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Interlayer exciton diffusion is studied in atomically reconstructed MoSe,/WSe, heterobilayers with
suppressed disorder. Local atomic registry is confirmed by characteristic optical absorption, circularly
polarized photoluminescence, and g-factor measurements. Using transient microscopy we observe
propagation properties of interlayer excitons that are independent from trapping at moiré- or disorder-
induced local potentials. Confirmed by characteristic temperature dependence for free particles, linear
diffusion coefficients of interlayer excitons at liquid helium temperature and low excitation densities are
almost 1000 times higher than in previous observations. We further show that exciton-exciton repulsion and
annihilation contribute nearly equally to nonlinear propagation by disentangling the two processes in the
experiment and simulations. Finally, we demonstrate effective shrinking of the light emission area over
time across several hundreds of picoseconds at the transition from exciton- to the plasma-dominated
regimes. Supported by microscopic calculations for band gap renormalization to identify the Mott
threshold, this indicates transient crossing between rapidly expanding, short-lived electron-hole plasma and

slower, long-lived exciton populations.

DOI: 10.1103/PhysRevLett.132.016202

Within the rich family of van der Waals hetero-
structures [1,2], artificially stacked bilayers of semi-
conducting transition metal dichalcogenides emerged
as a highly interesting platform for condensed matter
research [3,4]. They offer novel pathways to design elec-
tronic states by tuning local atomic registries through
angular and lattice mismatch [5—11], revealing a plethora
of many-body phenomena [12—14]. Importantly, electron-
hole excitations in these systems are governed by strong
Coulomb interaction, forming tightly bound excitons [3,15].
They often involve spatially separated electron and hole
constituents, conceptually similar to the excitons in coupled
quantum wells [16,17]. These interlayer excitons (IXs) can
be long-lived [18], manipulated and guided by external
fields [19], exhibit long valley-polarization lifetimes [20],
and demonstrate correlated phenomena [14,21]. They
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emerged as the main carriers of energy and quantum
information in van der Waals heterostructures. Naturally,
the question of how the excitons propagate attracted an
increasing amount of attention, bridging the realms of optics
and transport [20,22-27] with promising pathways toward
excitonic devices [19,28].

Despite recent progress, however, it remains very chal-
lenging to disentangle intrinsic and extrinsic phenomena
associated with van der Waals heterostructures that deter-
mine exciton transport. Primarily, these include trapping
due to disorder from strain and dielectric effects [29]
or within the moiré-induced potentials [5—11]. Both induce
localization of excitons, evidenced by vanishing diffusion
coefficients, observed at low temperatures [26,27].
Exciton-exciton interactions further lead to strongly non-
linear effects, typically considered to stem from

© 2024 American Physical Society
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FIG. 1. (a) Schematic illustration of an interlayer exciton in a H/ reconstructed MoSe, /W Se, heterobilayer. (b) PL peak energy map at
T =5 K. (c) Representative PL spectrum under low-density pumping. (d) Reflectance contrast derivative with fit from transfer matrix
analysis. (e) Circularly polarized PL after o, polarized, pulsed excitation with g factors from magneto-optical measurements.
(f) Reflectance contrast derivative R and (g) degree of circular polarization P, = (I, —I_)/(I, + I_). (h) Optical selection rules for
H'-stacked MoSe,/WSe, heterobilayer (adapted from Ref. [39]).

dipolar repulsion in analogy to coupled quantum wells
[17,24,27,28,30,31]. In contrast, exciton-exciton annihila-
tion often determines effective diffusion in the monolayer
constituents [32,33]. Finally, the Mott transition from
excitons to plasma already occurs at excitation densities
of a few 10'?> cm™2 [34], leading to observations of rapid
effective diffusion [27,35]. To understand exciton propa-
gation in van der Waals heterobilayers, the following
questions thus need to be resolved: What are the pristine
properties of propagating interlayer excitons in the absence
of disorder and moiré potentials? Which nonlinear effects
are important and how can they be distinguished? Is there
any qualitative impact of excitons and plasma on the
propagation dynamics at the Mott transition?

Here, we address these questions by focusing on
interlayer excitons in a prototypical heterobilayer system,
MoSe,/WSe,, schematically illustrated in Fig. 1. Taking
advantage of the recently demonstrated conditions for
atomic reconstruction [36-38], we realize the scenario of
sufficiently large, moiré-free domains with fixed interlayer
registry. The encapsulation in high-quality hexagonal
boron nitride (A-BN) suppresses extrinsic sources of dis-
order. Employing time-resolved optical microscopy, we
find that interlayer excitons are highly mobile even at low
densities and cryogenic temperatures. The measured dif-
fusion coefficients are almost 1000 times higher than
previously reported at comparable conditions in moiré
systems [26,27]. The absence of trapping is strongly
supported by a characteristic temperature dependence for
free propagation. Further, we disentangle two main sources
of nonlinear diffusion, demonstrating nearly equal contri-
butions from exciton-exciton repulsion and annihilation.
Finally, we show that propagation dynamics of optically

induced excitations undergo a substantial change above the
Mott transition. Most strikingly, it leads to the appearance
of negative effective diffusion, indicating transient crossing
between plasma- and exciton-dominated regimes.

The h-BN-encapsulated MoSe,/WSe, heterostructures
were fabricated by mechanical exfoliation and dry visco-
elastic transfer [40]. Matching angular alignment was
confirmed by second-harmonic generation measurements,
indicating H-type stacking; see Supplemental Material [41].
The samples were placed in a liquid-helium microscopy-
cryostat and closed-cycle magnetocryostat for transient
diffusion and g-factor measurements, respectively. For
photoluminescence (PL) studies, we employed both con-
tinuous-wave excitation (2.33 eV photon energy) and Ti:
sapphire laser (80 MHz repetition rate, 140 fs pulses) tuned
to the photon energy of the MoSe, A exciton of 1.63 eV.
Reflectance measurements were performed using a tungsten
halogen lamp. The signals were resolved spectrally and
spatially by a grating and a mirror, respectively. They were
detected either by a charged-coupled device or by a streak
camera. Detailed description of the setup is outlined in
Refs. [32,127] and the Supplemental Material [41].

As illustrated in Fig. 1(b), the PL of the heterostructure
region appears at photon energies around 1.4 eV at
T =5 K, as expected for IXs in MoSe,/WSe, [18]. A
typical spectrum at low-density, continuous-wave excita-
tion is dominated by a single peak with 3 meV linewidth
[Fig. 1(c)]. No emission from the intralayer excitons is
detected. The IX PL is accompanied by a sharp resonance
in the reflectance contrast derivative spectrum, presented
in Fig. 1(d). Its oscillator strength is determined to be
about 2% of the intralayer excitons, consistent with
Refs. [39,122]. This implies good interlayer contact for
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FIG. 2. (a) Schematic illustration of transient microscopy.

(b) Temperature-dependent, linear diffusion coefficient D at
injection density of 1.2 x 10'! cm™2 electron-hole pairs per pulse
(0.5 pJem™?). (c) Effective diffusion coefficients extracted dur-
ing the first 100 ps. (d) Calculated free particle band gap,
renormalized due to the presence of free charge carriers, and
measured exciton peak energy. (e) Line shape broadening at the
Mott transition.

sufficient electron-hole wave function overlap and
the presence of atomic reconstruction. Most importantly,
the reflectance contrast spectrum above 1.5 eV is a super-
position of the individual MoSe, and WSe, mono-
layer spectra, slightly shifted and broadened. No resonance
splitting and redistribution of the oscillator strengths
are observed, demonstrating the absence of moiré poten-
tials [8]. Circularly polarized PL indicates emission
from spin singlets IXg and spin triplets IX; with high
and low oscillator strengths, respectively, presented in
Figs. 1(e)-1(g). They correspond to the Ky—K},, electronic
transitions, consistent with the optical selection rules of the
H registry, illustrated in Fig. 1(h) [39]. The lowest energy
peak stems from IX7 trions [23,123-125] due to weak
nonintentional doping below 10'' cm™2, as observed
in gate-dependent measurements (see Supplemental
Material [41]). Finally, both the absolute peak energies
and the g factors obtained from magneto-PL of g = 12 and
gr = —16 strongly support the K-K’ transitions and HZ
registry assignment [38,126].

To demonstrate that IXs are free to move in the absence of
moiré localization and disorder across a spatially extended,
reconstructed domain we perform spatially and time-
resolved exciton diffusion experiments, Fig. 2(a), at low
pump power and as a function of temperature. Measured
linear diffusion coefficients D, extracted within the IX
lifetime below 1 ns (see Supplemental Material [41]),

are presented in Fig. 2(b). Notably, the average value of
1.1 £0.2cm?/s at T =5 K is about 1000 times higher
than previously found for moiré potentials at low
densities [26,27]. The diffusion matches the semiclassical
(semicl. in Fig. 2) expectation of D, = 0.98 cm?”/s using the
scattering time obtained from the spectral broadening (see
Supplemental Material [41]) and it decreases with tempera-
ture. It corresponds to effective mobility of more than
2000 cm?/(V's) and diffusion length on the order of
0.5 pm. The physics of IX propagation in the hetero-
structure thus closely resemble those of WSe, mono-
layers [127], with the 5 K diffusion being determined
by the exciton-phonon interaction. Rapid diffusion of free
IXs further rationalizes comparatively short lifetimes
due to associated increase of the nonradiative capture
probability [128].

Nonlinear propagation is presented in Fig. 2(c) as a
function of optically injected electron-hole pair density ngy,.
The effective diffusion coefficient, evaluated during the
first 100 ps after the excitation, increases above 30 cm?/s
at ng, = 6 x 102 cm™2. These densities cover the Mott
transition from excitons to electron-hole plasma, typically
found in MoSe,/WSe, heterostructures in this range [34].
Using the theoretical approach from Refs. [34,129], we
determine the Mott threshold by calculating the renormal-
ization of the quasiparticle band gap as a function of
electron-hole density (see Supplemental Material [41]) for
the studied H! registry. The assumptions of the model
based on free carriers should be applicable close to the Mott
transition. The absolute energy of the band gap is fixed for
the lowest densities to the sum of the exciton peak energy
and the exciton binding energy. The latter was set to
130 meV in heterobilayers according to both calculated
value and literature [15]. The Mott threshold is estimated
from the crossing of the calculated band gap and measured
exciton peak energies, see Fig. 2(d). The obtained value of
2 x 10'2 cm~2 is consistent with literature [34] and further
supported by the onset of spectral broadening [Fig. 2(e)].

The origin of the nonlinear increase of the effective
diffusion coefficient is commonly attributed to exciton-
exciton annihilation (EEA) in monolayers [32,33] and
exciton-exciton repulsion in heterostructures [24,27] and
coupled quantum wells [130]. These two processes enter
the diffusion equation as the last two terms in

on n Uy,D
— =DyAn———Ryn*+ -2V . (nV 1
or = DoAn—T—Ran” 207 (nVn), (1)

where D, and 7 are the linear diffusion coefficient and
exciton lifetime at low densities, respectively, R, is the
annihilation rate coefficient, U is the interaction constant
(Ugyn corresponds to the blueshift of the exciton peak), and
kg is the Boltzmann constant. We solve Eq. (1) numerically
by using the initial shape of the excitation spot as a
boundary condition, fixing D, and 7 to the measured
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FIG. 3.

(a) Mean-squared displacement of IX for selected densities in units of 1y = 1.2 x 10'' cm™. Lines represent simulation

results using Eq. (1) due to annihilation only (dotted), repulsion only (dashed), and their combination (solid). (b) Simulated relative
increase of Alp; = [Ip (#) — Ipp.(0)]/Ipp max; Scale bar is 1 pm. (c) Spatially dependent time 7,,,, for the PL to reach its maximum,
extracted from measurements and simulation using best fit Uy = 1.7 x 10~ eV cm?. (d) Measured density dependence of the PL decay
time and relative yield, corresponding to the exciton-exciton annihilation coefficient R, = 5 x 1073 cm?/s.

values and varying R, and U, parameters (see
Supplemental Material [41]). The resulting changes of
the mean-squared displacement Ac?, corresponding to
the increase of the PL emission area over time [131], are
presented in Fig. 3(a) together with the measured data at
selected densities. Interestingly, setting either R, or U,
strictly to zero demonstrates that neither the effective
diffusivity Dy o< d62/0t nor the Ac?(t) traces unambig-
uously identify the origin of the nonlinear propagation.

To distinguish annihilation and repulsion, we consider
relative increase of the spatially and time-dependent
PL instead, presented in Fig. 3(b) as Alp = [Ipy () —
Ip (0)]/IpL max from simulations. In the case of repulsion,
the increase of the PL counts on the flanks of the excitation
spot stem from the drift of the excitons toward outer
regions. For annihilation only, the increase of Alp; stems
exclusively from linear diffusion and is very small.
Experimentally, changes in Alp;, can be detected by
extracting either differential spatial profiles at different
times or PL transients at different positions. For example,
the delay time 7,,,, of the maximum PL intensity rises with
the increasing distance from the excitation spot in case of
repulsion, as illustrated in Fig. 3(b).

The results of this analysis are presented in
Fig. 3(c), demonstrating a characteristic feature of repul-
sion and determining the interaction constant Uy = 1.7 X
10713 eV cm? (see Supplemental Material [41] for detailed
discussion). This interaction constant accounts for about
one half of the observed increase of the effective diffusivity
with excitation density. It is accompanied by a decrease of

the PL lifetime and relative yield [Fig. 3(c)] that are
characteristic features of an efficient annihilation process
with R4, = 5 x 107> cm?/s. Consequently, both annihila-
tion and repulsion are found to contribute to the nonlinear
propagation of IXs in roughly equal measures in the studied
sample; the corresponding simulated result is shown in
Figs. 2(c) and 3(a).

In general, regardless of the origin of the density-
dependent process, one typically finds subdiffusive behavior
of the mean-squared displacement [24,27,32,33,35,131].
It involves rapid initial diffusion that decreases toward
smaller values at later times. Interestingly, it is not the case
for the studied high-density conditions in the vicinity of the
Mott transition. This is demonstrated by the normalized
space- and time-resolved PL image in Fig. 4(a) and the
extracted Ao? values in Fig. 4(b) (upper panel). The data
show a rapid initial expansion during the first 50 ps followed
by a contraction over several hundreds of picoseconds. This
corresponds to an effective diffusion coefficient starting
from 35 cm?/s and then decreasing to a negative value of
—5 cm?/s, see upper panel of Fig. 4(c). At later times, the
contraction slows down and the effective diffusion coef-
ficient increases again.

The effectively negative diffusivity of IXs is a consistent
observation in the studied heterobilayer (see Supplemental
Material [41]), albeit a highly unusual one. This implies a
substantial change in the dynamics of the optically exited
electron-hole pairs associated with the Mott transition.
While a contraction of a quasiparticle cloud can be related
to density-induced many-particle states such as droplet
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FIG. 4.

(a) Streak camera image of the spatially and time-resolved PL at T = 5 K in the high-density regime of about 6 x 10'2 cm™

2

(50n,, pump energy density: 25 pJ cm~2) above the Mott transition; the PL intensity is normalized at each time step. (b) Upper: time-
resolved mean-squared displacement in experiment comparing high (50n,) and intermediate (15n,) densities. (b) Lower: simulation
results showing the implications of a generic two-component model: rapidly expanding, short-lived plasma and longer-lived, slower
excitons. (c) Corresponding time-dependent effective diffusion coefficients extracted from D g o do2/0t. (d) Schematic illustration of

the two-component model.

formation (see Supplemental Material [41]), interplay of
multiple types of propagating, transient excitations is often
a more likely cause [132-134]. At the studied density
conditions close to the Mott threshold, a possible scenario
would involve rapid propagation of short-lived plasma,
followed by a slower diffusion of a small fraction of long-
lived excitons. As schematically shown in Fig. 4(d), this
would effectively lead to a substantial broadening of the
electron-hole distribution and a subsequent shrinking after
the plasma recombines.

To illustrate the consequence of such a scenario, we use a
simplified model with two components that both diffuse
according to Eq. (1) (see Supplemental Material [41]). The
resulting, simulated Ac?> and extracted, time-dependent
diffusivity are presented in the lower panels of Figs. 4(b)
and 4(c), respectively. This shows that a two-component
diffusion involving plasma and excitons could indeed lead
to the observed behavior. We note, however, that an
appropriate microscopic description of these intriguing
findings involving a dense many-particle system above
the Mott threshold would be highly desirable.

In summary, we show that interlayer excitons in van der
Waals heterostructures diffuse rapidly in the absence of
moiré- and disorder-induced localization. Corresponding
low-density diffusivity is about 1000 times higher com-
pared to findings in moiré superlattices, with temperature
dependence confirming free diffusion. At elevated excita-
tion densities, we have demonstrated how the effects of
exciton-exciton annihilation and repulsion can be distin-
guished with both providing substantial contributions to the
nonlinear propagation. Density range of the Mott transition
revealed an unusual behavior involving rapid initial expan-
sion followed by a long-lived effectively negative diffusion.

Altogether, these findings should allow for disentangle-
ment of complexities associated with mobile dipolar
excitons in van der Waals heterostructures across linear
and nonlinear regimes, demonstrating a promising platform
for exciton transport. The intriguing dynamics at the
exciton-plasma crossover should be of particular interest
for a broad community studying physics of interacting
electron-hole quasiparticles and correlated many-body
states.
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