nature photonics

Article

https://doi.org/10.1038/s41566-023-01198-w

Electrical control of hybrid exciton transport
inavander Waals heterostructure

Received: 8 November 2022

Accepted: 10 March 2023

Published online: 20 April 2023 Ermin Malic®*®

% Check for updates

Fedele Tagarelli®"*’, Edoardo Lopriore ® *7, Daniel Erkensten?®,
Raiil Perea-Causin® 3, Samuel Brem ®*, Joakim Hagel ®°3, Zhe Sun'?,
Gabriele Pasquale ® %, Kenji Watanabe ®°, Takashi Taniguchi®¢,

& Andras Kis®'?

Interactions between out-of-plane dipoles in bosonic gases enable the

long-range propagation of excitons. The lack of direct control over collective
dipolar properties has so far limited the degrees of tunability and the
microscopic understanding of exciton transport. In this work we modulate
the layer hybridization and interplay between many-body interactions of
excitonsin avander Waals heterostructure with an applied vertical electric
field. By performing spatiotemporally resolved measurements supported
by microscopic theory, we uncover the dipole-dependent properties and
transport of excitons with different degrees of hybridization. Moreover,

we find constant emission quantum yields of the transporting species as
afunction of excitation power with radiative decay mechanisms dominating
over nonradiative ones, afundamental requirement for efficient excitonic
devices. Our findings provide acomplete picture of the many-body effects
inthe transport of dilute exciton gases, and have crucial implications for
studying emerging states of matter such as Bose-Einstein condensation

and optoelectronic applications based on exciton propagation.

Exciton transport has been proposed as a potential basis for realizing
scaled opticalinterconnects and modulators in chip-scale optical pro-
cessing systems'. Strongly bound and long-lived propagating excitons
can act as information carriers within a semiconductor—a desirable
prospect for photonic circuits®*. In particular, spatially indirect exci-
tons can propagate with micrometre-scale diffusionlengths. They can
be controlled via the quantum-confined Stark effect, enabling tuning
of their potential energy by an applied vertical electric field**. Van der
Waals heterostructures of two-dimensional (2D) materials have been
used as platforms for manipulating spatially indirect interlayer excitons
(IXs)®. In particular, type-Il transition metal dichalcogenide (TMDC)
heterostructures have been employed to realize excitonic devices’
and circuits®. Heterostructure devices showing room-temperature

switching of exciton currents’, tunable valley-polarized emission’
and micrometre-scale transport of polarized exciton currents'® have
been demonstrated.

The spatial separation of charges comprising IXs gives rise to
fixed out-of-plane dipole moments'-. Repulsive Coulomb interac-
tions between exciton populations of out-of-plane dipolar ensembles
induce anomalous transport dynamics that deviate from the stand-
ard diffusive propagation that is characteristic of bosonic gases" .
Instead, excitons generated in single TMDC layers, also called
intralayer excitons, are mainly influenced by quantum-mechanical
exchangeinteractions”. The interplay between dipolar and exchange
interactions strongly depends on the out-of-plane exciton dipole
length. Layer-hybridized states withintra- and interlayer components
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are therefore expected to show variable effective out-of-plane dipole
lengths'®. The ability to control the degree of exciton hybridization
is highly desirable as a means to modify the concurrent many-body
interactions and tune the anomalous diffusion of exciton ensembles.
While layer-hybridized states in twisted moiré heterostructures and
their Stark shifts with applied electric fields have been previously
investigated”, such type-Il heterostructures do not allow tuning
of exciton-exciton interactions because the dipole moment of the
emitting speciesisintrinsically fixed by layer arrangement. Moreover,
the moiré superlattice that is formed in stacked bilayers has been
showntoinduce periodic potential traps that dramatically reduce the
effective diffusivity of out-of-plane excitons?**. This effect hampers
reliable long-range exciton transport, making moiré-less structures
preferable for manipulating long-range propagating dipolar gasesin
excitonic devices.

Here we exploit concurrent intervalley transitions in natural WSe,
homobilayers to control the layer hybridization of exciton states by
applyingavertical electricfield. 2H-WSe, homobilayers are moiré-less
structures that have been indicated to be a natural platform for Bose—
Einstein condensation of IX states®’. However, anin-depth study of the
dynamics and transport of layer-hybridized tunable exciton states in this
platformisstill lacking. Furthermore, we achieve electrostatic control
over hybrid IX (hIX) transport in a structure with no moiré potential
by varying the interplay between Coulombic dipolar repulsions and
attractive exchange interactions. Our work sheds light on the influence
of dipole length and hybridization on long-range IX transport and is
supported by amicroscopic theory. Moreover, we show that the propa-
gating excitonspeciesinthis platformare characterized by aquantum
yield thatis constantin power with dominant radiative recombination
channels, independently of the layer hybridization. The study of elec-
trically tunable dipolar ensembles with constant quantum yield and
micrometre-scale transport opens the way to realizing efficient exci-
tonicdevices based on vander Waals heterostructures of 2D materials.

Results

Electrically tunable interlayer dipolar ensembles

Our devices consisted of natural WSe, homobilayers, fully encapsu-
lated in hexagonal boron nitride (hBN), with abottom Cr/Ptgateanda
top semi-transparent Pt gate. The heterostacks were assembled onan
SiO, substrate by mechanical transfer (Methods). Figure 1c shows the
image of an ultra-clean encapsulated bilayer WSe, device (A), acquired
by a.c.-mode atomic force microscopy. Images of a second device (B)
areincludedinSupplementary Note 1. Natural 2H-WSe, homobilayers
host momentum-indirect spin-bright KA and KA’ transitions as the
energetically lowest states®?® involving holes at the K/K’ points and
electrons at the A/A’ points of the Brillouin zone (Fig. 1a). Given their
indirect nature, excited statesin WSe, appear inthe photoluminescence
(PL) spectrum as their phonon replicas®. Intervalley excitons in bilayer
WSe, are hybrid” intheir intra- and interlayer components®. Our device
architecture (Fig. 1b) allowed us to modulate the PL emission from
layer-hybridized intervalley excitons in bilayer WSe, with an increas-
ing applied vertical electric field E,, causing a shift in the lowest-state
transition from KA (K’A’) to KA’ (K’A) (Supplementary Table 1and Sup-
plementary Note 2). The statesin brackets represent degenerate states
with opposite dipole moments™. In the presence of a positive vertical
field withmagnitude £,=300 mV nm™, the interlayer mixing coefficient

)2
of the energetically lowest state (KA) was calculated tobe|CKM' | = 0.80.

We note that hybrid excitons are expected to have higher oscillator
strengths than purely interlayer species, as they exhibit higher radiative
decay rates. This is a desirable feature for higher-temperature opera-
tion. However, further studies are needed to evaluate the influence of
nonradiative dynamics on hIX recombination at room temperature.In
this work, we focused on the performance and tunability of hIX trans-
portat atemperature of 4 K.

The potential energy U of out-of-plane electron-hole pairs with
fixed dipolelengths d canbe modulated by the linear quantum-confined
Stark effect as 8U ~ dE,. The degree of interlayer character of hIXs is
highly tunable viathe application of a vertical electricfield. It canthen
be observed through the Stark effect acting on the out-of-plane com-
ponent of the transitions of interest. From the field-dependent PL
spectra of device A (Fig. 1d,e), we could distinguish two main ranges
corresponding to the favourable transitions KA and K’A’
(IE,| < 200mVnm™) or KA’ and K’A (|E,| > 200 mV nm~Y). The peaks
assigned to the corresponding transitions are discussed in Supplemen-
tary Note 2. From the linear Stark shift of the PL peaks with the highest
intensity, we extracted different effective out-of-plane dipole lengths
d.swithrespecttothe vertical field on the basis of the prevalent emit-
ting states® (Fig. 1fand Supplementary Note 3). The brightest PL peak
canshift between different phononreplicas. In particular, we observed
aclear shift from the low-field to the high-field dominant transition at
|E,| = 200 mV nm~. Theelectric field ranges corresponding to specific
dominant transitions are highlighted in Fig. 1f. In particular, KA and
K’A’ excitons were characterized by smaller dipole lengths
(desr ~ 0.1nm) with respect to the KA” and K’A counterparts
(d.>0.2nm)*?°, In our case, high positive and high negative vertical
electricfields linked to the KA’ and K’A transitions are related to dipolar
ensembles 0.41 nm and 0.24 nm long, respectively (Supplementary
Note 3). Asymmetriesin the field-dependent behaviour of out-of-plane
transitions have been reported as a function of doping®. In Supple-
mentary Note 4 we show how the collective dipole moment of high-d
transitions can be effectively modulated by gating. In fact, effective
out-of-plane dipole lengths of collective ensembles can be tuned by
induced or intrinsic doping®. In particular, d. modulations on the
order of dngstroms are attributed to the electric field screening of the
exciton wavefunctions. Thus, we attributed the difference between
thetwobranchesinthe Stark shift measurements of Fig. le to the pres-
ence of intrinsic doping in the WSe, homobilayers used in this work.

Field-effect control of hybrid exciton transport

Our system hosts layer-hybridized excitons characterized by differ-
ent effective lengths, allowing us to determine the dipole-dependent
transport properties of strongly interacting exciton gasesinthe dilute
regime. Purely IX gases with large separations between electrons and
holes are characterized by negligible exchange forces'”*2. Hybrid
ensembles, however, host sizeable intra- and interlayer components at
every given field®. Thus, both Coulombic dipolar repulsions and attrac-
tive exchange interactions give rise to renormalized hybrid exciton
energies. Their interplay is dictated by the level of interlayer hybridiza-
tion, whichwe modulated by applying avertical electric field. By tuning
the hybridization and d.of the probed excitons, we achieved control
over the concurrent many-body interactions in the micrometre-scale
transport of dilute exciton gases. We studied the tunable many-body
interactions by measuring the steady-state effective diffusion area of
hiXsinthe presence of anapplied electric field (Fig. 2a). With negligible
E,, short-range exciton transport was observed due to the prevalence of
theintralayer componentinthe energetically degenerate KAand K’A’
states. Such low-field transitions featured randomly oriented dipoles
and negligible repulsive interactions. However, with higher positive
or negative fields, sizeable out-of-plane dipole lengths and greater
interlayer mixing of hybrid states resulted in stronger collective repul-
sive forces. Consequently, we were able to electrostatically enhance
the steady-state exciton gas expansion by a progressive transition
fromlow-dto high-d dominated ensembles withincreasinginterlayer
components (Fig. 2b).

We could extract a lower-bound estimate of purely IX densities
from the measured blueshift using the parallel-plate capacitor model**.
However, layer-hybridized excitons in WSe, homobilayers show size-
ableattractive exchange interactions, resulting in a density-dependent
redshift that counteracts the effect of dipolar repulsive Coulomb

Nature Photonics | Volume 17 | July 2023 | 615-621

616


http://www.nature.com/naturephotonics

Article

https://doi.org/10.1038/s41566-023-01198-w

a b Vi c
, ?
| heN
|
I
e ! o =
I e
1 §4 Wse, 3
/ | GND |
i ,
! % @ WSe,
I
|
A KA ! NOK A heN
_ I _
E,=80mVnm” I E,=300mVnm” o
I v,
1 B
d - e .00
1.0 1 — E,=0mVnm"” . 20 400 1 WSe, HB \
— £=300mVnm~ d=024nm .
2 08 £, =-300mVnm d=013nm
5 200 15 © 200 4 d=0.11nm
8 — . = m— g =0.41nm
061 ‘ = c
z KA £ g ¢
o > 0 @ > 0 4 KA
o) 10 =
S 04 £ < £
£ o ® o
2 021 -200 s < -200 n
et
0 4 Welal Al ~400 A
: : : : : -400 o ‘ ‘ ‘ :
140 145 150 155 160 1.42 150 155 1450 1475 1500 1525 1550

Energy (eV)

Fig. 1| Electrically tunable interlayer dipolar ensembles in a van der Waals
homobilayer. a, Schematic band structure of a natural WSe, homobilayer
that hosts different dominant intervalley transitions depending on

E, (Supplementary Note 2). With a positive £,, the main favourable transition
shifts from KA to KA’, with increasing interlayer mixing and sizeable out-of-
plane dipole moments. b, A double-gated fully hBN-encapsulated natural
homobilayer WSe, device with graphical representations of intralayer (left),
hybrid (centre) and purely interlayer (right) exciton species. V;and Vyindicate
the applied top and bottom gate voltages, respectively, and GND indicates
ground. ¢, Atomic force microscopy image of device A, with alarge clean area
(>80 pm?) that exhibits uniform height (greyscale bar) and excitonic properties
(Supplementary Note 1). The WSe, homobilayer edge is highlighted by a

Energy (eV)

WSe, HB max PL energy (eV)

white solid line. d, PL spectra acquired for different electric fields in device A,
featuring the emission from hIX phonon replicas. The labels indicate dominant
exciton transitions. e, PL spectra as a function of the applied vertical electric
field. Low (|E,| <200 mV nm™) and high (|£,| 200 mV nm™) field regions
arerelated to predominant KA/K’A’ and KA’/K’A transitions, respectively.

f, Extracted energy of the highest intensity PL peak from the PL spectraas a
function of E,in the WSe, homobilayer (HB). The energy shift asa function
ofthe electric field is fitted to aline in low- and high-field regimes, revealing
variable dipole moments. In particular, larger dipole lengths (d > 0.2 nm) are
related to high-field regions dominated by KA’ and K’A transitions, which are
characterized by high interlayer mixing (Supplementary Note 2) .

forces. To delve into the many-body picture of strongly interacting
dipolar gases, we developed a microscopic theory that accounts for
the two main components driving excitonic transportin hybrid forms.
We studied hIX interactions by deriving a hybrid exciton-exciton
interaction Hamiltonian that we used to disentangle the main con-
tributions to the density-dependent exciton energy renormalization
(Supplementary Note 5):

AE (ny) = nf(gif_d + ni’ (gf_d + xix) ¢y
where gy4_gisthedipole-dipoleinteractionstrength, which s negligi-
ble for intralayer excitons in monolayer TMDCs and dominates for
spatially separated IXs; g,_,accounts for exchangeinteractions, which
are highly dependent on the out-of-plane separation for interlayer
states®. The interactions are weighted by the valley-specific exciton
density nf(, where the total exciton density n, is given by n, = ZE nf(.
Equation (1) takes into account all contributions from the different
intervalley transitions, with € = KA, K’A’, KA’, K’ A(§ denotes the oppo-
sitevalley, thatisif € = KA, then & = K'A’). InFig. 2¢,d, we show that the
density-dependent energy normalization for hIXs in WSe,homobilay-
ersishighly dependent onthe vertical electric field as the hybrid exci-
ton-exciton interaction crucially depends on the interlayer mixing
coefficients. We have calculated the energy shifts for layer-hybridized
excitons in undoped WSe, homobilayers by solving a hybrid exciton
eigenvalue problem that accounts for mixing betweenintra-and inter-
layer exciton states'® (Supplementary Note 2).

The d.; of the hIXs was extracted by fitting a linear function to the
energy shift AES = nxdiff/e, with € = ege, where eyisthe vacuum permit-
tivity and €, isthe out-of-plane component of the dielectrictensor of the
TMDC. The tunable effective out-of-plane dipole length of the exciton
species is directly related to the level of layer hybridization, with
dix=0.5nm for purely interlayer states. For the simulated ideal energy

.2
shifts for the dominant KA’ transition (interlayer mixing|CK}' | = 0.8for

E,=300 mV nm™), we predicted d.= 0.32 nm. The calculated value is
consistent with our measured values ranging from 0.24 nmto 0.41 nmin
the presence of intrinsic doping. While excitons with a negligible inter-
layer component show no density-dependent shiftinenergy, as discussed
in Supplementary Note 5, species with sizeable net out-of-plane dipole
lengths show an increase in the magnitude of the blueshift at higher
vertical electric fields. We characterized the measured renormalization
shifts from high-d (0.41 nm) and low-d (0.24 nm) ensembles by observing
alinearblueshift at low optical excitationintensity (P,, <150 uW) followed
by AE saturation. We ascribed this saturation to lattice heating at high
excitondensities, as previously observed with spatially indirect excitons
in double quantum well systems (Supplementary Note 6).

Radiative recombination of hIXs with a power-independent
quantumyield

Spatially separated exciton species are characterized by longer radiative
lifetimes with respect to their intralayer counterparts as their electron
and hole wavefunctions feature a smaller overlap and, consequently,
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Fig.2|Field-effect control of hybrid exciton transport. a, Spatial images

of steady-state hIX PL cloud expansion taken by a CCD camera (Methods) asa
function of the applied vertical electric field. The perimeter of the effective area
is defined as the 1/e points of the normalized PL intensity, and is shown as a white
contour in allimages for display purposes. b, Steady-state effective hIX cloud
area plotted with respect to £,. With increasing £,, sizeable collective out-of-plane
dipolesresultinanincrease in the repulsive interactions driving hIX diffusion
and enhanced steady-state transport. The blue and red extremes correspond

to negligible and high dipole lengths (right colour scale). The maximum areas
obtained at positive and negative fields are related by a factor of -1.7, equivalent
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tothe d,4/dratio between the corresponding dipole lengths of 0.41 nm (d,,)
and 0.24 nm (d,,), respectively. ¢, Extracted peak energy shift of the PL emission
from the KA’ and K’A transitions at high positive and negative electric fields asa
function of the incident laser excitation power. Both species are characterized
by linear blueshifts for P,, <150 pW, followed by a saturation (the origin of which
is discussed in detail in Supplementary Note 6). d, Theoretical calculation

ofthe energy normalization shift in anideal WSe, homobilayer as a function

of E,. Higher E,induces stronger interlayer mixing in the layer hybridization,
with different linear energy shift tendencies and effective dipole lengths. A
multiplication factor (x10) was applied to the data for negligible £, (blue line).

alower probability of recombining'. Figure 3a shows the Stark shift of
the main PL peaks and their measured lifetime in device B, highlight-
ing therelationship between field-dependent lifetime and the change
in the lowest-state emitting intervalley species. Comparable results
were obtained in device A, as reported in Supplementary Note 7. As a
result of the longer effective out-of-plane dipole length of the hybrid
excitations with higher fields, we observed increased lifetimes when
the main emitting transition shifted from KA (K’A’) to KA’ (K’A). Exci-
tons belonging to the former states in device B were characterized by
average lifetimes of 0.40 ns, whereas the maximum value reached for
thelatter was around 0.75 ns (device Ain Supplementary Note 7). The
hBN thicknessesin device Bwere low enough to enable photo-assisted
tunnelling of carriers at high electric fields (£,>200 mV nm™) in the
form of aphotocurrent (Supplementary Note 7). We attribute the sud-
dendropinthehiXlifetime at large positive and negative fields to the
dissociation of excitons and their tunnelling through the hBN barriers
to the top and bottom gate electrodes®?*® (Supplementary Note 7).

It has been shown that the main nonradiative channel that affects
the quantumyield of TMDCsis power-dependent exciton—exciton anni-
hilation”. In our case, we observed a single-exponential time-resolved
PL decay independently of the applied vertical electric field and of
the input optical power (Supplementary Note 7). Moreover, a linear
relationship between the integrated PL intensity and the input pump
intensity indicated that the quantum yield of the probed exciton spe-
cies was constant with power (Fig. 3b). On the basis of these findings,

we concluded that hIXs in WSe, homobilayers do not recombine via
second-order power-dependent nonradiative channels. This is a sig-
nificant difference from IXs in previously investigated type-Il het-
erostructures. For purely IXsin type-llstructures, density-dependent
nonradiative terms have been shown to induce a decrease in the
emission quantum yield of the dipolar ensembles at high excitation
intensities’>>"*, We note that, consistently with our findings, exci-
tons in WSe, homobilayers have been reported to feature suppressed
exciton-exciton annihilation channels at room temperature, with a
power-independent quantum yield that does not require chemical
treatment or induced strain®, This can be explained by the decreased
overlap between excitonic wavefunctions due to hybridization®,
together with the absence of higher-lying states that fulfil energy and
momentum conservation*’.

However, eventhough asingle power-independent decay channel
isfound for our hiXs, further analysisis required to determine its radia-
tive and nonradiative composition. Jauregui et al.” have established
thatitis possible toretrieve quantitative information about nonradia-
tive decay channels from the field-dependent lifetime of purely IXs.
A nonradiative decay rate was found even at low power for purely
interlayer species in MoSe,/WSe,. By applying the same approach to
thefield-dependent lifetime of hIXs, we observed alinear increase in
the maximum PL intensity with respect to lifetime (Fig. 3c). A linear
trend with a positive coefficient, together with the constant quantum
yield and single-exponential decays, indicates that the probed hIXs
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Fig.3|Radiatively recombining hIXs with power-independent quantum
yield. a, The measured hiX lifetime in device B (colour) superimposed on the
PL spectral map (greyscale) as a function of the applied vertical electric field.
Thelifetime is extracted from a single exponential fit to time-resolved PL
measurements (Supplementary Note 7). Lifetime data are presented as mean
values (dots) and corresponding standard deviations (shaded envelope). The
hiXlifetime increases with respect to the applied vertical electric field duetoa
smaller electron-hole wavefunction overlap at higher interlayer hybridizations.
b, Integrated PL counts recorded at high positive, negative and zero electric
fieldsin device A as afunction of laser excitation power. A constant emission
quantum yield is recorded independently of £, and of the layer hybridization
level. The extended power regime in which PL counts are linear with respect to

excitation power indicates that nonradiative decay mechanisms are negligible
inthe probed hIX dynamics. Shaded lines represent linear fits to the respective
data points, giving /;,x > P*for all curves, with 0.9 < a < 1. ¢, Alinear relationship
is found between the hiX lifetime ¢, at high (-180 mV nm™ < £, < -110 mV nm™,
inred) and low (<100 mV nm™ < E,<-25mV nm™, in blue) electric fields and
their PLintensity /,x, extracted from the data shown ina. The shaded areas
represent the standard deviation of the lifetime data from a. Blue and red solid
lines represent linear fits to the respective data points. The ¢, =< /,x trend in
our structure isindependent of the layer hybridization and is explained by the
predominance over radiative recombination channelsin the transporting species
(Supplementary Note 7).

undergo mostly radiative recombination even at high excitation pow-
ers (Supplementary Note 7). Thus, in the absence of photo-assisted
tunnelling, power-independent radiative decays are dominant for
all electric fields.

The absolute quantumyield of hIXs will also be critically depend-
enton £,. Withrespect to purely interlayer speciesin heterobilayers,
lower absolute yields are expected from hiXs at low £,and low P,, due
totheir momentum-indirect nature. However, purely IXs are charac-
terized by emission yields that are both power- and field-dependent,
with a strong decay in power due to second-order effects. Thus, we
expect that at high P,, and high E,, the absolute yields of hIXs and
IXs would become comparable. Future work could be dedicated
specifically to quantitative comparisons between the absolute quan-
tumyields of far-propagating out-of-plane excitonic species among
different platforms.

These features indicate that the hybrid species in WSe, homobi-
layers are promising for further studies of the propagation of highly
interacting excitons, as platforms with constant emission quantum
yields are required for the realization of efficient devices based on
excitonic transport.

Time-resolved transport properties of tunable hIXs

To fully understand the nature of interactions between propagat-
ing electrically tunable dipolar ensembles (Fig. 4b), we studied
time-dependent hybrid exciton transportin our structure. To this pur-
pose, we excited our sample witha picosecond pulsed laser and imaged
the spatiotemporal expansion of the exciton cloud by its PL emission
using ascanningavalanche photodiode system (Supplementary Note 8
and Methods)"*'. The spatially resolved exciton cloud corresponding
tothehigh-dspeciesis showninFig. 4afor different pointsintime. The
effective hIX areaasafunction of timeis reported for high-d and low-d
ensemblesinFig.4d. The equation of motion for the spatially resolved
IX density is derived as (Supplementary Note 9):

n(r,

den (r.0) = DV (r.0) + V- (V (AE(n(r. ) n (1, 1)) — — = 263

which takes the form of a 2D drift-diffusion equation, where D is the
diffusion coefficient, u,, = D/ky Tis the exciton mobility, k; is the Boltz-
mann constant, Tistemperature and ris the exciton lifetime. The energy
renormalization term from equation (1) is now variable in space (r)
and time (¢) through n(r, ). Dipolar repulsions in the hIX equation of
motion (equation (2)) cause anonlinear response to apump excitation
inthe form of anomalous diffusion (Fig. 4c). We therefore introduced
an effective diffusivity term D «(t), defined as the rate of change of
the hiX cloud area (Supplementary Note 9). In hIX transport dynam-
ics, we can distinguish between two main regimes at short (¢<1ns)
and long (¢ > 1 ns) times after the laser pulse. The former regime is
density-dependent anomalous diffusion, taking place when the hIX
density is large. Here, D (t) is significantly enhanced with respect to
the intrinsic D due to the interacting nature of hIXs (Supplementary
Note 9). At longer time delays from the laser pulse, as the hIX density
decreases, transport is dominated by conventional diffusion and D,¢(t)
converges to the intrinsic D.

Figure 4e,f shows the time evolution of the simulated hIX area
and effective diffusivity for the dipole lengths of interest. The initial
exciton density in transport simulations was estimated on the basis
of abest-fit approach to the experimental results as ny ~ 1012 cm—2
(Supplementary Note 9), below the exciton Mott transition limit in
our system*., As the highest exciton densities in the spot area were
obtained for n(r, 0), the maximum hiX effective diffusivity was found
atthelimit of >0 for all dipolar species. Increasing D)* values were
obtained for ensembles with higher d.¢, with DY5%  ~ 7 cm? s~'and
DX ~1lcm?s™! estimated from our simulations (Fig. 4e,f).
We note that the simulated transport for high-d ensembles produced
a faster initial anomalous diffusion regime than the experimental
data (¢ <1ns), thus causing an overshoot of the resulting effective
diffusivity. Instead, good agreement between theoretical and meas-
ured datawasreachedinthelow-d case. Therefore, giventhe trends
observed in the anomalous diffusion regime, we concluded that
both high-d and low-d species show similar maximum effective dif-
fusivities in the range of 5-10 cm?s™. These diffusivity values cor-
respond to an upper range of effective exciton mobility reaching
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Fig. 4| Time-resolved transport properties of tunable hIXs. a, Spatial
imaging of high-dipole hiX cloud expansion at different ¢ with respect to the
laser pulse arrival obtained at £,= 300 mV nm™. b, Schematic representation
of repulsive dipolar interactions (d-d) and attractive exchange forces (Exch.)
between out-of-plane ensembles in a van der Waals homobilayer. ¢, 3D
representation of the evolution of the measured hiX transporting cloud from
t=0nstot=14ns.d, Extracted effective exciton diffusion area based on the
1/e threshold as a function of time measured at different electric fields. The
extracted laser area with respect to time is plotted in Supplementary Note 8 as

Time (ns)

areference. Anomalous diffusion is observed for hiXs at high positive and
negative electric fields. A linear expansion is obtained for negligible electric
fields, indicating classical transport for excitons with low interlayer mixing.
e, Theoretically computed hybrid exciton diffusion area for different levels of
interlayer mixing (equivalent to different effective dipole moment lengths)
calculated using the exciton density n;x and D extracted from experimental
results. f, D extracted from transport simulations with estimated maximum

values of DYAX '~ 7cm?s~land DMX  ~11cm? s~
.24nm 0.41nm

HY = 10,000 cm? V-1 s~Ifor high hIX densities and high-d transi-
tions in the regime of anomalous diffusion.

The effective diffusivities of all probed excitons decreased mono-
tonically in time, progressively saturating to D (c0) = D, towards a
regime of conventional diffusion. We note that D (co)isindependent
of the effective dipole length as it is equivalent to the conventional
diffusivity for an exciton gas at low excitation densities. The unaltered
Dwas experimentally estimated by extracting the effective diffusivity
ofthe hIX withaminimalinterlayer character. Thus, by measuring the
propagation of exciton ensembles at £,= 0 mV nm™, we obtained a
conventional diffusivity of D ~ 0.32 cm? s~!(Supplementary Note 10).

Conclusions

Out-of-plane dipolar ensembles of optical excitations travel long dis-
tances owingto the strength of their repulsive forces, governed by the
effectiveinterlayer dipole length. In this work we achieved control over
the layer hybridization of exciton states in avan der Waals homobilayer
structure, allowing us to tune the effective dipole length of exciton
ensembles. We characterized the dipole-dependent propagation of
hIXs by modulating the interplay between attractive exchange interac-
tions and repulsive Coulomb forces, the many-body effects governing
excitontransport. The recorded lifetimes of hIXs in WSe, homobilayers
were lower than those reported for purely interlayer species
(-1-600 ns)*'"*, However, hIXs are characterized by an intrinsic dif-
fusivity of Dyx ~ 0.3 cm? s~ which is twice the diffusivity estimated
for long-dipole excitons in moiré-less MoSe,/hBN/WSe, heterotrilay-
ers', and significantly higher than those measured for MoSe,/WSe,

heterobilayers at 4 K (ref. 23). We also characterized the field-
tunable regime of anomalous diffusion by spatiotemporally resolved
measurements. Our study revealed a peak effective diffusivity
of ~10 cm?s™, corresponding to an effective exciton mobility in
the range pM* ~ 10,000 cm? V=571,

The main factors affecting the efficiency of future interconnects
and circuits based on exciton transport in van der Waals heterostruc-
tures are determined by the material absorption, the exciton mobility
and the emission quantum yield. We have obtained power-independent
high emission quantum yields of long-range propagating dipolar
ensembles, a crucial step towards the efficient modulation of light in
excitonic devices based on 2D materials. Furthermore, we exploited
the spatiotemporal expansion of hybrid species to demonstrate that
tunable repulsive dipolar exciton-excitoninteractions canbe achieved.
This tunability makes WSe, homobilayers highly attractive for future
studies of strongly interacting bosonic systems.

Our microscopic understanding and control of the many-body
effects governing the transport of dipolar exciton ensembles open ave-
nues toward exploring exciton condensates in van der Waals structures
and the realization of efficient excitonic devices based on 2D materials.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
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Methods

Device fabrication

All the devices used in this work comprised bottom gates fabri-
cated using electron-beam lithography and metal evaporation
(2 nm Cr/5 nm Pt) over a SiO,/Si substrate with an oxide thickness of
270 nm. The heterostructuresindevices Band C were fabricated witha
polymer-assisted wet transfer method. WSe, (HQ Graphene) and hBN
flakes were exfoliated on a polymer double layer, and bilayer WSe,
flakes were identified by atomic force microscopy measurements. The
bottom polymer layer of the substrate was dissolved using a solvent,
andthetop polymer layer, together with the exfoliated flakes, was left
free-floating. The bottom hBN layers, WSe, bilayer and the top hBN
layers were then carefully aligned and transferred in sequence on top
of the bottom gates by using a dedicated home-built transfer set-up
with motorized micromanipulators. The heterostructure of device A
was fabricated using adry-transfer technique employing polycarbon-
atemembranes. WSe, (HQ Graphene) and hBN flakes were exfoliated
on a SiO, substrate, identified by optical contrast and subsequently
picked up using a single polycarbonate membrane. The heterostack
was then released onto the Cr/Pt bottom gate by progressive adhe-
sion following atemperature gradient above 150 °C. This dry-transfer
technique allowed us to obtain large-area structures by avoiding
contamination with polymer residues and water droplets. The optical
images and atomic force microscopy measurements of the devices
are shownin Supplementary Note 1. All of the heterostructures were
annealed under a high vacuum (107° mbar) for 6 h at a temperature
of 340 °C. Top gates and electrical contacts were then fabricated by
electron-beam lithography and evaporation of Pt (4 nm) and Ti/Au
(2nm/80 nm) layers, respectively.

Optical measurements

Alloptical measurements were performedinavacuumat4.6 K, unless
stated otherwise, in a He-flow cryostat. Hybrid excitons were excited
with aconfocal microscope, while the emitted photons were collected
through the same objective that had a working distance of 4.5 mm
and anumerical aperture of 0.65. Optical pumping was achieved with
a continuous-wave 640 nm diode laser (PicoQuant, LDH-IB-640-M)
focused to the diffraction limit (spot full-width at half-maximum of
1.2 pm) for steady-state measurements. For micro-photoluminescence
(1PL) spectral measurements, the emitted light was filtered by a 650 nm
long-pass edge filter and thenacquired using aspectrometer (Princeton
Instruments SpectraPro 500) and recorded with a CCD (charge-coupled
device) camera (Princeton Instruments, Blaze 400-HR/HRX). Spatial
imaging of the IX emission was performed usinga CCD camera (Andor
Ixon) with an 800 nmlong-pass edge filter that removed both the laser
lineand theintralayer emission from WSe,. For time-resolved measure-
ments, the same solid-state laser was drivenina pulsed mode, achieving
pulse widths lower than160 ps at arepetition rate of 80 MHz. The col-
lected photons were sent to an avalanche photodiode (APD, Excelitas
Technologies, SPCM-AQRH-16) mounted on a 2D motorized transla-
tional stage. The output of the APD was connected to atime-correlated
photon-counting module witharesolution of12 psr.m.s. (PicoQuant,
PicoHarp 300), which measured the arrival time of each photon. We
setthe timebinto 16 ps for the measurements presented in this work.
The single-photontiming resolution of the APD is ~350 ps, whichisthe
main time limitation for this set-up. The technical details can be found
inSupplementary Note 8.

Microscopic many-particle theory

To study hybridized exciton states and anomalous exciton transport
at elevated electron-hole densities in TMDC bilayers, we derived a
many-body Hamiltonian on a hybrid exciton basis that contained a
kinetic part and a part due to exciton-exciton interactions. By solv-
ing the bilayer Wannier equation, we gained access to pure intra- and

interlayer exciton states. These were used as input to a hybrid exciton
eigenvalue problem that accounted for mixing between intra- and
interlayer exciton states. We found that momentum-dark KA (K’A’)
excitons represented the energetically lowest-lying exciton states in
naturally stacked WSe, bilayers. We included an out-of-plane electric
field by exploiting the Stark shift of the IX resonance, allowing us to
tunetheexcitonlandscapeinbilayers asafunction of the electrical field
(Supplementary Note 2). The obtained hybrid exciton states were then
used to compute density-dependent energy renormalizations obtained
via the Heisenberg equation of motion (Supplementary Note 5).
By allowing the exciton density to be spatially dependent, we found
that the exciton-exciton interaction acts as asource to adrift termin
a drift-diffusion equation. We gained access to the spatiotemporal
dynamics of hybrid excitons by solving the drift-diffusion equation for
hybrid excitons with different levels of field-driven interlayer mixing
corresponding to different effective dipole moment lengths (Sup-
plementary Note 9).

Data availability
The datathatsupport the findings of this study are available viaZenodo
at https://doi.org/10.5281/zenodo0.7660668.
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