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ABSTRACT: Hexagonal boron nitride (hBN) hosts phonon polaritons
(PhP), hybrid light−matter states that facilitate electromagnetic field
confinement and exhibit long-range ballistic transport. Extracting the
spatiotemporal dynamics of PhPs usually requires “tour de force”
experimental methods such as ultrafast near-field infrared microscopy.
Here, we leverage the remarkable environmental sensitivity of excitons
in two-dimensional transition metal dichalcogenides to image PhP
propagation in adjacent hBN slabs. Using ultrafast optical microscopy
on monolayer WSe2/hBN heterostructures, we image propagating PhPs
from 3.5 K to room temperature with subpicosecond and few-
nanometer precision. Excitons in WSe2 act as transducers between
visible light pulses and infrared PhPs, enabling visible-light imaging of
PhP transport with far-field microscopy. We also report evidence of
excitons in WSe2 copropagating with hBN PhPs over several
micrometers. Our results provide new avenues for imaging polar excitations over a large frequency range with extreme
spatiotemporal precision and new mechanisms to realize ballistic exciton transport at room temperature.
KEYWORDS: hyperbolic phonon-polaritons, hexagonal boron nitride, exciton sensor, ultrafast microscopy, van der Waals heterostructure,
polariton transport

When light hybridizes with collective oscillations of polar
excitations, new particles known as polaritons form.1−4

Polaritons in van der Waals (vdW) materials have attracted
great interest as platforms to confine light at the nanoscale,
dramatically enhancing light-matter interactions and enabling
the transport of energy and information at light-like speeds in
deeply subwavelength structures.2,5−10 Hyperbolic phonon-
polaritons (PhPs) in thin hexagonal boron nitride (hBN) slabs
are collective optical phonons coupled to photons that confine
mid-infrared light to sub-100 nm dimensions, enabling
subdiffraction imaging and strong interactions with local
dipoles.2,11−16 PhPs in hBN also exhibit remarkably long
(picosecond) lifetimes and micrometer-scale propagation
lengths even in the presence of compositional heterogeneity,
thus holding great promise as information carriers in
nanophotonic structures.8,11,17,18

Few approaches are capable of probing the spatiotemporal
dynamics of PhPs in vdW materials. High spatiotemporal
resolution and the ability to overcome the momentum
mismatch between free-space photons and polaritons are
prerequisites for imaging these confined PhPs.2 The most
widespread and impactful approach to-date is infrared
scattering-type scanning near-field optical microscopy
(SNOM).8,11,13,19−21 Time-domain interferometric SNOM

realizations have enabled spatiotemporal imaging of PhP
propagation in hBN slabs, revealing picosecond lifetimes and
propagation over several micrometers,17 in agreement with
lifetimes indirectly inferred from steady-state measure-
ments.16,22−26 Recently, PhPs were also resolved using ultrafast
electron microscopy, revealing complex spatiotemporal dy-
namics including wavepacket acceleration, deceleration, and
splitting.18 While powerful, these approaches may be difficult
to implement in more complex heterostructures, in particular
to spatiotemporally resolve interactions between PhPs and
other species such as molecules, electrons, and excitons in
adjacent or buried layers. Here, we adopt a fundamentally
different approach to image PhP propagation: we leverage
excitons in an adjacent monolayer semiconductor as sensors
that transduce PhPs into an optically readable signal, which we
monitor in the far-field through ultrafast visible-to-near-IR
microscopy to track PhP propagation in hBN slabs (Figure 1a).
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As a sensor layer, we use monolayer (ML) WSe2, an
archetypal two-dimensional transitional metal dichalcogenide
(2D TMD) semiconductor.27−31 Weak out-of-plane dielectric
screening in ML TMDs results in strongly bound electron−
hole pairs (excitons) even at room temperature.32−35 Since
exciton field lines extend beyond the ML plane,33 the exciton
binding energy and oscillator strength are highly sensitive to
perturbations in the dielectric environment, which modify
electron−hole interactions.29,33,36,37 This extreme sensitivity
has been exploited to characterize dielectric disorder in
surrounding media and to funnel excitons with nanometric
precision.37−39 Remarkably, although excitons exhibit a
resonance at optical frequencies, they can sense environmental
perturbations that occur over a large frequency range,
including correlated electronic states with characteristic
responses in the GHz-THz range.40 Furthermore, recent
experiments have shown that interfacial coupling between
excitons in TMDs and phonons in hBN can be strong,41−44

notably enabling the generation of mid-infrared PhPs in hBN
through visible light excitation of adjacent TMD monolayers
via resonant Raman scattering.43 Herein, we leverage the
broad-bandwidth sensitivity of excitons to dielectric perturba-
tions to track PhP propagation using ultrafast optical
microscopy in ML WSe2/hBN heterostructures (Figure 1a).
These measurements enable direct extraction of PhP
propagation velocity and lifetime, albeit without momentum
selectivity. Importantly, our results also provide new insight
into interfacial exciton−PhP interactions; we notably report
evidence of PhP-assisted exciton flow, suggesting strong
interlayer exciton−PhP coupling, and a novel method to
transport electronic energy with minimal scattering at light-like
speeds in vdW heterostructures.

We create hBN/ML-WSe2/hBN heterostructures as de-
picted in Figure 1b, using mechanical exfoliation and a dry-
stamping flip-chip approach (Supplementary Section 1). We
expose an hBN edge in the middle of the WSe2 to facilitate the
generation of hBN PhPs with large in-plane momentum upon
excitation.2,18 An optical image of the structure is shown in
Figure 1c. The room-temperature photoluminescence (Figure
1d) spectrum in the encapsulated region shows the character-
istic A-exciton peak of ML WSe2 at 1.654 eV. The room-
temperature Raman spectrum (Figure 1e) displays the ∼250
cm−1 near-degenerate A1g and E2g modes of WSe2 and the
1369 cm−1 E2g mode in hBN. Both spectra are in close
agreement with previously reported values.43,45−48 At cryo-
genic temperatures, we observe the emergence of new hBN
Raman modes in the heterostructure upon above-gap
excitation of WSe2. Specifically, an intense new resonant
Raman band at frequencies associated with the upper
reststrahlen band of hBN (Figures 1e and S3) appears
following 532 nm excitation. This band is only visible in the
WSe2/hBN heterostructure and is absent in hBN-only regions
(Figure S3), indicating strong interlayer exciton−phonon
interactions and resonance-assisted excitation of PhPs. Recent
studies43 also show such hybrid bands associated with
hyperbolic hBN PhPs upon resonant excitation of WSe2 in
heterostructures, though primarily focus on the emergence of
bands associated with the lower reststrahlen band. Figure 1f
shows the calculated energy-momentum dispersion relation for
the full stack of Figure 1b in the frequency region of the upper
reststrahlen band, confirming the presence of multiple PhP
branches. The field distribution of the fundamental M0 mode is
plotted in Figure 1g;49 the presence of the WSe2 minimally
perturbs the field distribution in the hBN, suggesting it acts as

Figure 1. Excitons and PhPs in vdW heterostructures. (a) Schematic of PhP sensing with ML semiconductor excitons in a WSe2/hBN
heterostructure. PhPs modify the local WSe2 exciton polarizability, thus modulating the excitonic resonance, which can be optically monitored in
the far-field. (b) Illustration of the heterostructure labeled sample 1 in the text. (c) Optical microscope image of the heterostructure. Different
layers are enclosed by dashed lines. (d) PL spectrum of the encapsulated ML WSe2 at room temperature. (e) Raman spectra of the hBN/WSe2/
hBN heterostructure at room temperature (red) and 5 K (gray). A band in the upper reststrahlen region (indicated with a blue rectangle) appears
in the heterostructure at 5 K upon above-gap excitation of WSe2 in the heterostructure. More details are provided in Figure S3. (f) Calculated PhP
dispersion in the upper reststrahlen band for the stack plotted in panel (b). (g) Calculated in-plane electric field distribution of the M0 PhP mode as
a function of the depth of the stack. The field strength is plotted for a momentum of 105 cm−1.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.3c02897
Nano Lett. 2023, 23, 9936−9942

9937

https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c02897/suppl_file/nl3c02897_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c02897/suppl_file/nl3c02897_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c02897/suppl_file/nl3c02897_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c02897?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c02897?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c02897?fig=fig1&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c02897/suppl_file/nl3c02897_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c02897?fig=fig1&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.3c02897?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


a sensor inserted in the middle of the hBN slab. Dispersion and
field distribution calculations for a stack of different thicknesses
(Figure S4) that we also investigated are shown in Figure S5.
To image PhP propagation with high spatiotemporal

resolution, we use stroboscopic scattering microscopy
(stroboSCAT, Supplementary Section 2), a spatiotemporally
resolved ultrafast optical imaging approach based on
interferometric scattering50−52 that affords femtosecond
temporal resolution and few-nanometer sensitivity to spatial
motion.53−55 A diffraction-limited visible pump pulse generates
a localized population of excitons in the TMD, and of PhPs in
hBN. At controllable time delays later, a widefield back-
scattering probe pulse preresonant with the WSe2 A-exciton
images the sample with and without the pump pulse. Varying
the pump−probe time delay allows building movies of species
propagation over femtoseconds−nanoseconds and nanome-
ters−micrometers. Although there are many processes through
which optical excitation can excite low-frequency PhPs,43,56−62

the Raman spectra displayed in Figures 1e and S3 suggest that
interlayer exciton−phonon interactions in our heterostructures
promote excitation of upper reststrahlen PhPs primarily
through a resonant Raman process. We further posit that the
presence of pump-generated PhPs in hBN locally modifies the
dielectric function of the heterostructure. Since the A-exciton
optical resonance of WSe2 is highly sensitive to tiny changes in
local dielectric, the presence of PhPs in hBN is associated with
a change in the oscillator strength and/or shift of the WSe2
optical resonance (Figure 1a). Our preresonant stroboSCAT
probe38 reports directly on this PhP-induced change in the
WSe2 resonance, thus mapping the spatial distribution of
propagating PhPs at any given time after excitation.

stroboSCAT images following the excitation of hBN/WSe2/
hBN heterostructures are shown in Figure 2. When exciting
away from any hBN edge in a control structure (Figure 2a), we
observe pump-generated excitons in WSe2 exhibiting normal
diffusive transport at 2.8 ± 0.2 cm2/s, in reasonable agreement
with the literature.63−65 Note that the sign of the contrast in
these measurements depends on the hBN thickness due to
interference effects (Figure S7). Our key result is that we
observe strikingly different behavior when exciting at the hBN
edge of our heterostructure (Figure 2b). Aside from the central
circular signal corresponding to WSe2 excitons, we observe a
bright signal that rapidly propagates into the hBN/WSe2/hBN
region, perpendicularly to the hBN edge and over several
micrometers in less than a picosecond. This optical signal
arises from a change in the WSe2 polarizability at our probe
wavelength of 1.67 eV due to the WSe2’s response to a
propagating species. The spatial evolution of the propagating
signal is analyzed in Figure 2c by monitoring the wavefront
arrival time at different distances from the excitation spot
(Supplementary Section 5),66 displaying two characteristic
velocities of 2.2 ± 0.1 μm/ps and 20.9 ± 3.0 μm/ps, i.e., 0.7%
and 7% of light speed, with a primary lifetime component of
∼1 ps (lifetimes are analyzed in more detail below). The fact
that this propagating signal only appears upon excitation of the
hBN edge suggests that the edge acts as a coupler of far-field
excitation into species with high in-plane momentum. Indeed
flake edges are often used to launch high-momentum PhPs and
waveguide modes.2,18,25 We rule out optical waveguide or
surface modes at the excitation wavelength of 2.4 eV since our
structure does not support such modes with velocities on the
same order of magnitude as those observed (Figure S8).

Figure 2. Imaging exciton and PhP propagation with far-field ultrafast optical microscopy. (a) stroboSCAT pump−probe images in a hBN-
encapsulated ML WSe2 control structure, displaying pure exciton transport. (b) stroboSCAT pump−probe images with the pump beam focused on
the edge of the top-layer hBN. The red dashed line in the first frame denotes the top hBN edge. The pump is at 2.40 eV, and the probe is at 1.67
eV. (c) Propagation analysis for excitons from panel (a) and PhPs from panel (b). The oscillations observed in the PhP propagation analysis are
experimental artifacts caused by the presence of strong diffraction rings evident in panel b (Figure S10). (d) Monte Carlo simulations of exciton
and PhP transport. The PhP velocity is modeled according to the calculated dispersion of the M0 mode of Figure 1f, as shown in the inset of panel
(e). (e) Propagation analysis of the Monte Carlo simulations from panel (d). Inset: group velocity distribution used to simulate the PhP
wavepacket. The color bar represents the population weight. Error bars are all one standard deviation. All data and simulations are at room
temperature.
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Instead, the observed propagation speed corresponds closely
to that expected for hBN PhPs in the investigated slabs, as
shown by Monte Carlo simulations in Figure 2d,e. In these
simulations, we include a slowly diffusing population of
excitons at the excitation spot and a population of PhPs
excited by the pump pulse that propagate ballistically at a
group velocity determined by the calculated dispersion of
Figure 1f. We only consider the zeroth-order mode (TM0),

67,68

for which the density of polaritonic states is expected to be
largest,17,18 and populate this mode according to a Maxwell−
Boltzmann distribution (Figure 2e inset, simulation details in
Supplementary Section 6). Images generated from these
simulations are shown in Figure 2d. Figure 2e plots the
simulated propagation by using the same analysis as that used
in Figure 2c. The turnover and extracted velocities of 5.4 ± 0.3
μm/ps and 21.0 ± 0.5 μm/ps are in reasonable agreement with
the experimental data. The turnover from slow to fast
propagation is a result of convolving the exciton signal with
the fast-moving wavepacket for early time points, as well as the
effect of fitting a single effective velocity to a dispersing
wavepacket. The good agreement between experimental and
Monte Carlo simulations based on the calculated PhP
dispersion for our stack supports our assignment of the fast-
propagating signal to hBN PhPs, which are read out optically
through WSe2 in our measurement. Although a systematic
hBN thickness-dependent study is outside the scope of this
work, we reproduced the propagating signal in stacks with hBN
slab thicknesses as low as 33 nm (Figures S4 and S5),
suggesting our method is suitable for probing ultraconfined
polaritons.
The purpose of pump excitation in the experiments

described above is to populate PhPs; however, since excitation
above the optical gap of WSe2 is required to efficiently excite
PhPs through resonance enhancement, the pump also
inevitably populates excitons in WSe2. We now turn to
characterizing whether interlayer exciton−phonon interactions
affect the transport of these pump-generated excitons. Figure
3a displays the signal kinetics at the excitation spot and 4.95
μm away from the excitation region for the data displayed in
Figure 2b. At the excitation spot, the signal is dominated by

excitons with a lifetime of τex = 25 ± 4 ps, in agreement with
the literature for encapsulated 2D TMDs.63,64,69 A few
micrometers away, the signal exhibits biexponential decay
kinetics, with a first dominating component of τPhP = 1.1 ± 0.2
ps assigned to hBN PhPs, and a second minor component with
a lifetime of 23 ± 5 ps. PhPs in natural-abundance hBN have
lifetimes of less than 2 ps,11,17,21,25 ruling out the assignment of
the long-lived component to PhPs. Instead, the correspond-
ence between the decay kinetics of this minor long-lived
component and the exciton signal suggests that a finite
population of pump-generated excitons has propagated ∼5 μm
away from the excitation spot (see the weak leftover bright
signal in the 10 ps image of Figure 2b). This finding is
surprising: on few-picosecond time scales, we do not expect
any exciton propagation beyond a micrometer (Figure 2a,c).
Since this exciton signal follows the propagation direction and
speed of PhPs, our observations indicate that a small fraction of
pump-generated excitons copropagate with PhPs. We postulate
that PhPs in hBN couple to excitons in WSe2 through a
deformation potential-type interaction, similar to studies
exploring the use of surface acoustic waves in piezoelectric
slabs to transport excitons in adjacent TMDs or III−V
semiconductors.70−74 The key difference, however, is that PhPs
propagate 3 orders of magnitude faster than acoustic waves.
Thus, the mechanism we unveil here enables electronic energy
to be transported ballistically at a substantial fraction of the
speed of light through interfacial exciton−PhP coupling in van
der Waals heterostructures.
To lend further support to our hypotheses, we carried out

temperature-dependent measurements of the PhP and exciton
signals (Figure 3b,c). First, at cryogenic temperatures, PhPs
should exhibit longer lifetimes due to fewer damping pathways.
Indeed, we find that τPhP increases almost 2-fold at 3.5 K
compared to room temperature (Figure 3b). Both the
temperature trend and absolute lifetimes concur with literature
reports,11,47 providing further confidence that the propagating
signal can be associated primarily with hBN PhPs. Next, to
better understand the nature of exciton−PhP coupling, we
studied the contributions of PhPs and excitons to the signal
contrast as a function of the distance at different temperatures

Figure 3. Tracking exciton−PhP interactions. (a) Lin-log plot of reflectance contrast over time delay at different distances from the excitation spot
at room temperature, extracted from the data shown in Figure 2b. The lines are biexponential fits. (b) PhP signal lifetime as a function of
temperature. The dashed line is a guide to the eye. (c) APhP/Aex ratio at different distances and temperatures. Dashed lines are guides for the eye.
Error bars are all one standard deviation. (d) Schematic of PhP-assisted exciton transport in ML WSe2/hBN heterostructures.
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(Figure 3c). Since the signals associated with PhPs and
excitons stem from the same excitonic optical response, we use
the ratio APhP/Aex, where A corresponds to the respective
amplitudes of the biexponential fit, as an estimate of the PhP/
exciton population ratio for a given temperature. As shown in
Figure 3c, for increasing distances from the excitation, the
PhP/exciton ratio increases. This observation indicates that
excitons do not copropagate with PhPs over the whole distance
(Figure 3d): excitons scatter out of the copropagating state
faster than PhP damping. At 3.5 K, the distance dependence is
suppressed, suggesting that excitons copropagate with PhPs
over longer distances compared to room temperature. These
observations are consistent with an interfacial exciton−PhP
interaction that leads to a weakly bound state; the latter can be
destroyed by thermal fluctuations, again in close analogy to
exciton transport mediated by surface acoustic waves.70−74

Overall, our results reveal two new concepts of fundamental
importance for studying polaritons and realizing novel
transport phenomena in vdW materials. First, we show that
the exciton resonance at optical frequencies in TMD
monolayers can act as a sensor of propagating mid-IR PhPs
in adjacent hBN slabs. We leverage this novel concept to image
PhP propagation in WSe2/hBN heterostructures with femto-
second resolution and nanometer−micrometer spatial dynamic
range using visible-light far-field ultrafast scattering micros-
copy. The ease of our approach compared to the current state-
of-the-art,8,18 however, comes at an expense, since it does not
allow momentum- and energy-selective excitation of PhPs.
Future experiments using resonant mid-IR excitation of PhPs
and through-TMD visible-light imaging will provide energy
and momentum selectivity while retaining the high spatio-
temporal resolution and ease of our approach, and will enable
testing the momentum dependence of our proposed exciton
sensing mechanism. Future studies will also expand to tracking
the spatiotemporal evolution of other fascinating excitations in
vdW materials, including THz polaritons, magnons, and
correlated states. Second, we have shown that excitons are
not just passive observers of PhPs in these van der Waals
heterostructures: strong interlayer exciton−phonon interac-
tions allow PhPs to carry excitons over finite distances (Figure
3d). This coupled motion enables excitons to move ballistically
over several micrometers in picoseconds, multiple orders of
magnitude faster than through normal exciton diffusion. These
results pave a new path for the ultrafast, subdiffraction
transport of electronic energy and information in vdW
heterostructures.
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