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Indirect excitons (IXs), also known as interlayer excitons, can form the medium for excitonic devices
whose operation is based on controlled propagation of excitons. A proof of principle for excitonic
devices was demonstrated in GaAs heterostructures where the operation of excitonic devices is limited
to low temperatures. IXs in van der Waals transition-metal dichalcogenide (TMD) heterostructures
are characterized by high binding energies making IXs robust at room temperature and offering an
opportunity to create excitonic devices operating at high temperatures suitable for applications. How-
ever, a characteristic feature of TMD heterostructures is the presence of moiré superlattice potentials,
which are predicted to cause modulations of IX energy reaching tens of meV. These in-plane energy
landscapes can lead to IX localization, making IX propagation fundamentally different in TMD and
GaAs heterostructures and making uncertain if long-range IX propagation, sufficiently long to allow
for creating elaborate excitonic devices and circuits, can be realized in TMD heterostructures. In this
work, we realize long-range IX propagation with the 1/e IX luminescence decay distances reaching
13 microns in a MoSe,/WSe; heterostructure. We trace the IX luminescence along the IX propagation
path. In the presented TMD materials, the long-range IX propagation occurs up to ~ 50 K. This is a
step toward the room temperature operation, which can be realized in TMD heterostructures due to
the high IX binding energy. We also realize control of the long-range IX propagation by voltage. The IX
luminescence signal in the drain of an excitonic transistor is controlled within 40 times by gate voltage.
The control of the IX propagation in the MoSe,/WSe, heterostructure is governed by new mechanisms,
beyond the mechanism for controlling IX transport by an energy barrier to IX propagation (or a trap
for IXs) created by the gate electrode, known since the studies of GaAs heterostructures. We discuss
the origin of the voltage-controlled long-range IX propagation in the MoSe,/WSe, heterostructure, in

particular, the electric-field control of the moiré potential.

PACS numbers:
I. INTRODUCTION

Spatially indirect excitons (IXs) are formed by elec-
trons and holes confined in separated layers. The sep-
aration between the electron and hole layers allows for
controlling the overlap of electron and hole wave func-
tions and achieving long IX lifetimes, orders of mag-
nitude longer than lifetimes of spatially direct excitons
(DXs) [1]. The long IX lifetimes allow them to travel over
long distances before recombination [2-11].

IXshave built-in dipole moments ed (d is the separation
between the electron and hole layers) and their energy
can be controlled by voltage: Gate voltage V controls
the electric field normal to the layers F, o V; and changes
the IX energy by edF,. This allows for creating tailored
in-plane potential landscapes for IXs E(x, y) = —edF.(x, y)
and controlling them in situ by voltage Vy(x,y). The
possibility to control IX energy by voltage and the abil-
ity of IXs to propagate over long distances led to the
realization of a variety of tailored voltage-controlled in-
plane potential landscapes, which are explored in stud-
ies of IX transport. These landscapes include excitonic
ramps [2, 6], excitonic lattices [12-14], excitonic narrow
channels [15, 16], excitonic conveyers [17], and excitonic
split gate devices [18].

IX devices are also explored for developing signal pro-

cessing based on the exciton dipole, that is a novel com-
putational state variable, different from established com-
putational state variables such as electron charge in elec-
tronic devices. Potential advantages of excitonic devices
include energy-efficient signal processing and seamless
coupling to optical communication [11]. Experimental
proof-of-principle was demonstrated for excitonic tran-
sistors [19, 20].

The realization of excitonic devices, whose operation
is based on controlled propagation of excitons, relies on
meeting the requirements of (i) long-range IX propaga-
tion over lengths exceeding the in-plane dimensions of
excitonic devices and (ii) in situ control of IX propaga-
tion, in particular, by voltage. These requirements were
met with IXs in GaAs heterostructures and the studies
outlined above used the GaAs platform.

However, excitons exist at temperatures roughly be-
low Eex/kp (Eex the exciton binding energy, kg the Boltz-
mann constant) [21] and, due to their low binding ener-
gies, IXs in GaAs heterostructures exist at low temper-
atures. Ee is typically ~ 4 meV in GaAs/AlGaAs het-
erostructures [22] and achieves ~ 10 meV in GaAs/AlAs
heterostructures [23]. The proof of principle for the oper-
ation of IX switching devices based on voltage-controlled
IX propagation was demonstrated up to ~ 100 Kin GaAs
heterostructures [20]. IX devices based on controlled
IX propagation are also explored in GaN/AlGaN het-



erostructures with high E.. reaching ~ 30 meV [24].

Van der Waals heterostructures composed of atomi-
cally thin layers of TMD [25] allow the realization of
excitons with high binding energies [26, 27]. IXs in TMD
heterostructures are characterized by binding energies
reaching hundreds of meV [28, 29] making them stable
at room temperature [30]. Due to the high IX binding en-
ergy, TMD heterostructures can form a material platform
for creating excitonic devices operating at high temper-
atures suitable for applications.

However, in contrast to GaAs heterostructures, a char-
acteristic feature of TMD heterostructures is the pres-
ence of significant moiré superlattice potentials, which
are predicted to cause modulations of IX energy reach-
ing tens of meV in mechanically stacked TMD het-
erostructures with adjacent electron and hole layers and
a small angle 60 between the layers, such as the stud-
ied MoSe;/WSe, heterostructure [31-34]. Strong vari-
ations of the interlayer band gap within the moiré su-
percell, A, causing the modulations of IX energy were
predicted for these TMD heterostructures with both R
(AA, ~ 0° twist) and H (AB, ~ 60° twist) stacking
A ~ 100 (90) and 25 (17) meV for MoSe,/WSe; hetero-
bilayers with R and H stacking, respectively, in Ref. [34]
(in Ref. [31]). Large A were also predicted for other
TMD heterostructures of this type [31, 34]. A spatial
modulation of the local bandgap with an amplitude of
150 meV was reported in scanning tunneling microscopy
measurements and calculations of a rotationally aligned
MoS,/WSe; hetero-bilayer [35]. The moiré superlattice
period b = a/ Vo6? + &% is typically in the ca. 10 nm
range (a is the lattice constant, 0 is the lattice mismatch,
00 is the twist angle deviation from nt/3, n is an integer)
[36, 37].

This prediction inspired extensive experimental stud-
ies. For instance, the moiré superlattices were consid-
ered as the origin of splitting of IX luminescence to two
or more lines [38-44]. In these works, the strong mod-
ulations of IX energy in the moire potentials were, in
particular, evidenced by wide spreads of luminescence
line energies of excitons localized in the moiré poten-
tial minima. Four (five) luminescence lines spread over
~ 70 (100) meV in MoSe,/WSe, with 1° (2°) twist were
discussed in terms of exciton states localized in a moiré
potential of ~ 150 meV [41]. Multiple narrow lumines-
cence lines were spread over ~ 30 meV in MoSe,/WSe;
with 2° twist and ~ 20 (30) meV in MoSe,/WSe; with
60° (56°) twist [40]. WSe, absorption resonances spread
over ~ 100 meV in both R- and H-stacked WSe,/WS,
were discussed in terms of a peak-to-peak exciton moiré
potential of 250 meV [42].

We note however that there are other interpretations
of the splitting of IX luminescence line, including ex-
citonic states split due to the conduction band K-valley
spin splitting [45], excitonic states indirect in momentum

space and split due to the valley energy difference [46, 47]
or spin-orbit coupling [48], and neutral and charged IX
states [49]. We considered the origin of splitting of IX
luminescence to two lines in Ref. [49].

The predicted strong moiré superlattice potentials in
TMD heterostructures should have a significant effect on
exciton propagation. The strong in-plane energy land-
scapes can lead to IXlocalization, making IX propagation
fundamentally different in TMD and GaAs heterostruc-
tures and making uncertain if long-range IX propagation
canberealized in principle in TMD heterostructures with
moiré superlattice potentials.

Propagation of both DXs in TMD monolayers [50-
55] and IXs in TMD heterostructures [56-61] is inten-
sively studied. A relatively short-range IX propaga-
tion with 1/e IX luminescence decay distances reaching
~ 3 um [56-60], control of IX propagation by voltage
within these distances [58, 59], and control of DX lumi-
nescence by voltage up to 5 ym away from the generation
spot [61] were reported in TMD heterostructures.

The extent to which the moiré superlattice poten-
tials affect the IX diffusivity is not fully established.
The comparison of MoSe,/WSe; heterostructures with
MoSe,/hBN/WSe; heterostructures, where the moiré su-
perlattice potential is suppressed by an hBN spacer be-
tween the MoSe; and WSe; layers, evidences the reduc-
tion of IX propagation due to moiré superlattice poten-
tials: the IX propagation with the 1/e decay distance up
to 2.6 ym was observed in MoSe,/hBN/WSe; and shorter
IX propagation with the 1/e decay distance beyond the
laser spot below 1 ym was observed in MoSe,/WSe; [58].

In this work, we realize in a MoSe,/WSe, TMD het-
erostructure IX propagation with the 1/e IX lumines-
cence decay distance di/, ~ 13 pm. This long prop-
agation distance exceeds dj, ~ 3 um realized in the
earlier studies of TMD heterostructures [56-60] and is
sufficiently long to allow for creating elaborate exci-
tonic devices and circuits within the IX propagation
length that is required for performing operations with
IX fluxes [19, 20]. In the presented TMD materials, the
long-range IX propagation occurs up to ~ 50 K. This is a
step toward the room temperature operation, which can
be realized in TMD heterostructures due to the high IX
binding energy. We also realize control of the long-range
IX propagation by voltage. The control of the IX prop-
agation in the MoSe,/WSe; heterostructure is governed
by new mechanisms, beyond the known mechanism for
controlling IX transport by an energy barrier to IX prop-
agation (or a trap for IXs) created by the gate electrode
that was reported in the studies of GaAs [19, 20] and
TMD [58, 59] heterostructures. We discuss the origin of
the voltage-controlled long-range IX propagation in the
MoSe,/WSe; heterostructure, in particular, the electric-
field control of the moiré potential. The control of moiré
superlattice potentials by voltage can be used in various
applications ranging from excitonic devices outlined in



this work to quantum simulators and quantum emitter
arrays based on moiré superlattices [34, 62, 63].

II. EXPERIMENT

The MoSey/WSe, heterostructure is assembled by
stacking mechanically exfoliated 2D crystals on a
graphite substrate. The MoSe; and WSe, monolayers are
encapsulated by hexagonal boron nitride (hBN) serving
as dielectric cladding layers. The energy-band diagram
is schematically shown in Fig. 1a. IXs are formed from
electrons and holes confined in adjacent MoSe; and WSe;
monolayers, respectively. The lowest energy DX state is
optically active in MoSe, and dark in WSe;, and the
lowest energy IX state is optically active [31, 32, 64-68].
The bias across the heterostructure is created by the gate
voltage Vg applied between the narrow semitransparent
multilayer graphene top gate (Fig. 1b) and the global
graphite back gate.

The graphene gate is centered at x = 4 um (Fig. 1d-f).
The heterostructure region to the left of the gate (x = -7
to 2 um) is referred to as the source and the heterostruc-
ture region to the right of the gate (x = 6 to 13 ym) is
referred to as the drain. IXs are optically generated by
laser excitation focused in the source region.

When the device is in the off state, IX propagation
from the source to the drain is suppressed and the IX
luminescence profile follows the laser excitation profile
(Fig. 1e). When the device is switched on, IXs spread out
away from the laser excitation spot and propagate to the
drain region (Fig. 1d).

Figure 1f shows IX luminescence profiles along y = 0
for the images in Fig. 1d,e. Inset shows the same IX
luminescence profile for the on state on log scale. For
comparison, dashed line shows exponential signal re-
duction with the 1/e decay distance 13 um. A lower IX
luminescence intensity is seen in the region covered by
the graphene gate. The total IX luminescence intensity in
the drain region (integrated over x = 6—13 um) increases
by 40 times as the gate voltage switches from off to on
(Fig. 1c). Figures lc-f present voltage-controlled long-
range propagation of IXs in MoSe,/WSe, heterostruc-
ture.

Next, we verify if the propagating luminescence sig-
nal corresponds to the IX luminescence. Figures 2a,b
show that at voltages, which allow for IX propagation
across the sample, the exciton luminescence energy is
controlled by voltage in the entire drain region. This
exhibits the basic IX property — IX energy control by
voltage, outlined in the introduction. Figure 2c presents
tracing the IX luminescence along the IX propagation
path all the way up to the heterostructure edge ca. 13 yum
away from the region of IX optical generation. Figure 2c
also shows that IX luminescence spectra at the drain
demonstrate effective switching behavior between the
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FIG. 1: Voltage-controlled IX propagation. (a) Band diagram
of van der Waals MoSe,/WSe, heterostructure. The ovals indi-
cate a direct exciton (DX) and an indirect exciton (IX) composed
of an electron (—) and ahole (+). (b) Microscope image showing
the layer pattern of the device, scale bar is 10 um. The green,
red, and yellow lines indicate the boundaries of the WSe, and
MoSe, monolayers and graphene gate, respectively. (d,e) x —y
images of IX luminescence in the on (d) and off (e) state of the
excitonic transistor. The white and yellow dashed lines show
the boundary of the MoSe,/WSe; heterostructure and graphene
gate, respectively. The gate voltage V,; controls the IX propa-
gation from the laser excitation spot at x = 0 (the source) to the
other side of the graphene gate x 2 6 um (the drain). V, =10V
(d), 0 (e). (f) Normalized IX luminescence profiles along y = 0
for the images in (d) and (e) shown by the red and black lines,
respectively. Inset shows the same IX luminescence profile in
the on state on log scale. For comparison, dashed line shows
exponential signal reduction with 1/e decay distance 13 um. A
lower IX luminescence intensity is seen in the region covered
by the graphene gate, which is centered at x = 4 ym. (c) Total
IX luminescence intensity in the drain (integrated over x = 6-
— 13 um) vs V. For all data, Pex =4 mW, T = 1.7 K.

off (black spectra) and on (red spectra) state. Tracing the
IX luminescence along the IX propagation path with 1/e
IXluminescence decay distance 13 ym and controlling IX
propagation by voltage present the direct measurement
of long-range IX propagation and excitonic transistor ac-
tion in TMD heterostructures.

The IX luminescence spectra are traced over the drain
region at different excitation powers P, (Fig. 3a,b). The
total IX luminescence intensity in the drain increases
with Py (Fig. 3c). Figures 3a-c show that the IX prop-
agation enhances with excitation power. Maximum IX
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FIG. 2: Voltage-controlled IX energy. Tracing IX lumines-
cence along IX propagation. (a) IX luminescence spectra at
x = 13 um for gate voltages V, = 9 and 13 V. (b) IX energy
vs V, for positions in the drain region x = 7, 10, and 13 um.
(c) IX spectra in on (red) and off (black) state of the excitonic
transistor for positions in the drain region x = 7, 10, and 13 ym.
Vg =10V (on), 8.5V (off). For all data, Pex =4 mW, T =1.7 K.

propagation with dy, ~ 13 um is realized at Pey ~ 1 mW.
Comparable P., were explored in the studies of TMD
heterostructures where dy /. ~ 3 um was realized [57, 58].

Figure 3d shows the optically measured IX energy
along the IX propagation path. The overall IX energy
reduction is observed (i) with increasing separation from
the IX optical generation spot and (ii) with reducing Pey.
Both indicate a reduction of IX energy with the reduced
IX density. This is consistent with the repulsive inter-
action between IXs, which are dipoles oriented normal
to the layers. Similar reduction of IX energy with in-
creasing separation from the optical generation spot or
with reducing Pe is also characteristic of IXs in GaAs
heterostructures and is explained in terms of the repul-
sive interaction between IX dipoles [5]. The local IX
energy variations in the range of a few meV (Fig. 3d) are
likely caused by the lateral potential landscape across
the heterostructure. The IX energy variations due to
the moiré superlattice have the period in the ca. 10 nm
range [36, 37], these short-range energy variations are
not resolved in the optical experiment with resolution
1.5 ym.

Figure 4 presents the temperature dependence of IX
propagation. The long-range IX propagation through
the drain region and the switching between on and off
state are observed up to approximately 50 K.

III. DISCUSSION

The phenomenological properties of voltage-
controlled long-range IX propagation in MoSe;/WSe,,
outlined above, are qualitatively different from those in
GaAs heterostructures [19, 20]. GaAs/AlAs heterostruc-
tures, where IXs are formed from electrons and holes
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FIG. 3: Excitation power dependence of IX propagation. (a,b)
x—energy images of IX luminescence in the drain region for
Pex = 2 mW (a) and 0.05 mW (b). (c) Total IX luminescence
intensity in the drain (integrated over x = 6 — 13 um) vs P,.
(d) IX energy vs position for P, = 0.05 (black), 0.5 (blue), and
2 (red) mW. For all data, V; =10V, T = 1.7 K.

confined in adjacent AlAs and GaAs layers, respectively,
have a staggered band alignment [20, 23] similar to
MoSe;/WSe; heterostructures (Fig. la). This makes
GaAs/AlAs heterostructures a more close system for the
comparison with MoSe,/WSe; heterostructures. For the
excitation spot positioned in the source region, similar
to the experimental geometry in Fig. 1, in the GaAs/AlAs
heterostructures IX propagation is long-range at Vg = 0
while both a positive and negative voltage on a gate
creating a barrier and a trap for IXs, respectively,
suppress the IX propagation [20]. This behavior is
opposite to the voltage-controlled IX propagation in
MoSe,/WSe, where applied voltage strongly enhances
the IX propagation (Fig. 1).

The opposite behavior is also observed for the exci-
tation spot positioned on the gate electrode. For the
GaAs/AlAs heterostructures, trapping (anti-trapping) IX
potentials created by gate voltage cause the IX cloud con-
finement in (spreading away from) the gate region [20].
For the MoSe;/WSe; heterostructure, the IX energy re-
duces with increasing V; that facilitates trapping IXs in
the gate region. However, similar to the case of exci-
tation in the source region (Fig. 1), an enhancement of
the IX propagation away from the excitation spot with
increasing V; is observed in the case of excitation in the
gate region (Fig. 5).

In GaAs heterostructures, the IX propagation has been
controlled by an energy barrier to IX propagation (or a
trap for IXs) created by the gate electrode [19, 20]. The
control of IX transport realized in TMD heterostructures
was referred to the same mechanism [58, 59]. The quali-
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FIG. 4: Temperature dependence. (a) IX luminescence spectra
in the drain at x = 13 ym at temperatures T = 1.7, 20, 40, and
50 K in on (red) and off (black) state of the excitonic transistor.
Vg =15V (on) and 0 (off). (b) Total IX luminescence intensity
in the drain (integrated over x = 6 — 13 um) vs temperature in
on (Vg =15 V) and off (V = 0) state. (c) Total IX luminescence
intensity in the drain (integrated over x = 6 — 13 um) vs V, for
temperatures T = 1.7, 20,40, and 50 K. For all data, Pex = 4 mW.

tative differences outlined above show that the IX long-
range propagation in the MoSe,/WSe; heterostructure is
controlled by a new mechanism, different from the con-
trol by an energy barrier or a trap for IXs created by the
gate electrode.

This new mechanism enables the long-range IX prop-
agation away from the excitation spot not only through
the gate but everywhere in the plane of the heterostruc-
ture: Figure 1d-f shows that increasing V,; enables the IX
propagation away from the excitation spot both through
the gate (toward positive x) and in the opposite direction
(toward negative x); Figure 5 shows that increasing Vi
enables the IX propagation away from the excitation spot
for any excitation spot position on the heterostructure.

The predicted strong moiré superlattice potentials [31-
34] in the studied MoSe,/WSe, heterostructure are ex-
pected to localize IXs and, therefore, the existence of
the long-range IX propagation is nontrivial. Identifying
the mechanism, which can lead to the voltage-controlled
long-range IX propagation in the heterostructures with
the predicted moiré superlattice potentials forms the
challenge for theoretical investigations. The relevant
experimental data and possible origin of the voltage-
controlled long-range IX propagation in the MoSe,/WSe,
heterostructure are discussed below.

IXs are the lowest energy exciton state in MoSe;/WSe;

heterostructures even at no applied voltage (Fig. 1a). The
absence of long-range IX propagation at V; = 0 indicates
IXlocalization. Asoutlined above, the moiré superlattice
potentials are predicted to cause modulations of exciton
energy reaching tens of meV [31-34] and these strong
energy modulations can lead to the exciton localization.

The regime of long-range IX propagation is realized
at Vg 2 8 V (Fig. 1c,d). The applied electric field can
tune the moiré potential and cause the long-range IX
propagation. The theory [34] predicts that the moiré
potential is tuned by voltage in both R- and H-stacked
TMD heterostructures. In particular, increasing electric
field can reduce the moiré potential amplitude and can
energetically align the potential energy minima at differ-
ent sites of the moiré supercell, thus causing percolation
of IX states through the structure [34]. The tuning of the
moiré potential can cause the observed long-range IX
propagation with applied electric field. The calculated
electric field corresponding to the IX percolation is in the
range of a few tenths of V/nm [34]. This is of the same or-
der of magnitude with the estimated electric field for the
onset of IX propagation in the studied device: V; =8V
creates electric field ~ 0.1 V/nm. We note however that
a comparison with the theory can be complicated by
factors including a possible built-in electric field [30],
trion formation [49], moiré-site-dependent exciton bind-
ing energy and dipole moment [34], and atomic recon-
struction, which can change the potential landscape and
can create a network of propagation channels [69-73].

Besides the moiré potential, samples have disorder
potential due to the heterostructure imperfections. The
disorder potential also contributes to the IX localization
and suppresses the IX propagation. The long-range IX
propagation requires samples with a small disorder. The
long-range propagation indicates the small disorder for
IX transport scattering in the studied device.

In the regime of long-range IX propagation, Vg 2 8V,
the IX energy in the drain is effectively controlled by
voltage applied to the graphene electrode (Fig. 2). This
indicates that voltage applied to the graphene electrode
laterally extends beyond the region of the graphene elec-
trode over the entire heterostructure. This extension, in
turn, indicates that the heterostructure acquires metal-
lic conductivity. The metallization may contribute to
screening of in-plane potential landscapes, facilitating
the long-range IX propagation.

The metallization may also be related to the tuning of
moiré potential by applied electric field. No intentional
sample doping was done for the studied heterostructure,
however, unintentional n-type doping is typical for TMD
layers [76]. In the studied sample, the estimated electron
concentration ng ~ 2 - 10" em™2 [49]. Delocalization of
electrons and/or charged IXs due to the tuning of moiré
potential by electric field can cause the metallization.

The IX propagation is enhanced at higher excitation
powers (Fig. 3a-c). A similar behavior is observed for



IXs in GaAs heterostructures [5]. IXs are out-of-plane
dipoles, which interact repulsively. The repulsive inter-
action between IXs contributes to screening of in-plane
potential landscapes. Furthermore, due to the repulsive
interaction, the IX energy increases with density and, as
a result, is higher in the region of IX generation (Fig. 3d).
This results in IX drift away from the excitation region.
Both enhanced screening of in-plane potentials and drift
enhance the IX propagation with increasing density [5].

Increasing V also increases the IX lifetime (Fig. 6).
The increase of IX lifetime contributes to the enhance-
ment of IX propagation with voltage. The IX diffusion
coefficient D can be estimated from the IX propagation
length I and IX lifetime 7 as D ~ [*/7. For | ~ 10 ym
corresponding to the IX propagation length (Fig. 1) and
T ~ 1 us corresponding to the IX luminescence decay
time at long delay times (Fig. 6) at Vg = 10 V, the esti-
mate gives D ~ 1 cm?%/s.

This work presents the proof of principle to overcome
moiré superlattice potentials and realize the long-range
IX propagation in MoSe;/WSe, TMD heterostructures
that make TMD a promising materials platform for the
development of excitonic devices. The IX binding en-
ergies are high enough to make the IXs stable at room
temperature and IXs in the laser excitation spot are ob-
served at room temperature in MoSe,/WSe; heterostruc-
tures [49]. However, the long-range IX propagation and
the switching between the on and off state are observed
up to ~ 50 K in the studied heterostructure (Fig. 4), pre-
sumably due to the heterostructure imperfections. The
realization of long-range IX propagation at higher tem-
peratures is the subject for future works.

IV. CONCLUSION

In summary, we realize long-range IX propagation
with the 1/e IX luminescence decay distances reaching
13 microns in a MoSe,/WSe; heterostructure. This prop-
agation distance is sufficiently long to allow for creating
elaborate excitonic devices and circuits. We also realize
control of the long-range IX propagation by gate voltage.
The control of the IX propagation in the MoSe,/WSe; het-
erostructure is governed by new mechanisms, beyond
the known mechanism for controlling IX transport by
an energy barrier to IX propagation (or a trap for IXs)
created by the gate electrode that was reported in GaAs
and TMD heterostructures. We discuss the origin of
the voltage-controlled long-range IX propagation in the
MoSe,/WSe, heterostructure, in particular, the electric-
field control of the moiré potential.
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APPENDIX A: IX PROPAGATION FOR DIFFERENT
EXCITATION SPOT POSITIONS

The voltage-controlled long-range IX propagation is
observed for the laser excitation spot positioned in the
source, gate, or drain regions (Fig. 5). In all these three
cases, switching on the exciton propagation by applied
voltage extends IXs over the entire MoSe;/WSe; het-
erostructure and enhances the IXluminescence 1/e decay
distance beyond 10 um (Fig. 5).

APPENDIX B: IX LUMINESCENCE DECAY

The IX luminescence decay is non-exponential. We
probe the faster initial decay (Fig. 6a) with the laser ex-
citation pulse duration Tpuse = 14 ns, period Tperiod =
60 ns, and edge sharpness ~ 0.5 ns and the signal inte-
gration window t,, = 6 ns. We probe a slower decay at
long delay times with Tpulse, Tperiod, and Ty increased to
400, 1600, and 200 ns, respectively. The IX luminescence
decay times increase with V, (Fig. 6c) The DX decay
closely follows the excitation laser decay indicating that
the DX lifetime is shorter than the experimental resolu-
tion.

The IX luminescence decay time increase with Vg is in
accord with the reduction of IX energy (Fig. 2b) further
below the DX energy that reduces the overlap of the elec-
tron and hole wavefunctions for IXs [23]. The IX decay
times are orders of magnitude longer than the DX de-
cay times [74] and are controlled by gate voltage (Fig. 6).
Different factors may contribute to deviations of the lu-
minescence decay from an exponential decay. For in-
stance, due to a possible heterostructure inhomogeneity
the areas with shorter exciton lifetimes may contribute
more at initial decay times. A fastinitial component may
also appear due to the decay of low-energy DX states,
which appear in the IX spectral range due to the tail
of DX density of states. Localized DXs at low energies
in the spectral range of IXs were studied in GaAs/AlAs
heterostructure [75].
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FIG. 5: Voltage-controlled IX propagation. (a-c) The white and yellow dashed lines show the boundaries of MoSe,/WSe;,
heterostructure and graphene gate, respectively. The laser excitation spot [red circle in (a-c)] is positioned at the source (a,d,g),
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reduction with 1/e decay distance dy/. = 14, 11, and 12 um, respectively. A lower IX luminescence intensity is seen in the region
covered by the graphene gate, which is centered at x = 4 ym. For all data, Pox =4 mW, T =1.7K.
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FIG. 6: IX luminescence decay. (a,b) Decay of IX luminescence measured at the IX line energies 1.24-1.38 eV at short (a) and long
(b) delay times vs. voltage. This energy range corresponds to the IX state showing the long-range propagation (Fig. 2). For the
data in (a), the laser excitation pulse duration 7pus = 14 ns, period Tperioa = 60 ns, and edge sharpness ~ 0.5 ns and the signal
integration window 7,, = 6 ns. For the data in (b), to access the long delay times Tpyise, Tperiod, and 7,, are increased to 400, 1600,
and 200 ns, respectively. (c) IX luminescence decay times at short (points) and long (triangles) delay times derived from the data

(a) and (b), respectively. The IX luminescence is integrated over the entire heterostructure to increase the signal. For all data,
P =4mW, T =17K.
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FIG. 7: The layer pattern. Microscope image showing the
layer pattern of the device on an area larger than in Fig. 1b.
Scale bar is 10 um. The green, red, yellow, cyan, and orange
lines indicate the boundaries of WSe, and MoSe, monolayers,
graphene gate, and bottom and top hBN layers, respectively.

APPENDIX C: OPTICAL MEASUREMENTS

In the cw experiments, excitons were generated by a
cw HeNe laser with excitation energy E.x = 1.96 eV. Lu-
minescence spectra were measured using a spectrome-
ter with resolution 0.2 meV and a liquid-nitrogen-cooled
CCD. The laser was focused to a spot size ~ 3.5 um.
The IX luminescence decay time was measured using
a pulsed semiconductor laser with Eox = 1.96 €V, the
emitted light was detected by a liquid-nitrogen-cooled
CCD coupled to a PicoStar HR TauTec time-gated inten-
sifier. The experiments were performed in a variable-
temperature 4He cryostat.

APPENDIX D: THE HETEROSTRUCTURE FABRICATION
AND CHARACTERIZATION

The studied van der Waals heterostructures were
assembled using the dry-transfer peel-and-lift tech-
nique [76]. In brief, individual crystals of graphene,
hBN, MoSe;, and WSe, were first micromechanically ex-
foliated onto different Si substrates that were coated with
a double polymer layer consisting of polymethyl glu-
tarimide (PMGI) and polymethyl methacrylate (PMMA).
The bottom PMGI was then dissolved with the tetram-
ethylammonium hydroxide based solvent CD-26, caus-
ing the top PMMA membrane with the target 2D crystal
to float on top of the solvent. The PMMA membrane
functions both as a support substrate for transferring
the crystal and as a barrier to protect the crystal from
the solvent. Separately, a large graphite crystal was ex-

foliated onto an oxidized Si wafer, which later served as
the bottom electrode. The PMMA membrane support-
ing the target crystal was then flipped over and aligned
above an atomically-flat region of the graphite crystal
using a micromechanical transfer stage. The two crys-
tals were brought into contact and the temperature of the
stage was ramped to 80° C in order to increase adhesion
between the 2D crystals. Then, the PMMA membrane
was slowly peeled off leaving the bilayer stack on the
wafer. The procedure was repeated leading to a multi-
crystal stack with the desired layer sequence. No inten-
tional sample doping was done, however, unintentional
n-type doping is typical for TMD layers [76]. The thick-
ness of bottom and top hBN layers is about 40 and 30
nm, respectively. The MoSe; layer is on top of the WSe,
layer. The long WSe; and MoSe; edges reach ~ 30 and
~ 20 um, respectively, that enables a rotational alignment
between WSe, and MoSe; monolayers. The twist angle
00 = 0.5+ 0.8°. The value of 60 is estimated from the
angle between the long WSe, and MoSe; edges (Figs. 1b
and 7). The results and discussion in this work apply to
both R and H (AA and AB) stacking, therefore we did not
verify stacking in the sample. Our work shows that the
long-range IX propagation can be realized in principle in
TMD heterostructures with the predicted strong moiré
superlattice potentials. The studies of sample statistics
and, in particular, verifying the role of the rotational
alignment between crystals on the IX propagation, is the
subject for future works.

Photolithography was employed to define contact re-
gions to graphene and graphite crystals, which followed
by metal evaporation of electrical contacts (10 nm Ti /
300 nm Au). Lift-off and sample annealing were per-
formed by immersing the lithographically patterned
sample in Remover PG, an N-Methyl-2-pyrrolidone
(NMP) based solvent stripper, at 70° C for 12 hours.

Figure 7 presents a microscope image showing the
layer pattern of the device on an area larger than in
Fig. 1b. The layer boundaries are indicated. The
hBN layers cover the entire areas of MoSe;, WSe;, and
graphene layers so that there is no short electrical con-
nection between either the top or the bottom gate and
the MoSe; and WSe; layers of the heterostructure.

The voltage was applied to the graphene top gate, the
graphite back gate was grounded. The leakage current
across the device in the on state reached ~ 0.7 nA at the
highest voltage (15 V) and excitation power (4 mW) in
the experiment.

Luminescence spectra for an extended spectral range
including the DX luminescence are presented in Fig. 8.
Figure 8 shows the spectra under the graphene gate,
on the source, and drain parts of the structure at gate
voltages corresponding to the on and off states of the
excitonic transistor.

The luminescence spectra of propagating IXs are
shown in Fig. 9 for different laser powers Pex. The IX
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FIG. 8: Luminescence spectra for an extended spectral range. Luminescence spectra for an extended spectral range including
the DX luminescence for excitation in the source (a-c), gate (d-f), and drain (g-i) at x = 1,4, and 9 um, respectively, measured in the
source (a, d, g), gate (b, e, h), and drain (c, f, i) at x = 0,4, and 9 um, respectively, for gate voltages V, = 0 and 10 V corresponding
to the off (black) and on (red) state of the excitonic transistor. Pe, = 0.05 mW, T = 1.7 K.
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FIG. 9: Excitation power dependence. Luminescence spectra
of propagating IXs at x = 10 ym for P., = 0.05,0.25, and 4 mW.
Excitation spotisatx=0,V, =10V, T =17 K.

luminescence intensity increases and the spectrum shifts
to higher energies with increasing Pe, (Fig. 9). An inten-
sity increase and spectrum shift to higher energies are
also presented in Fig. 3 and discussed in Section II.

The luminescence profiles of propagating IXs are
shown in Fig. 10 for different temperatures. The IX prop-
agation length presented by the 1/e decay distance d/,

e
-
!

Intensity (a.u.)

FIG. 10: Temperature dependence. Normalized profiles of
luminescence of propagating IXs along y =0at T = 1.7,20,40,
and 50 K. Dot-dashed line, which shows a normalized profile
of DX luminescence in MoSe; at 50 K, presents the limit for the
excitation spot extent. Dashed lines show exponential signal
reduction with 1/e decay distance dy, = 8,9, and 5 um. V, =
10V, Pe = 4 mW.

reduces with increasing temperature (Fig. 10). A reduc-
tion of IX propagation with increasing temperature is
also presented in Fig. 4 and discussed in Section III.
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