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Programmable phonon-assisted resonant
energy transfer between moiré cells in
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Moiré superlattices in van-der-Waals heterostructures offer a versatile platform for exploring emergent
quantum phenomena. In type-I MoSe,-WS, moiré superlattices, the large lattice mismatch ensures
robustness of the moiré period against twist-angle disorder. The excitonic ground state is formed by
moiré-trapped MoSe; intralayer excitons. However, a key challenge is the controlled transfer of
excitonic energy across moiré sites. This work investigates gate-controlled phonon-assisted resonant
energy transfer (RET) as a means to transfer excitonic energy between moiré cells. By harnessing the
interplay between resonantly excited moiré excitonic complexes and single or few phonons, energy
transfer pathways can be modulated via the charging state of moiré cells. We discuss two potential
RET mechanisms: phonon-assisted resonant tunneling and Férster-like dipole—dipole transfer. Our
findings highlight the potential of this approach for excitonic circuits and nanoscale energy transport,
paving the way for future applications in quantum technologies.

Van-der-Waals (vdW) materials offer exciting opportunities to engineer
novel compounds with precisely controlled layer numbers, compositions,
and vertical alignments. A key focus in current research is the impact of
moiré superlattices, which emerge from stacking layers with different lattice
constants and twist angles'”. Moiré superlattices in transition-metal
dichalcogenide (TMDC) heterobilayers provide a powerful platform for
studying quantum phenomena, including correlated electronic states**
and exciton physics'*". Notably, selenide-sulfide heterobilayers - such as
MoSe,-WS, and WSe,-WS, - are particularly valuable due to their sig-
nificant lattice mismatch (approx. 3—4%), which enhances superlattice
stability against local twist-angle variations"’.

Recent studies on MoSe,-WS, and WSe,-WS; heterobilayers have, e.g.,
revealed correlated insulating states at integer and fractional moiré lattice
fillings via quantum capacitance® and reflectance contrast (RC)
measurements’. In MoSe,-WS, it was found that an electron-doped Mott

state (filling factor v = 1) exhibits ferromagnetic correlations, consistent with
the Nagaoka mechanism'. Charged intralayer moiré excitons were inves-
tigated in WSe,-WS, heterobilayers”’. Additionally, quantum-confined
Stark effect tuning of layer-hybridized states was demonstrated in WSe,-
WS,”, and higher-energy moiré exciton states were observed in MoSe,-WS,
using photoluminescence (PL) and RC spectroscopy’. Furthermore, it was
reported that strong out-of-plane electric fields can induce a transition from
type-I to type-II band alignment in MoSe,-WS,”. Unlike most TMDC
heterobilayers, MoSe,-WS, naturally exhibits type-I band alignment, con-
fining moiré-trapped excitons primarily to the MoSe, layer”*. However, a
fundamental challenge remains: how to efficiently control energy transfer
between moiré-trapped excitons.

In this work, we show that phonon-assisted resonant energy transfer
(RET) offers a compelling mechanism for mediating excitonic energy
transfer between moiré cells through lattice vibrations. While RET is well-
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established in molecular and solid-state systems (see, e.g., refs. 30-33), its
programmability and tunability in moiré heterostructures remain largely
unexplored. We demonstrate that by leveraging the interplay between
resonantly excited, moiré-trapped excitons and single or few phonons,
energy transfer pathways can be engineered and externally controlled via
applied gate voltage. This study aims to shed light on the mechanisms
governing programmable phonon-assisted RET in MoSe,-WS, moiré
superlattices, emphasizing its potential for excitonic circuits and energy-
efficient nanoscale information transfer.

Results

Device characteristics

We prepared a series of 0° (R-type) and 60° (H-type) twisted (cf. Fig. 1a)
MoSe,-WS, heterobilayer samples using a deterministic all-dry transfer
process (see “Methods”). This study focuses on four R-type devices, a dual-
gate device is schematically illustrated in Fig. 1b, with a microscope image of
an actual sample (sample R8) shown in Fig. lc. Additionally, two H-type
samples (H3, H4) without graphite gates serve as a comparison. The main part
of this work examines a prototypical dual-gated R-type device (R8, Fig. 2¢),
while results from other samples with one gate (R6, R9, R10) are presented in
the supplementary information. An experimental verification of the stacking
type of sample R8 is provided in Supplementary Note 1.

Due to the ~4% lattice mismatch between MoSe, and WS,, a moiré
superlattice with a period of ~7.5 nm forms at a 0° twist (schematic in Fig. 1d).
The lowest-energy excitons are intralayer A excitons in MoSe, (Fig. 1e)”™.
The real-space moiré superlattice gives rise to a mini Brillouin zone in reci-
procal space (Fig. 1f), leading to a miniband structure for the MoSe;, A excitons
at the K points of the monolayer Brillouin zone in a continuum model".
However, local strain in the vicinities of high symmetry stacking points (e.g.,
RM, RX, R, f. Fig. 1g, applying the notation of ref. 34) leads to two different
exciton-potential minima for localization of MoSe, A excitons'***, labeled M
and M, in Fig. 1g, within a moiré cell at positions R} and R¥. The spatial
distribution of their wavefunctions, as calculated in ref. 26, show that, while M,
is tightly localized, M, has a non-negligible spatial extent.

Gate-dependent photoluminescence and white-light reflectance
contrast

We begin by characterizing our sample, with all measurements conducted at
T ~ 5K, unless otherwise stated. Heatmaps of the PL and the negative first
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Fig. 1| MoSe,-WS; heterobilayer. a Lattice stackings for R-type and H-type TMDC
heterobilayers. b Schematic of the investigated R-type MoSe,-WS, device with two
graphite gates. ¢ Optical microscope image of our sample (R-type sample R8).

d Moiré lattice with one electron per moiré cell (filling factor v = 1). High-symmetry
stacking sites are indicated. e Schematic of the type-I band alignment of MoSe,-WS,

derivative of the RC spectra, -d/dE(RC), as functions of symmetrically
applied gate voltages on the bottom and top gates, are shown in Fig. 2b, c,
respectively. Figure 2a displays PL spectra for selected filling factors. The PL
is excited using a 532-nm laser, while RC measurements employ a white-
light source (see “Methods”). In the charge-neutral regime (v~ 0), we
identify moiré excitons (M;, My, see also Supplementary Note 1), as well as
attractive (M}) and repulsive (M} ) moiré Fermi polarons near a filling factor
of v~ 1. Furthermore, additional, presumably double-charged moiré
polarons (M}*, M3*) emerge around a filling factor of 2 (Fig. 2a, ¢, d).

For gated MoSe,-WS, heterobilayers, the spectral characteristics and
energy spacings of moiré excitons at filling factors v=0and v=1 - corre-
sponding to neutral moiré excitons (M;, M,) and moiré Fermi polarons
(M7, M3), respectively - are well documented.

For example, ref. 26 (as well as refs. 35,36) reports the observation of up
to three neutral moiré excitons (M;, M,, and M3) at v = 0, with comparisons
made between R-type and H-type stacking. The ~35 meV energy spacing
between M; and M, observed in Fig. 2 closely matches the values reported in
ref. 26 for R-type MoSe,-WS, heterobilayers. Additionally, the large energy
gap between M, and M; observed in our sample R8 (see Supplementary
Note 1) further confirms its R-type stacking and pinpoints the charge-
neutral region corresponding to v =0.

The energetic positions and spacings of features identified as M} and
M; in our RC spectra (Fig. 2c, e) show near-quantitative agreement with
those reported by Ciorciaro et al."* at v =1 in a comparable dual-gated R-
type MoSe,-WS, heterobilayer (see their Fig. 1b and Extended Data 2). This
strong consistency between our RC and PL measurements and the literature
data from refs. 14,26,35,36 validates our assignments of M;, M,, M}, and
M3, and supports our identification of the corresponding gate voltages.

Notably, M}* is very faint in RC (Fig. 2¢), and in PL it appears clearly
for higher positive gate voltages, i.e., v > 2, only (Fig. 2a). In Supplementary
Note 2, we show a more detailed gate-voltage dependence of M}*. For M7}*
and M3*, hybridization with the WS, conduction band may play a role: PL
measurements over a broader energy range, including the WS, PL (sup-
plementary Fig. S4), suggest that for v>1, the WS, conduction band
minima become significantly populated, potentially indicating conduction-
band hybridization. In ref. 36 it was speculated that the second electron may
be localized in the higher potential minimum in the moiré cell, at site R])f,
due to Coulomb repulsion. Similar behavior was reported in ref. 28 for hole-
doping in WSe,-WS, moiré superlattices. Since hybridization with the WS,
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heterobilayers. f Brillouin zones of the two layers of an R-type structure, and the
resulting mini Brillouin zone of the heterobilayer. g Schematic of the potential
profile for excitons along the horizontal black dashed line. Two different moiré-
trapped excitons are labeled M, and M,.
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Fig. 2 | Moiré-trapped excitonic complexes in R-type heterobilayer. a Selected PL
spectra from b. The vertical colored bars mark the positions of the moiré excitonic
complexes, extracted from (b, ¢). b Heatmap of PL spectra versus gate voltage.

¢ Heatmap of the negative derivative of RC spectra versus gate voltage. d-f Schematic
of moiré-trapped excitonic complexes, together with the locations of doped charges

© Doped background electron

@ ) Photo-excited exciton

at high symmetry sites in the moiré cell, and corresponding differential RC spectra,
extracted from c: For d a double-charged exciton M3* at filling factor v ~ 2, e ground
state (M7) and excited-state (M3) single-charged exciton at filling factor v ~ 1, and,
f ground-state (M) and excited-state (M,) neutral exciton at filling factor v ~ 0.

conduction band is more significant for the higher energy minimum’**, our
assumption for the charge arrangement for M{* and M3* in the schematic in
Fig. 2d is reasonable, keeping in mind possible complications due to
hybridization with the WS, conduction band for filling factor v > 1. Overall,
the assignment of Mj* and M3* is speculative at the moment and requires
further verification. However, this is not the focus of this work and does not
influence our main conclusions.

The excitonic complexes are schematically illustrated in Fig. 2d—f using
potential profiles for neutral excitons, as calculated in ref. 26 for similar
R-type moiré lattices. The additional background electrons are just sche-
matically superimposed in Fig. 2d, e, since they are localized at the corre-
sponding high-symmetry stacking sites (cf. refs. 28,36). If the moiré-trapped
excitonic complexes are sufficiently localized, it is appropriate to refer to
them as moiré excitons and trions rather than repulsive and attractive
polarons'. We will adopt this notation throughout. Alongside the sche-
matics in Fig. 2d-f, selected -d/dE(RC) spectra from Fig. 2¢ are shown. In
particular, Fig. 2f highlights the first excited moiré exciton (M,), which
appears faint in Fig. 2c but is more discernible here. A more detailed
investigation is provided in Supplementary Note 1.

Notably, for all R-type samples, we consistently observe a rigid gate-
voltage difference of ~3 V between nonresonant PL and RC measurements
for similar filling factors, across different measurement runs (cf. Fig. 2b, c).
This effect is highly reproducible, though its origin remains unclear. It also
persists when a long-pass optical filter is applied to the white-light con-
tinuum in RC measurements. Furthermore, we can only tune to the
electron-doped regime at positive gate voltages for most situations at low
temperatures. For negative voltages, the structures mostly remain charge
neutral over a large voltage range of at least 0 to —8 V. A detailed analysis of
the homogeneity of the investigated sample, as well as the procedure of
determining the filling factors for the different experiments, are provided in
the supplementary information (Supplementary Notes 3 and 4).

The PL spectra in Fig. 2a indicate some degree of inhomogeneity in our
sample, as approximately 16% of the PL signal at optimal gate voltages for
filling factors of 0 or 1 originates from the opposite filling factor. For
instance, at v ~ 1, about 84% of moiré cells are correctly charged with one
electron, producing the blue M] PL line in Fig. 2a, while 16% remain
unoccupied, contributing to the blue M; PL line. The reverse holds for v ~ 0
(green PL lines in Fig. 2a).
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Phonon-assisted resonant energy transfer

Next, we focus on the core of our investigation: phonon-assisted RET
between moiré cells. To explore this, we perform near-resonant PL
experiments using a tunable continuous-wave Ti:Sapphire laser to excite
excitonic complexes resonantly (“Methods”). Figure 3a presents a heatmap
of near-resonantly excited PL spectra for v ~ 0. The y-axis represents the
excitation laser energy, while the x-axis shows the energy redshift relative to
the laser, a convention typical for Stokes Raman plots. Faint vertical lines
(marked by small white arrows) correspond to Stokes phonon Raman
scattering of the out-of-plane A;4 (~30 meV) and in-plane E;g (~36 meV)
MoSe, phonons, characterized by a constant energy shift. In contrast, PL
lines shift in these plots, as indicated by dashed lines with finite slopes for M,
(~1612meV) and Mj (~1574 meV). At v~ 0, the charge-neutral moiré
exciton M; exhibits strong resonance fluorescence at ~1612 meV. Due to
sample inhomogeneity, some moiré sites remain singly charged, leading to
the excitation of M} when M, is resonantly excited, marked by a purple
bullet in Fig. 3a. On the other hand, when resonantly exciting M3 and M,,
maxima occur (marked by orange and gray bullets, respectively), which
require integer filling factors.

The energy separations between M, and M7, and between M, and M;,
approximately match phonon energies of MoSe, (see supplementary Fig. S9
for nonresonant Raman spectra of monolayers and the heterobilayer). The
separation between M3 and M7 corresponds to roughly twice the A,
phonon energy, suggesting highly efficient down-conversion processes for
M, - Mj,Mj — Mj,and M, — M,. Phonon-assisted up-conversion, so
called excitonic Antistokes PL, was reported for TMDC monolayers” ™,
and, recently, for twisted bilayer WSe,". In ref. 41, the transfer rates for
phonon-assisted up- and down-conversion processes in TMDC mono-
layers were calculated, in dependence on parameters like temperature and
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Fig. 3 | Resonantly-excited PL measurements of R-type heterobilayer. a Heatmap
(log. scale) of resonantly-excited PL spectra versus energy shift with respect to the
exciting laser, at -0.5 V gate voltage, applied symmetrically to both gates. Positions of
specific energy transfer processes are labeled and marked by colored bullets. The
small vertical arrows mark positions of MoSe, phonons. b Same as a but for 3.0 V

doping density. In this work, we investigate down-conversion of excitonic
complexes both within and between moiré cells. Unlike up- or down-
conversion processes in monolayers, where the spatial separation between
initial and final exciton states is not fixed” ™, the moiré cells in our system
impose well-defined spatial separations.

While M, — M, and M3 — M occur primarily within or between
moiré cells of the same charging state (Fig. 3c, d for v~0 and v~ 1,
respectively), the M; — M; transition requires exciton transfer between
moiré cells of different charging state. This inter-cell transfer process is
schematically illustrated in Fig. 3e: a neutral exciton M is created in an
uncharged cell, and scatters resonantly, by the emission of one phonon, to a
neighboring cell, which is charged by one electron. In Fig. 3e, three of the
possibilities with shortest distance are depicted. For this process, the spatial
distance and potential height, which have to be overcome, are larger than for
the inner/inter-cell processes in Fig. 3¢, d. Complementary heatmaps for the
other three investigated R-type samples (R6, R9, R10) are provided in
supplementary Fig. S9. We note that one could in principle also think of the
reversed processes in Fig. 3e, i.e., an electron from the neighboring cell
tunneling into the cell, which is occupied by M;. However, we believe that
tunneling of the neutral exciton M, is more likely, since the doped electrons
are more strongly locked in their positions, due to Coulomb repulsion with
the other electrons®.

Next, we compare measurements at a gate voltage near v ~ 1 (Fig. 3b).
The resonance fluorescence of M; is significantly weaker than at v ~0.
Consistently, the process M, — M; (marked by a gray bullet in Fig. 3b) is no
longer distinguishable from the diffuse background, in contrast to v~ 0
(Fig. 3a). However, the process M; — M} becomes more pronounced at
v~ 1 (note the log. scale of the intensities in Fig. 3a, b, both plots have the
same scale).
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In the following, we analyze the gate-voltage dependence of the RET
processes in greater detail. Figure 3f, g show the intensity variations of these
processes as a function of gate voltage, extracted from a series of measure-
ments at T=5K and T'=60 K, including the examples in Fig. 3a, b.

The observed trends further support our interpretation. We begin with
the data for T=5K (Fig. 3f): the process M, — M; is maximal at v ~ 0,
persists at negative gate voltages, and decreases towards v ~ 1. As noted
earlier, at negative gate voltages, the heterobilayer remains in a charge-
neutral state, though some of the cells remain charged due to inhomo-
geneity. Therefore, the inter-cell process M; — M has some finite
strength at v ~ 0 before becoming maximal towards v ~ 1. This is somehow
surprising, since we would expect the maximum for this process for a filling
factor v ~ 1/2, when a maximum of charged and uncharged moiré cells are
next to each other (Fig. 3e). The process M5 — M shows a clear max-
imum at v ~ 1.

It appears that the charging of the moiré cells is more homogeneous,
when the sample temperature is raised to some extent. To show this, Fig. 3g
displays the intensities for a temperature of T'=60 K. Now, the inter-cell
process M; — M shows a clear maximum between filling factors v ~ 0
and v ~ 1 and is small at integer fillings. Similarly, the maximum of M —
M at v~ 1 is better pronounced. The gate-voltage positions of the filling
factors v~ 0 and v ~ 1 in Fig. 3f, g are determined by the positions of the
maxima of the resonance fluorescence of M, and M, respectively (see
Supplementary Note 4).

For direct comparison of transition probabilities, we normalize the raw
spectra intensities to the corresponding intensities of the resonance fluor-
escence tails at a small energy shift of 3.5 meV. For this, we assume that the
probability for direct recombination - as a first-order process - is much
higher than that for a phonon-assisted energy transfer, which is at least of
second order. This gives us a rough estimate for the relative probabilities of
the RET processes, since their number depends on the number of excited
initial states. We do this for a gate voltage of 1.0 V, i.e,, for 0 < v < 1, where all
discussed transitions are present. The resulting heatmap, shown in Fig. 4a,
reveals that the processes M, — M; and Mj — M], which both can take
place within a moiré cell, are significantly more efficient than the inter-cell
process M; — M, which is hardly discernable from the background. This
supports our interpretation of the RET processes, since for the inter-cell
process, the transfer has to bridge a larger spatial distance (cf. Fig. 3c-e).

Discussion

Finally, we discuss two likely mechanisms for RET: (i) phonon-assisted
resonant tunneling and (ii) phonon-assisted Forster resonance energy
transfer. For all three processes - M, — M;, M; — Mj and M, — M -
the energy differences between the initial and final states correspond to one
or two phonon energies of the MoSe; lattice. Thus, with the simultaneous
emission of one or two phonons, these processes become energetically
resonant. The electron-phonon interaction matrix element, which is
essential for phonon-assisted RET, was theoretically predicted in ref. 41 to
decrease with increasing temperature for TMDC monolayers with back-
ground doping. However, this decrease primarily results from the Fermi
energy smearing of free electrons at higher temperatures’'. Since this effect
may not be relevant for moiré-trapped electrons and M, excitons in our
case, its impact remains uncertain.

The dependence of RET on spatial distance d differs for the two
mechanisms: Tunneling follows a negative exponential dependence,
while dipole-dipole coupling is proportional to 1/d*. This distinction
could enable discrimination between the two mechanisms. However,
achieving this would require a series of samples with varying twist angles,
and consequently different moiré periods d - a task beyond the scope of
this work.

To identify the relevant mechanism tentatively, we examine the tem-
perature dependence of the M; — MJ process, which requires down-
conversion between the most spatially separated excitonic complexes. Fig-
ure 4b shows the measured M intensities for this process as a function of
gate voltage at four different temperatures. To minimize statistical
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Fig. 4 | Relative intensities of resonantly-excited PL. a Heatmap (log. scale) of
resonantly-excited PL for a gate voltage of 1.0 V, normalized to the intensities at an
energy shift of 3.5 meV (Res. FL). b Intensitiy of the process M; — M versus gate
voltage for four different temperatures. All data are averaged over measurements
from five different spots on the sample. ¢ Intensities of M; — Mj, normalized to the
intensities at an energy shift of 4 meV. The red line is a guide to the eye.

uncertainties, all measurements are repeated at five different sample loca-
tions, with the displayed data representing the averages for each gate voltage.
The M, — Mj intensity reaches its maximum at T ~ 30 K, supporting our
argument that increased temperature leads to a more homogeneous dis-
tribution of doped charges. We anticipate that for T> 30 K, within 0 < v < 1,
thermal energy in combination with Coulomb repulsion lead to a more
homogeneous charging, resulting in a maximum number of unoccupied
moiré minima adjacent to occupied ones. This enhances the M; — MJ
signal. Furthermore, the finite thermal energy at elevated temperatures
equilibrates energy inhomogeneities between moiré cells, which may also
result in an increase in tunneling probabilities. Notably, the energies of TA
and LA moiré phonons of MoSe, are for a superlattice period of ~7.5 nm
about 2 meV and 3 meV*, respectively, i.e., they are thermally-activated for
T230K. In a higher-order process, this may also support the energy
transfer between moiré cells.

Since the absolute number of transfer processes depends on the
number of initially excited excitons, we normalize M intensities by those at
an energy shift of 4 meV (i.e,, the tail of M; resonance fluorescence), similar
to Fig. 4a. The resulting relative-intensity maxima, which reflect process
probabilities, are plotted against temperature in Fig. 4c. The data indicate
that RET probability decreases with increasing temperature. As discussed
above, we attribute the initial increase from 5 to 30 K to a more homo-
geneous charge distribution in the moiré lattice.

We assume that the moiré-trapped M; excitons are strongly localized.
Recent theoretical predictions* suggest that the dipole-dipole coupling of
excitons localized in a moiré lattice follows a power-law increase with
temperature. This effect may contribute to the observed probability increase
at low temperatures. However, an experimental study of the Forster transfer
rate for interlayer exciton transfer between WS, and MoSe, found no
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significant temperature dependence up to 200 K™, indicating that Forster
transfer cannot explain the overall temperature dependence observed in
Fig. 4c.

At higher temperatures, exciton-phonon scattering becomes
significant**, and the reduced transfer efficiency may be understood within
the polaron picture. Here, exciton-acoustic-phonon interactions renorma-
lize exciton energies, leading to a temperature-dependent tunneling rate,
which decreases with temperature®.

Notably, the theoretical studies in refs. 43-45 focus on neutral excitons.
Currently, we cannot conclusively determine the impact of the additional
charges present in our moiré structures on the transfer processes. Thus, we
only tentatively propose phonon-assisted tunneling as the primary
mechanism for RET.

In conclusion, we present evidence of a phonon-assisted RET process
between excitonic complexes in charge-tunable MoSe,-WS, moiré super-
lattices. This process occurs within or between moiré cells of the same
charging state, as well as between cells of different chargings. We demon-
strate that the RET can be deterministically switched on or off via the applied
gate voltage. Based on temperature-dependent experiments, we tentatively
identify phonon-assisted resonant tunneling between moiré cells as the
primary mechanism.

Methods

Device fabrication

Few-layer graphene and hBN flakes (NIMS) are exfoliated from bulk
crystals under ambient conditions onto Si/SiO,. All TMDC monolayers
are grown by chemical-vapor deposition (at MCQST), except for WS, in
samples R8 and R9, which are exfoliated. A poly-dimethyl-siloxane/poly-
carbonate stamp is used to stack the individual layers employing the hot
pick-up technique* at a temperature of 125 °C. The resulting field-effect
device is placed on a Si/SiO, target substrate with gold contact pads. The
stack is released by melting the PC film at 175 °C, followed by chloroform
soaking to remove the PC residue. Finally, the gold pads are bonded to
alloy stripes, enabling electrostatic doping with DC-voltage sources
(Keithley 2400). For this work, a total of 10 R-type samples are fabricated,
where samples R6, R9, and R10 are working single-gate devices and R8 is
a working dual-gate device. The ground of samples R8 and R9 is in
contact with the WS, monolayer and the ground of samples R6 and R10
with both TMDC monolayers. Four additional H-type samples are fab-
ricated without gates. All measurements are performed on samples R6,
R8-R10 and H3-H4.

Optical spectroscopy

All optical experiment are conducted in a back-scattering geometry. The
samples are mounted onto the cold finger of a continuous-flow cryostat,
except for the nonresonant Raman measurements in ambient conditions.
Unless stated otherwise, all experiments are conducted at a temperature
of 5K.

For nonresonant PL and Raman experiments, a 532-nm laser beam is
focused onto a spot of ~1 pm diameter using a 100x microscope objective
with NA=0.7. The spectra of the nonresonant PL measurements are
recorded by a grating spectrometer with Peltier-cooled CCD camera. They
are integrated for 3 s—5 s with an excitation power of 25 pyW. For the
nonresonant Raman experiments, three Bragg-filters are used to reduce the
Rayleigh-scattered light. The integration time is 30-180 s with an excitation
power of 2.5 mW. For the RC measurements, a broad-band whitelight
source is used, resulting in a spot diameter ~5 um. For the RC measure-
ments, an integration time of 10-20 s is used. The excitation power is about
1 uW for the full spectral range.

For the resonant PL experiments, a tunable cw Ti:Sapphire laser is used
in combination with a tunable laser line filter. The laser beam is focused with
a 100x microscope objective with NA 0.7 to a spot with a diameter of ~2 pm.
Measurements are conducted at a laser power of 800 uW and the spectra are
collected using a triple Raman spectrometer in substractive mode and a
liquid-nitrogen-cooled CCD camera.

Data availability
Data sets generated during the current study are available from the corre-
sponding author on reasonable request.
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