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ABSTRACT: Transition-metal dichalcogenide heterostructures
are an emergent platform for novel many-body states from exciton
condensates to nanolasers. However, their exciton dynamics are
difficult to disentangle due to multiple competing processes with
time scales varying over many orders of magnitude. Using a
configurable nano-optical cavity based on a plasmonic scanning
probe tip, the radiative (rad) and nonradiative (nrad) relaxation of
intra- and interlayer excitons is controlled. Tuning their relative
rates in a WSe,/MoSe, heterobilayer over 6 orders of magnitude in
tip-enhanced photoluminescence spectroscopy reveals a cavity-
induced crossover from nonradiative quenching to Purcell-
enhanced radiation. Rate equation modeling with the interlayer
charge transfer time as a reference clock allows for a
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comprehensive determination from the long interlayer exciton (IX) radiative lifetime 7% = (94 + 27) ns to the 5 orders of
magnitude faster competing nonradiative lifetime 77¢ = (0.6 + 0.2) ps. This approach of nanocavity clock spectroscopy is generally
applicable to a wide range of excitonic systems with competing decay pathways.
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B INTRODUCTION

Transition-metal dichalcogenide (TMD) heterobilayers have
attracted significant attention, exhibiting novel quantum
phenomena in Moiré superlattices,' > correlated photon
emission,” and valley polarized excitons.” Furthermore, ultra-
fast interlayer charge transfer in these heterobilayers can lead
to the formation of interlayer excitons (IX) with long lifetimes
due to their spatial separation of the electron—hole pairs.*~"°
This suggests room-temperature exciton condensation,'”
nanolasing with extended spatial coherence,"™'” and other
optoelectronic devices with atomic-scale thickness.”’™**

However, details of their formation by ultrafast interlayer
charge transfer and relaxation dynamics are difficult to access
due to a convolution of several competing and coupled
radiative (rad) and nonradiative (nrad) processes of the IX and
the two intralayer excitons (X). While pump—probe and time-
resolved photoluminescence (PL) have been used to measure
the overall PL lifetimes of the exciton species,'' ' these
techniques are unable to directly discern their radiative (7™?)
and nonradiative (") lifetimes. This is especially difficult for
interlayer excitons with a large radiative decay rate and a weak
oscillator strength.

Here, we pursue a qualitatively new approach in which we
measure the PL emission from intra- and interlayer excitons
while selectively Purcell enhancing 7°¢ and modifying 7"*¢ over
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several orders of magnitude using nanotip cavity interaction.
This allows us to control the PL decay with a nanocavity
induced crossover between excitation, nonradiative, and
radiative relaxation. Using interlayer charge transver with 7¢p
= 44 fs as a reference clock in a rate equation model for the
different coupled exciton populations in steady state, we extract
74 and 7" of the three exciton species from the different
tip—sample distance-dependent evolutions of the intra- and
interlayer PL intensities. With the interlayer char§e transfer
unaffected by the presence of the tip to first order,”" 7% we
obtain obtain monolayer (ML) nonradiative lifetimes 73 =
(2.6 + 0.7) ps and ed = (0.6 + 0.2) ps, intralayer exciton
radiative lifetime 75%¢ = (0.7 + 0.2) ns, and an exceptionally
long room-temperature IX radiative lifetime of 733 = (94 + 27)
ns. These results are consistent with previous measurements.
They clarify that, while time-dependent photoluminescence
measurements are limited by fast nonradiative decay, the IX
radiative lifetime is indeed orders of magnitude longer.
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Figure 1. Tip-enhanced nanocavity clock spectroscopy. (a) Experimental setup and sample design. (b) Type II band alignment with interlayer
exciton formation. (c) PL spectra of the TMD monolayer excitons Xys., (orange) and Xy, (red) and the heterostructure (blue) with additional

interlayer IX emission and localized tip plasmon PL and corresponding fits (gray). (d) Far-field micro-PL image of the sample and cartoon showing

the constituent layers (inset), scale bar is 20 pm.

Additionally, the Purcell factor F, = 20 + 6 and cavity
distance-scaling exponent n = 2.7 & 0.2 of the radiative decay
define field confinement, mode alignment, and scaling of the
plasmonic nanocavity mode volume, which are yet poorly
understood parameters in the emergin% field of plasmonic
nanocavity quantum electrodynamics.”’ ~*

Nanocavity clock spectroscopy (NCS) thus provides a new
approach to quantify the complex and competing dynamics of
multiexcitonic systems complementing conventional ultrafast
time-domain spectroscopy. Nanocavity control of exciton
dynamics in van der Waals materials over several orders of
magnitude additionally opens the door to establishing
applications like high-temperature exciton condensation,
tunable device fabrication, harnessing coherent emission, and
control of highly localized trapping potentials such as those
found in Moiré lattices.” ™’

B EXPERIMENT

Figure 1a shows the TMD heterostructure sample consisting of
a WSe, (top) and a MoSe, (bottom) monolayer, separated
from a template-stripped gold substrate by a hexagonal boron
nitride (hBN) bilayer to reduce charge transfer between TMDs
and the metal. The heterostructure is fabricated by exfoliation
of the TMD monolayers and by stacking them using a
polycarbonate-based dry-transfer techni(}ue with a minimal
angle between their relative crystal axes. >*’ In a home-built
near-field scanning probe instrument, an electrochemically
etched Au plasmonic tip and the substrate act as an optical
nanocavity (see the Supporting Information for details).*"**
The tip is tilted 35° with respect to the sample surface normal
for optimal plasmonic field enhancement as shown previ-
ously™ and positioned with a tip—sample distance accuracy of
100 pm in shear-force (SF) atomic force microscopy
feedback.**

Tip-enhanced photoluminescence (TEPL) spectroscopy is
performed in an epi-illumination and scattering geometry with
continuous wave laser excitation (632.8 nm, <1 mW),
polarized along the tip axis with a wave plate (1/2) for
polarization control, and focused onto the tip—sample junction
using an 0.8 numerical aperture (NA) objective lens. The PL
signal is passed through a beam splitter (BS) and a 633 nm
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edge filter (EF) before detection with a grating spectrometer
and charge-coupled device (CCD) camera. No tip or sample
damage occurred during the measurement as assessed based on
the consistent PL spectrum amplitude, shear force feedback
amplitude, and exciton resonance energies over repeated tip—
sample distance cycles (see Supporting Information Section I).

B RESULTS

Figure 1c shows TEPL spectra of the TMD heterostructure
sample (bottom) and its constituent monolayers (top). The
PL signal of the heterostructure reveals three distinct peaks
superimposed on top of the background surface plasmon (SP)
cavity emission resonance (>1.9 eV) as shown in Figure Ic
(blue) with fits to Voigt lineshapes (gray). These peaks are
assigned to the WSe, (1.63 eV, Xyys.,) and MoSe, (1.56 eV,

Xpose,) intralayer exciton emission and interlayer exciton

emission (1.36 eV, IX), which is populated by an interlayer
charge transfer in heterostructures with a type II band
alignment as illustrated in Figure 1b. Figure 1d shows a
micro-PL image (for the corresponding far-field spectrum, see
Figure Sla) of the sample spectrally integrated between 1.3
and 1.8 eV. The heterobilayer region stands out due to its
reduced PL intensity compared to the surrounding monolayer
regions as expected due to the nonradiative charge transfer
between the layers.>*

We then perform systematic tip—sample distance dependent
PL spectroscopy in the heterostructure region. The spectral
response for a decreasing tip—sample distance is shown in
Figure 2a from a distance of 25 nm to the point where the SF
amplitude was reduced to ~30% of its original value. From a
correlation of shear force with electronic tunneling,46 we assess
that the closest distance corresponds to or very near physical
atomic contact, which we define as 0 nm.

Spatio-spectral TEPL imaging of the heterostructure in this
sample region shows that the emission intensity is spatially
homogeneous to within 30% over a 1 pm region as shown in
Figure 2b. (Note that, in some image locations, the IX
response was too weak to allow for an accurate peak intensity
determination, and these pixels are shown in blue.)

https://dx.doi.org/10.1021/acs.nanolett.0c03979
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Figure 2. Tip-enhanced PL. (a) Spectral evolution of the PL signal as
a function of tip—sample distance. (b) Near-field PL images (scale bar
of 500 nm). (c—e) Fitted PL intensities for the WSe, (red), MoSe,
(gold), and IX peaks (green), respectively, with decreasing tip—
sample distance and SF feedback amplitude (blue). Also shown are
fits to the data (black, solid) and simulated behavior without the effect
of Purcell enhancement (black, dashed) and with near-field but no
Purcell enhancement or tip-dependent nonradiative decay (gray,

dashed).

Next, we plot the fitted peak intensities for the excitonic
WSe, (red) and MoSe, (gold) and IX (green) emissions as a
function of the tip—sample distance as shown in Figure 2c—e
along with the SF amplitude (blue, right axis).

The PL spectral evolution reveals three distinct distance
regimes: (i) a near-field (NF) region scaling with tip radius
(~10’s nm), characterized by a continuous increase of all PL
peaks as established in TEPL for emitters with low quantum
yields where field-enhancement dominates over PL quenching
by the metallic tip.***” (i) A region of suppressed enhance-
ment where all excitons experience increased nonradiative
relaxation for 1 nm < z < S nm. (jii) A regime of a qualitatively
distinct behavior with competing interactions driven by
strongly enhanced radiative (Purcell) and nonradiative damp-
ing by the nanocavity at the closest approach (NF* region). In
this region, the intralayer exciton signals exhibit a sharp
Purcell-enhanced increase on the less than or equal to 1 nm
scale, correlated with the suppression of the IX signal.

This different tip—sample distance-dependent spectral
evolution in the NF and NF* regions is further highlighted
from a two-dimensional (2D) covariance analysis as shown in
Figure 3a,b, respectively. In the NF region (a), all peaks exhibit
strong positive correlations, whereas the NF* regime (b)
exhibits an anticorrelation of the IX intensity with all other PL
peaks. Note that the tip plasmon PL exhibits a redshift and
broadening in this region due to an increased nonradiative
damping of excited carriers in this quantum-tunneling regime
as observed previously.*® The stability of the exciton PL energy
indicates minimal physical disturbance to the sample by the tip
which would lead to, for example, a strain-induced shift in the
PL energy and possibly the formation of localized defects.**™>*
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Figure 3. 2D covariance map of the PL. 2D covariance map of the PL
signals in the NF region for tip—sample displacements greater than 5
nm (a) and NF* region (b) for tip—sample displacements less than §
nm with intensity represented by a log—linear color bar.

B MODEL

To determine the underlying X and IX time scales, we describe
their distinct tip—sample distance-dependent emission as a
competition between the excitation rate and the radiative and
nonradiative relaxations, which are significantly modified by
the tip-sample distance variation of the nanocavity coupling.
For large z-values, this leads to the established tip near-field
enhancement with a rise in PL intensity for both types of
excitons. This effect is counteracted with decreasing distance,
where a significant nonradiative relaxation via a dipole coupling
to the metallic tip and substrate with subsequent ultrafast
ohmic Drude damping starts to dominate, causing a turnover
in the radiative emission around z < S nm. Finally, on few to
sub-nanometer length scales, Purcell enhancement causes the
sharp rise in the X emission. Concurrently, the IX emission is
quenched, because the tip-enhanced nonradiative damping of
intralayer excitons becomes much faster than the interlayer
charge transfer.

This combined behavior can be modeled by coupled rate
equations, solved analytically in the steady state to find the
distance-dependent populations of each exciton species, which
are used to calculate the PL intensity of each species (see the
Supporting Information for details). The evolution of the
intralayer exciton Ny and interlayer exciton Nix populations are
then given by the differences between the various excitation
and relaxation rates.

dN.
th = K- (F;gd + F?(rad + Tep)Ny
dN Ta nra

The excitation rate for the intralayer excitons Fyx is then
proportional to the cavity-enhanced field Fy o |E/E,|, where X
= M or W represents the MoSe, or WSe, intralayer excitons,
and E, is the incident laser field. This near-field enhanced
excitation rate scales as Fy « (R/z)™ with R being the tip
radius, z being the distance between tip and Au substrate, and
m the geometry-related growth rate of the excitation and
dominates over the long-range emission behavior for z > 5 nm.
In contrast, the interlayer exciton is populated by charge
transfer from the intralayer exciton population.

The total decay rate of each exciton species is the sum of
three terms (i) Purcell-controlled radiative decay into the

https://dx.doi.org/10.1021/acs.nanolett.0c03979
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cavity near-field given by I'fy = I#0(Fp + 1) « (z + d)™ +
Fﬁ?ﬁ?, with Purcell factor Fp, minimum cavity length d,
geometric scaling rate n, and free space radiative decay rate
r ;é‘fg?; (ii) extrinsic tip-induced nonradiative recombination
due to dipole—dzlpole coupling between exciton and metal™
described by T3 o (R/(z + 82))", with minimum tip-exciton
separation 6z and scaling exponent J; and (iii) the to first-order
tip-independent intrinsic nonradiative recombination rates for
each exciton F§f§‘§’°.

While the assumptions made in this model are overall quite
robust, there are some limiting cases where they break down.
For example, the assumption that the excitation rate F, is
proportional to the intracavity field intensity is valid as long as
the intensity is well-below saturation, as in our case.
Furthermore, the interlayer exciton has in-plane and out-of-
plane dipole orientation components, which both contribute to
the relaxation yet with different relative weights and different
tip—sample distance scaling. However, our measurements are
not sensitive enough to separate these relative contributions. A
detailed discussion of the limitations of our model is included
in the Supporting Information, Section II.

We then fit the analytical solution to eq 1 for the TEPL
intensity to the data in Figure 2c—e to globally minimize the
residuals of all three exciton approach curves (black, solid
lines). The resulting radiative and nonradiative exciton

lifetimes for z — co are summarized in Table 1 along with

Table 1. Fit Parameters and Results. Fitted Model
Parameters of the Intra- and Interlayer Radiative and
Nonradiative Lifetimes for z — co and F, for z — 0

exciton lifetimes NCS/TEPL parameters

5340 (94 + 27) ns F, (20 £ 6)
o (0.6 + 0.2) ps R (15 1) nm
7340 (0.7 + 0.2) ns d (1.0 + 0.2) nm
20 (2.6 £0.7) ps 5, (03 £ 0.1) nm
7or(fixed) 44 fs n (27 £02)

) (37 +0.1)

m (25 £0.1)

the other extrinsic fit parameters. Here, we assume that the tip-
independent nonradiative decay of the intralayer excitons is
dominated by ultrafast interlayer charge transfer, which was
used as a reference clock with transfer time ¢y = 2A/T 1 = 44
fs based on previous measurements.””'***~*" Most existing
measurements of the charge transfer time have been limited in
temporal resolution by their instrument response time and
thus provide only an upper limit of the true I'cr. We therefore
chose a value based on the fastest temporal resolutions®”°~>’
(see the Supporting Information, Section IV). For comparison,
we also performed the analysis assuming a 100 fs charge
transfer time (see Table S1). All fitted parameters depend
linearly on this reference time, so any uncertainty in 7o would
modify the derived time constants proportionally.

To gain further insight into the interdependence and
competition between exciton lifetime, Purcell enhancement,
nonradiative damping, and charge transfer rate, we simulate
their relative effects on the exciton emission. First, the
approach behavior of the PL emission was simulated for
each exciton without Purcell enhancement or nonradiative
damping to the tip, as shown in Figure 2c—e (gray, dashed).
This would give rise to a monotonic increase in excitation due
to near-field enhancement irrespective of emitter lifetimes.
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Adding the effects of nonradiative damping to the tip, but still
in the absence of Purcell enhancement, the exciton emission
would follow the black, dashed lines in Figure 2c—e with
increased quenching due to a nonradiative charge transfer to
the tip on intermediate length scales. The position and
strength of this rollover in PL intensity at z & S nm constrains
the amplitude and growth rate of the fitted 7°*¢ term. Using
these constraints from the long- and intermediate-range
behaviors then allows for characterization of the short-range
Purcell-enhanced PL emission. Only by going through this
crossover from large z to small z are we able to retrieve the
complete set of radiative and nonradiative time constants (for
details see the Supporting Information).

Further, we simulate the dependence of the IX emission on,
for example, charge transfer time 7cr while holding the other
parameters constant. As shown in Figure 4a, if the 7cr is
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Figure 4. Simulations of IX PL dependence on 7cy, 7229, and 7%.(a)
Simulation of IX emission intensity for 7¢r ranging from 1 fs to 10 ps
with measured data overlaid in black. (inset) Fitted values for
distance-dependent rate parameters. (b) Simulation of IX emission
intensity for 7" from 1 fs to 7 ns with measured 734 = 0.6 ps (red,
dashed line). (c) Simulation of IX emission intensity for 73 from 1.5
ps up to 1500 ns with measured 7} = 94 ns (red, dashed line). Peak
intensity evolutions (white, dashed lines) are shown for all
simulations.

sufficiently fast, the IX quenching at short distances can be
overcome. The inverse behavior is observed for simulated IX
emission with 7oy = 44 fs fixed but with increasing 7! as
shown in Figure 4b. Here, the IX transitions from a short-range
suppression to increasing PL intensity for sufficiently slow
nonradiative decay as indicated by the black, dashed line.
Finally, increasing the radiative IX lifetime leads to overall
suppression of the PL signal as simulated in Figure 4c.
Simulation parameters corresponding to the experimental
values of 7224 and 7% are shown in dashed red. The distance
dependence of T and T relative to 'y is shown in the
inset of Figure 4a.

B DISCUSSION

We now discuss the resulting fit parameters. The maximum
observed nanocavity Purcell factor F, = (20 + 6) is consistent
with the range of values of Purcell factors achieved in related

. . . 41,43,52,54—56 P
plasmonic nanocavity experiments. However, it is

https://dx.doi.org/10.1021/acs.nanolett.0c03979
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somewhat lower than the maximum Purcell factors of ~10° in
TEPL,">>°"*® possibly due to the in-plane dipole moments of
the bright TMD excitons, which are not aligned with the tip
axis. Additionally, the geometric scaling parameter of the
nanocavity n = (2.7 = 0.2) indicates that the cavity mode
volume scales between that of a cylinder (n = 2) and a sphere
(n = 3). This result is consistent with recent finite-difference
time-domain (FDTD) simulations for this cavity geometry®' as
well as calculations of the cavity volume in a quasi-normal
mode framework.*” The minimum cavity length d = (1.0 +
0.2) nm is consistent with predictions based on the constituent
ML thicknesses.””*" Finally, the fitted tip radius R = (15 + 1)
nm is consistent with previous investigations*® and also with
the damping of the SF amplitude starting around z = 1S5 nm,
which generally occurs at tip—sample distances on the order of
the tip radius.

Next, we discuss the sample properties determined by our
model. The intralayer exciton radiative lifetime 75%%° = (0.7 +
0.2) ns at room temperature is in agreement with near
nanosecond values expected from first-principles calculations,’’
which can also be inferred from the absorbance of a free-
standing monolayer.62 The IX lifetime 773° = (94 + 27) ns is
much longer than the intralayer lifetimes 7240 = (0.7 £ 0.2) ns,
as predicted due to the spatially indirect IX transition.”® The 2
orders of magnitude difference between interlayer and
intralayer exciton radiative lifetimes agrees with what is
expected based on the ratio of their respective oscillator
strengths measured in ref 64, and theoretical calculations based
on the optical Bloch equations predict IX lifetimes even into
the microsecond range.'' Yet, most experimental measure-
ments of time-resolved PL in the few- to sub-nanosecond
decay times'>'>'® suggest the dominance of nonradiative
decay over the observed radiative decay channels, in agreement
with our results. Several investigations have observed longer IX
lifetimes for valley polarized IX, by measuring at low
temperature or using sample preparations that reduce
nonradiative decay pathways through encapsulation with, for
example, hBN,">'*!> but these are still limited to observing the
overall PL lifetime, which is likely still dominated by
nonradiative decay.

The 5 orders of magnitude faster nonradiative than radiative
decay observed in this work implies a very low quantum yield
of the IX. This could cause difficulty for a high-temperature
exciton condensation, which requires low environmental
coupling and optoelectronic devices that require high fidelity
between excitation and radiative emission. However, the
extremely long room-temperature IX lifetime measured here
could indeed provide a platform for applications from quantum
information to nanolasing, especially if the nonradiative
relaxation can be suppressed.

B CONCLUSION

In summary, this work demonstrates NCS as an effective new
technique to quantify the dynamics of complex quantum
systems with competing radiative and nonradiative excitation
pathways when referenced against a known decay time
constant. It is applied in TEPL to characterize, image, and
control the interplay of intralayer and interlayer exciton
dynamics in a WSe,/MoSe, heterobilayer with lifetime
quantification based on a rate equation model. This allows
for discriminating the exceptionally long IX radiative lifetimes
3% = (94 + 27) ns from the S orders of magnitude faster

nonradiative decay 7% = (0.6 + 0.2) ps, with the relaxation
controlled by nonradiative defect scattering.

NCS can be applied to investigate the dynamics in a wide
range of excitonic systems, providing a powerful complement
to time-domain spectroscopy, and additionally offering nano-
scale spatial resolution. For example, it could shed light on the
effects of the stacking angle and charge carrier doping on the
IX lifetime, isolate the highly localized IX emission in lateral
heterostructures, and investigate the effects of decreasing
nonradiative phonon-assisted relaxation or shifts in emission
energy in low-temperature experiments. It could be adapted for
a broad range of applications from providing a mechanism for
switching the emission of localized single-photon emitting
defects such as those found in WSe,, hBN, or diamond® ™% to
increasing exciton densities to enable new optoelectronic
applications or to induce room-temperature exciton con-
densates™**% or superfluidity.*®”°
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