freedom of a metallic probe in an atomic force microscope, we investigated both intralayer
and interlayer excitons dynamics in TMDC heterobilayers via locally controlled junction current in a finely tuned sub-nanometer tip-
sample cavity. Our tip-enhanced photoluminescence measurements reveal a significantly different exciton-quantum plasmon
coupling for intralayer and interlayer excitons due to different orientation of the dipoles of the respective e-h pairs. Using a steady-

state rate equation fit, we extracted field gradients, radiative and nonradiative relaxation rates for excitons in the quantum
tunneling regime with and without junction current. Our results show that tip-induced radiative (nonradiative) relaxation of
intralayer (interlayer) excitons becomes dominant in the quantum tunneling regime due to the Purcell effect. These findings have
important implications for near-field probing of excitonic materials in the strong-coupling regime.
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INTRODUCTION

Coulomb-bound electron-hole (e-h) pairs, commonly known as
excitons, govern the optical properties of monolayer transition
metal dichalcogenides (TMDCs) due to their large binding
energies (on the scale of 0.5eV) and oscillator strengths’. As a
result, the fundamental optical properties of these materials are
dominated by many body excitonic resonances, even at room
temperature (RT). Furthermore, in a homo/hetero-bilayer (HBs)
sample made from TMDCs, ultrafast interlayer charge transfer can
also facilitate the formation of interlayer excitons (ILXs) with long
lifetimes and large exciton binding energies observed at RT in
prior work?. Therefore, TMDCs have attracted significant attention
for both fundamental studies of novel quantum optical phenom-
ena and photonic/optoelectronic applications in recent times>~°.

TMDCs possess strong light-matter coupling at excitonic
resonances in the visible part of the spectrum, with almost ideal
two-dimensional (2D) confinement, making it easier to control the
excitonic parameters, such as resonance energies, oscillator
strength, radiative and nonradiative lifetimes on demand'®'%,
Therefore, one way of controlling excitons is to manipulate them
via plasmonic coupling, using plasmonic resonances in noble
metal nanostructures, which are also in the visible spectrum. In
particular, the use of metallic nanostructures in the proximity of
TMDC monolayers can create both weak and strong coupling
regimes for excitons, and thus, control the emission energies,
decay rates, radiative, and nonradiative lifetimes'~"7.

In general, excitons in TMDCs in proximity to a plasmonic
system can be treated as dipole emitters, whose emission can be
expanded into multipoles centered around the plasmonic
energy'®. Hence, the strength of coupling between the exciton
and plasmon, and the associated manipulation of excitonic
parameters, depends on the individual field polarizability.

Therefore, the manipulation of intralayer (in-plane polarization)
and interlayer (out-of-plane polarization) excitonic parameters in
TMDC HBs via a plasmonic cavity can be different due to their
different polarization states. ILXs, in particular, show great
tunability in a plasmonic cavity as a function of cavity size in
the z-direction (i.e., coupling efficiently to the ILX polarization),
resulting in the amplification of both exciton decay rate and
radiative lifetime2°. However, as the cavity size is further tuned
from nanometer to sub-nm gap (in the quantum plasmonic
regime), a strong interaction between the plasmonic field and ILX
results in more nonradiative loss. Whereas in-plane polarized
intralayer excitons show an opposite trend as the size of the cavity
decreases further in the sub-nm scale due to the Purcell effect?’.

The ultrafast exciton-plasmon interaction dynamics are gen-
erally probed via pump-probe and time-resolved PL measure-
ments in a conventional optical configuration in the form of
overall PL lifetimes of the excitonic species®>?3, However, it is not
feasible to finely control cavity size in the sub-nm scale and
simultaneously probe the exciton-plasmon interaction dynamics,
let alone discern radiative and nonradiative contributions using a
conventional setup. Recently, a qualitative approach of determin-
ing the individual contribution of radiative and nonradiative
decays and the Purcell effect on intralayer and interlayer excitons
in TMDC HBs has been proposed using tip-enhanced photo-
luminescence (TEPL) configuration in a finely tuned sub-nm
cavity?!. In this approach, the PL measured from both intralayer
and interlayer excitonic emissions in a sub-nm cavity can be fitted
using a rate equation model to decern the contribution of Purcell
enhancing/quenching, radiative, and nonradiative lifetimes.
Although the model, effectively deconvoluted all the contributing
parameters, an important question remained unanswered, which
is how these parameters evolved in a quantum plasmonic regime
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Fig. 1 Far-field optical characterization of HB. a Optical image and (b) AFM topography of one of the MoS,/WSe, HB sample prepared on
3 nm hBN/Au substrate. c—e PL maps of intralayer exciton MoS, (Xy), WSe, (Xw) and interlayer exciton (ILX) across MoS,/WSe, interface
respectively. Areas where strong interfacial coupling is established ILX have strong emission followed by quenching of intralayer Xy and X.
f Three representative PL spectra of MoS,, WSe,, and HB regions displaying characteristic PL spectra of intralayer and interlayer excitons.

(sub-nm cavity) when the junction current flows through the
channel. This is particularly relevant since previous works have
predicted that tip-induced tunneling through the TMDC mono-
layers to the metal substrate can reduce the strength of the
plasmonic field in the sub-nm cavity and hence decrease the
intralayer excitonic emission®*2>,

Here, we conduct a systematic investigation into the effect of
junction current on the dynamics of intralayer and interlayer
exciton-plasmon interactions in TMDC HBs within the quantum
plasmonic regime, using a finely tune tip-sample cavity in a TEPL
configuration. We utilize MoS,/WSe, HBs as a test bench on a
hBN/Au substrate. Our findings indicate that as the tip-sample
distance decreases below 1 nm, in the absence of junction current,
intralayer exciton amplifies while ILXs decrease drastically due to
the Purcell effect and stronger nonradiative coupling to the
plasmon field, respectively. Moreover, once a channel is estab-
lished for current to flow through the HB/hBN to the Au substrate,
a reverse trend is observed. Using a rate equation model, we
qualitatively determined all the coupling parameters, including
the dynamics of exciton-plasmon interactions. To the best of our
knowledge, our results present the first experimental demonstra-
tion of the dynamics of exciton-plasmon interactions in the
presence of junction current in the quantum plasmonic regime.

RESULTS AND DISCUSSIONS

Far-field characterizations of the HB

Figure 1a, b show an optical image and atomic force microscope
(AFM) topography, respectively, of one of the MoS,/WSe, HB
samples prepared on hBN/Au substrate. Details of the sample
preparation can be found in the Method section and Supplemen-
tary Note 1. Three far-field PL maps are created: two for intralayer
excitons Xy (monolayer MoS,) and X\, (monolayer WSe,), and one
for interlayer exciton X,  (HB) across the MoS,/WSe, interface,
respectively, and presented in Fig. 1c-e. Three corresponding far-
field PL spectra are displayed in Fig. 1f. As shown in the AFM
topography and PL maps, areas marked by the red dashed lines
only produce strong ILXs, suggesting better interfacial coupling.
We also perform complementary surface potential mapping with/
without illumination to further validate our hypothesis. Details of
the Kelvin probe force microscope (KPFM) measurements can be
found in the Supplementary Note 2. We observe a strong ILX
emission followed by heavily quenched intralayer Xy and Xy
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emission on the areas marked by red dashed lines, a hallmark of
the ILX formation process.

Nano-PL investigation of the HB

After initial far-field characterization, we perform TEPL measure-
ments on areas of strong interfacial coupling. Figure 2a shows a
schematic of the TEPL measurements. We use an Au tip for the
TEPL measurements under 633 nm excitation. The introduction of
an Au substrate creates a plasmonic dimer cavity, the polarization
of which is perpendicular to the basal plane of the HB (as shown
by E in the scheme). We also tune the tip-sample distance (d) via
the AFM piezo actuator to investigate exciton dynamics in the
HBs. We use 3 nm hBN grown by chemical vapor deposition (CVD)
as the insulating barrier between HBs and the substrate. Figure 2b
displays an AFM topography image taken across the boundary of
HB and WSe,. The white dashed line is drawn as a guide to the eye
along the border line. A TEPL hyperspectral map is acquired across
the boundary and superimposed on the corresponding topogra-
phy area within the AFM image in Fig. 2b. The TEPL map is created
for the X;_ spectral range. Two representative TEPL spectra of the
two regions (red and blue circles on the TEPL map) are shown in
Fig. 2c. The orange rectangular shade is the spectral area for which
the X;. map is created in Fig. 2b. As can be seen, TEPL spectra of
HB is dominated by ILX emission, with both intralayer Xy, and Xy
strongly quenched. It should be mentioned that the nanobubbles
formed during the sample preparation process have a marked
effect on the PL emission from them, even in the region where a
strong interfacial coupling between WSe,/MoS, occurs. A
comparative far-field and near-field study of PL emission from
the nanobubble and flat HB is presented in the Supplementary
Notes 3 and 4, respectively. As shown in Supplementary Fig. 3, the
PL response on the nanobubbles is strongly heterogeneous, which
may arise due to the variation of the localized strain depending on
the size/shape of the nanobubbles?®. Nevertheless, the TEPL map
shown in Fig. 2b exhibits a spatially homogeneous distribution of
the X,  intensity in the flat HB region. Therefore, to maintain
consistency and avoid any ambiguity in our analysis, we exclude
any detailed study of bubbles in HB regions in the present work.
Additionally, since WSe, is known for its lowest-lying dark exciton
and its higher quantum yield in the near-field geometry at room
temperature, we also performed deconvolution of the near-field
spectra for clarity of each peak’s contribution. Figure 2d presents a
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Fig. 2 TEPL study of HB. a Schematic illustration of TEPL measurements. In-plane intralayer Xy and Xy and out-of-plane interlayer X,. were
excited/amplified by the plasmonic field created at the tip apex under 633 nm excitation. Introduction of a Au substrate created a dimer cavity
with the polarization direction perpendicular to the basal plane of the HB. Tip-sample distance was tuned via AFM piezo actuator from a few
nm to sub-nm gap and TEPL signal was collected. Inset: the schematic of the electrical configuration of the tip-sample junction. b AFM
topography image at the boundary of the HB and WSe,. Inset: a TEPL map acquired for X;_ across the boundary superimposed on the
corresponding topography area. ¢ Two representative TEPL spectra on the map taken from red and blue circles marked on the TEPL map
image. Orange shade on the TEPL spectra is the spectral region for which the TEPL map was created. Inset: zoomed in spectral range covered
by the green box highlighting Xy. d Deconvoluted TEPL spectra on flat HB using three gaussian peaks.

deconvoluted TEPL spectra of the HB in the spectral range of
1.8-1.3eV using three gaussian peaks. While the WSe, dark
exciton lies around 50meV below the neutral Xy peak, ILX
emission (X)) is red shifted by ~70 meV from the X,y and agrees
well with the far-field results.

Exciton-cavity dynamics of the HB

In order to investigate sub-nm tip-sample gap dynamics of
exciton-plasmon interaction for both intra- and interlayer excitons
in HB, we acquire TEPL spectra as a function of tip-sample distance
at each point. In addition, we simultaneously record the junction
current profile (current flowing from the tip to the substrate
through the HB) as a function of tip-sample distances. The current
profile is recorded in the short circuit configuration (i.e. tip and
substrate are electrically connected and the bias voltage, V=0V
as shown in the inset of Fig. 2a). Therefore, the driving force for
the current flow in the sub-nm gap (quantum plasmonic regime)
can be a combination of the tunneling of tip hot electrons
through HB to the Au substrate and the photovoltage created at
the HB interface under 633 nm excitation?’?%, Important to note
that we consistently observe junction current at random points on
the HB/hBN/Au sample. As mentioned earlier, we use a CVD-
grown 3 nm thick hBN film as the insulating barrier between the
HB and Au substrate. During the transfer process of the CVD-
grown hBN film onto the Au substrate using the PMMA-assisted
wet transfer method from the sapphire substrate (see Method
section), it is possible that the quality of the film is compromised,
and random channels are opened for the current flow between
the tip and substrate. To support our hypothesis, we also perform
conductive AFM mapping on hBN/Au areas adjacent to the HB.

Published in partnership with FCT NOVA with the support of E-MRS

Results of the conductive AFM mapping of hBN film are presented
in the Supplementary Fig. 5.

Figure 3a, b show two sets of TEPL evolution as a function of tip-
sample gap with junction current off and on, respectively. These
two data sets are recorded on two different points in the same
TEPL map shown in Fig. 2b. As measured tip-sample gap-
dependent TEPL spectra for both current off and on conditions
shown in Fig. 3a, b are presented in the Supplementary Fig. 6,
respectively. The corresponding current vs tip-sample distance
graphs are presented in Fig. 3c. Since electrons are flowing from
the tip to the substrate, and the substrate is grounded, we observe
a negative current as a function of tip-sample distance. For the tip-
sample distance-dependent study, we vary the AFM piezo
actuator and record the corresponding Force curves, from which
the actual tip-sample distances are calculated. Details of the tip-
sample distance determination procedure can be found in the
Supplementary Note 7.

It should be noted that we have two dimension specific gaps
between the tip and the material system: (i) tip-sample gap
(varied from the classical regime to the quantum plasmonic
regime) and (ii) tip — substrate gap (which is equal to the hBN/HB
thickness + tip — sample gap). Hence, for simplicity, we refer to
the tip—substrate gap as a cavity, which is discussed in more detail
in the analytical model section (Supplementary Note 8). PL
evolution without junction current reveals two distinct tip-sample
gap regimes: (i) in the nm gap (>1nm) regime, all exciton
intensities are increasing, and (ii) in the sub-nm gap regime
intralayer (interlayer) exciton intensity is increasing (decreasing).
Moreover, we can also observe that in the sub-nm gap Xu
intensity gradually decreases with gap size (see Supplementary
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Fig. 3 Exciton tuning in the quantum tunnelling regime. Spectral evolution of TEPL signal as a function of tip-sample distance (a) when no
current flows through the HB and (b) when current flows through the HB. (c) Junction current profile as a function of tip-sample distance for
the case of (a) and (b). Electrical configuration of the tip-sample junction is shown in Fig. 2a. Current was measured simultaneously in the short
circuit configuration (V =0V). d Schematic of the HB band alignment showing trion formation in MoS, when the tip is in the sub-nm gap.
e Comparison of MoS, TEPL spectra at two different tip-sample distances (white dashed lines in (a)) for the case of no junction current. In
addition to the Xy, we could also observe trion, Xy in MoS,. f X_ evolution as a function of tip-sample distance for the two cases (current off

and on).

Fig. 6¢). Additionally, the contribution from dark exciton (Xp) of
WSe, becomes apparent as the gap shrinks. Observation of dark
excitons in WSe, in the TEPL configuration is a well-known
phenomenon, which originates from the radiative exchange
between the exciton dipole and the tip plasmon?°3°, However,
the decreasing trend of Xy, may lie in the exciton population and
interfacial charge transfer process, as the tip-sample gap shrinks. A
schematic illustration of the exciton population and relaxation
process in the HB in the tip-sample gap is shown in Fig. 3d.
Excitons are populated in both monolayers by gap plasmon
excitation. Ultrafast interfacial charge transfer allows electrons in
WSe, to cross the interface and jump to the conduction band of
MoS.. Since hBN acts as the barrier for electrons to move to the Au
substrate, overall electron concentration may increase momenta-
rily in MoS,. This results in the radiative relaxation of ILX across the
interface and the formation of trion in MoS,. Hence, we observe a
gradual decrease in Xy, intensity as the gap shrinks. Figure 3e
displays two TEPL spectra in the MoS, spectral regime taken along
the white dashed lines in Fig. 3a. As it is seen, PL spectra at
0.23nm tip-sample distance clearly shows an overall broad
spectrum with a trion peak at 35 meV' below the main excitonic
peak in MoS,, and supports our hypothesis.

An interesting phenomenon is observed when the junction
current flowed (Fig. 3b) between the tip and the sample, especially
in the sub-nm gap (quantum plasmonic regime). Both the
intralayer exciton Purcell enhancement and ILX showing a
decreasing trend are slowed down as the current started flowing
in the shrinking gap. The evolution of ILX intensity as a function of
gap size for both current off and on is shown in Fig. 3f for
comparison. PL enhancement in the tip-sample cavity (tip-sample
gap plus the HB/hBN thickness) involves a competition between
the Purcell effect and the tip-induced nonradiative quenching'®.
Both the Purcell enhancement and the tip-induced nonradiative
damping are scaled to a power law of the cavity size. Especially,
nonradiative relaxation becomes significant in the sub-nm tip-
sample gap via dipole coupling to the tip-sample cavity plasmon
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due to the ultrafast ohmic Drude loss®'. Therefore, in the sub-nm
gap, we observed a sharp rise of Xy, emission due to the Purcell
effect and ILX quenching since tip-induced nonradiative damping
of intralayer excitons becomes faster than the interlayer charge
transfer. However, as soon as the current starts flowing between
the tip and the sample, the strength of the cavity plasmon
weakens. This results in reduced Purcell enhancement and slower
nonradiative damping of intralayer excitons, resulting in the
boosting of ILX emission in the sub-nm gap. To the best of our
knowledge, our results are the first experimental demonstration of
exciton-plasmon coupling in the presence of junction current
recorded in a near-field spectroscopy experiment.

Rate-equation model for exciton-cavity dynamics

To understand the tip-sample gap-induced contribution of
radiative and nonradiative damping as well as the near-field
enhancement, we fit the PL evolutions using a steady state rate
equation model described in the previous work?'. Details of our
model and fitting procedure are discussed in the Supplementary
Note 8. Evolution of all excitonic populations is the product of
various excitation and relaxation rates inside the cavity. The cavity-
induced field enhancement (excitation) can be scaled as
F < (R/z)™, with R being the tip radius, z being the distance
between the tip and Au substrate, and m is the geometrical factor.
In contrast, the population of ILX depends on the interlayer charge
transfer upon the intralayer exciton population. We divide the
model into two regions: one for the nm gap and the other for the
sub-nm gap, with the only adjusting parameter is the scaling
factor. The total decay rate of each excitonic species is the sum of
three terms: (i) cavity-controlled (Purcell effect) radiative decay
scaled as ™ o (z+d) " 4 "™, with d is the minimum tip-
sample distance, n is the scaling factor, and ;"™ is the free space
radiative decay; (ii) cavity-induced nonradiative recombination
described by ™ o (R/(z + d))', with I being the scaling factor;
and (iii) first-order intrinsic nonradiative relaxation rate "9, The
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Fig. 4 Rate equation fit to the PL evolution. PL evolution of intralayer X,y together with fitted curve as a function of tip-sample gap for (a) no
current in the junction and (b) current flowing in the junction. The error bar presented in (a) and (b) are the fit errors of the integrated
intensity using a gaussian peak. ¢ Calculated Purcell factor in the tip-sample cavity with/without junction current.

value of 'y = 2h/To, with 7% and 1,"™ are assumed to be 0.7 ns
and 1.5ps, respectively (taken from refs. 2'3?), Using these
assumptions in the steady-state limit of exciton population, we
fit the PL evolution of Xy for both sets of results shown in Fig. 3a,
b. We are not able to extract the Xy, intensity profile reliably due to
its very low quantum yield. Therefore, we do not fit tip-substrate
cavity-dependent Xy, evolution in the present study. Moreover,
since the ILX population requires contribution from both Xy and
Xw, we need fit parameters from both intralayer excitonic species
for a reliable fitting. Hence, we also avoid any qualitative analytical
discussion on ILX parameters as well. Figure 4a, b present fitted Xy,
evolution as a function of tip-sample distance for the PL evolution
graphs shown in Fig. 3a, b, respectively. The PL evolution reveals
two distinct distance-dependent regimes, which our model fits
well. Since the model requires analytical expression of both
radiative and nonradiative relaxation rates, it is possible to extract
radiative and nonradiative lifetimes of fitted excitons in the
varying tip-sample cavity. A qualitative discussion on radiative and
nonradiative relaxation of Xy in the tip-sample cavity is presented
in the Supplementary Note 8 and Supplementary Fig. 8. Here, the
evolution of the Purcell factor in the tip-substrate cavity is going
to be discussed. Figure 4c shows the evolution of the Purcell factor
in the tip-substrate cavity extracted from the fitting presented in
Fig. 4a, b respectively. Our model provided a similar scaling
exponent to the model described in ref. ', for the Purcell
enhancement in the absence of junction current (see Supple-
mentary Table 1). However, a more dramatic change can be seen
in the case of the current on. The cavity-dependent field
enhancement initially increases at a scaling exponent of 5.6.
However, as soon as the current starts flowing field strength is
suppressed by an exponential factor of 0.5. The maximum Purcell
factor is extracted to be F=6 x10% calculated for the case of
current off is consistent with previous TEPL measurements33-3%,
Additionally, the exponent factor m=5 indicates that our near-
field geometry is more like a point dipole on a plane for which the
Purcell factor is expected to grow as 1/z°36. This is most likely due
to the fact that 3 nm hBN film on top of Au substrate results in
reduced coupling between the tip and the Au substrate.

In summary, this work reports on tailoring exciton dynamics in
the near-field from the classical plasmonic regime (few nm) to
quantum plasmonic regime (sub-nm) with/without junction
current in TMDC HBs using an Au tip + Au substrate-induced
plasmonic cavity. We show that in the absence of a junction
current intralayer and interlayer exciton show an opposite trend as
a function of gap size in the sub-nm cavity. We explain this
behavior by two competing phenomena. While the cavity field
amplifies intralayer excitons dramatically in the quantum plasmo-
nic regime, it also enhances nonradiative damping via coupling
between exciton dipole and tip plasmon for which interlayer
exciton suffers the most. In contrast, when current flows in the
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junction, it quenches the Purcell factor of the sub-nm cavity
dramatically, and at the same time boosts ILX by reducing the
nonradiative relaxation of excitons. Our work provides a solid
understanding of exciton dynamics in the quantum plasmonic
regime with/without junction current and demonstrates a clear
pathway of boosting exciton densities to enable new optoelec-
tronic applications, and to induced room temperature exciton
condensates via tuning plasmonic cavity in the quantum
tunneling regime.

METHODS
Sample preparation

MoS,/WSe, HBs were prepared using PDMS assisted deterministic
dry transfer method. Since interface contamination is one of the
major challenges for the ILXs formation, we used PDMS to PDMS
pick up/creation of HBs. Details of the HBs creation are
schematically presented in the Supplementary Fig. 1. HBs
prepared in this way show strong ILX emission as shown in
Fig. 1. We used CVD-grown 3 nm thick hBN film on top of a
100 nm thick Au film as the substrate. The 3 nm thick hBN film was
prepared by a low-pressure CVD system on a c-plane sapphire
substrate using ammonia borane as a precursor. The details of the
CVD procedure of hBN and PMMA-assisted wet transfer of hBN on
arbitrary substrates can be found in the literature®”. After the
preparation of the individual HBs, the bilayer stacks were then
transferred onto hBN/Au substrate.

Far-field characterization

Far-field optical measurements were conducted using a Horiba
LabRam HR evolution confocal microscope coupled with an
electron multiplying charged couple detector dispersed by a 100 I/
gr grating. A 633 nm solid-state laser was used for the excitation
with laser power of 17 uyW focused onto the sample surface via
100 x 0.9 NA objective.

Nano-PL investigation

TEPL measurements were performed using a Horiba NanoRaman
platform in the side illumination/collection configurations, which
consists of an atomic force microscope from AIST-NT and a
LabRam Evolution spectrometer. The Au tips used in the
experiments were purchased from Horiba and suited for near-
field measurements under 633 nm excitation. The laser power was
kept at 17 uyW and focused onto the tip via a 100 x 0.7 NA long
working distance objective. The exposure time was 0.2s. TEPL
hyperspectral maps were acquired in the spectop mode (a
contact/noncontact hybrid mode developed by Horiba), in which
half of the time (t7) the tip is in contact with the sample to acquire
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the near-field signal and the rest half of the time (t2) the tip is
operating in the intermittent contact mode to acquire the far-field
signal and the AFM topography on each pixel with the total time
defined by t =t7 +t2 and t1 = t2 = exposure time.

Force spectroscopy and exciton-cavity dynamics

For tip-sample distance-dependent TEPL measurements, a varying
DC voltage was applied gradually to the piezo-actuator connected
to the sample stage for fine-tuning of the tip-sample cavity from
few nm to sub-nm. A total of 50 data points were collected for a
large piezo-actuator displacement (150 nm-200 nm). At each
point, a TEPL spectra was acquired using an exposure time of
0.2 s. In addition to the TEPL spectra, force vs distance curves and
junction current were also monitored for the mentioned piezo-
actuator tuning range for each experimental data set. The actual
tip-sample distance, d was calculated from the acquired force vs
distance curve. Details of the calculation can be found in the
Supplementary Note 7.

KPFM measurements

KPFM measurements were performed using AFM from AIST-NT
and commercially available Cr/Au probes with/without illumina-
tion under 633 nm excitation.

DATA AVAILABILITY

The data that support the findings of this study are available on request from the
corresponding author.
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