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We report on the spatial coherence of interlayer exciton ensembles as formed in MoSe,/WSe,
heterostructures and characterized by point-inversion Michelson-Morley interferometry. Below 10 K, the
measured spatial coherence length of the interlayer excitons reaches values equivalent to the lateral
expansion of the exciton ensembles. In this regime, the light emission of the excitons turns out to be
homogeneously broadened in energy with a high temporal coherence. At higher temperatures, both the
spatial coherence length and the temporal coherence time decrease, most likely because of thermal
processes. The presented findings point towards a spatially extended, coherent many-body state of

interlayer excitons at low temperature.
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In the rapidly growing family of two-dimensional
materials, many-body excitations of charge carriers play
an essential role in describing the emergent quantum
phenomena in the atomistic materials with ultimately
confined dimensions in one direction and a low dielectric
screening [1]. Particularly, van der Waals heterostructures
of semiconducting two-dimensional materials, such as
MoSe, and WSe,, are ideal systems to study the many-
body phase diagram of interlayer excitons (IXs) [2,3]. The
latter are Coulomb-bound electron-hole pairs, where the
electron is situated in one layer and the hole in the other
layer of a heterostructure. Such excitons are composite
bosons and turn out to exhibit a large exciton binding
energy of several hundreds of meV, long photolumines-
cence lifetimes exceeding the thermalization timescales,
and a possible gate-tunable interlayer hybridization [4-8].
In order to experimentally verify the emergence of a
spatially extended quantum many-body state, the exciton
ensembles have to comprise mobile particles such that each
exciton can interact, e.g., via dipole-dipole interactions
with other excitons in the ensemble [2,3,9,10]. The
corresponding free expansion of excitons has been proven
for IXs in several geometries and heterostructures [11-16].
Recently, it was demonstrated that IXs can show an
enhanced temporal coherence time, i.e., a reduced spectral
linewidth in the predicted degeneracy limit where the
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excitons are supposed to coherently interact with each
other [17]. However, it was pointed out in several reports on
many-body exciton ensembles [17-24], that it is required to
demonstrate the extended spatial coherence of the excitons
as an evidence of a coherent many-body state. In this Letter,
we demonstrate that the spatial coherence length of IXs in
van der Waals MoSe,/WSe, heterostructures can reach
values equal to the spatial expansion length of the exciton
ensembles, when measured in the few Kelvin regime. Our
results open the pathway for quantum technological devi-
ces based on coherent exciton ensembles with the pos-
sibility to integrate them in laterally patterned, logical
circuits [25,26].

The investigated samples consist of stacked hetero-
bilayers of MoSe, and WSe, monolayers in an H-type config-
uration encapsulated in hBN [Fig. I(a)]. Corresponding
photoluminescence spectra show a single Lorentzian emis-
sion peak at Erx = 1.389 eV (4;x = 892.6 nm) at low
excitation powers and temperatures [Fig. 1(b)], as consistent
with [17,27]. The luminescence can be interpreted to stem
from IXs where the electron (hole) is situated in the MoSe,
(WSe,). The narrow Lorentzian emission line persists down
to the lowest investigated excitation powers without separat-
ing into distinct lines, and it features a lifetime of several tens
of ns. In turn, we interpret the IXs to occupy the lowest
excitonic energy state of the corresponding composite-boson

© 2023 American Physical Society
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FIG. 1. (a) Sketch of a MoSe,/WSe, heterobilayer encapsu-
lated in hBN. (b) Photoluminescence spectrum of corresponding
interlayer excitons (IXs) with an emission energy of Ejx =
1.389 eV (A4)x = 892.6 nm) at Ty, = 1.7 K (Ejpger = 1.94 eV
and P = 2 pW). Inset: spatially resolved photoluminescence
image of the sample at P, = 3 pW. Scale bar, 1 pm. Dotted
circle: measured point spread function (PSF) of the optical
circuitry at Arx. (c) Concept of the point-inversion Michelson-
Morley interferometry. (d) Four exemplary interference images of
the photoluminescence image as in the inset of (a) vs the path
difference s = 2A. (e) Corresponding spatially resolved coher-

ence image |g(") (x,y)|.

ensemble. The inset of Fig. 1(b) shows a spatial image
of the excitonic photoluminescence /(x, y) vs the coordinates
x and y. A clear photoluminescence signal is detected several
hundreds of nanometers beyond the measured point spread
function (PSF) at 4;x, which amounts to (899 + 18) nmin the
utilized optical circuitry (cf. dotted circle). As a result,
we infer that the imaged long-lived IXs propagate hundreds
of nanometers within the plane of the studied hetero-
bilayer [11-16].

We perform a point-inversion Michelson-Morley inter-
ferometry to characterize the spatial and temporal coher-
ence of the excitonic photoluminescence. Starting points
are spatially homogeneous photoluminescence images
[inset of Fig. 1(b)]. In the interferometer, a centered
50/50 beam splitter distributes the incoming photolumi-
nescence equally into the two arms [Fig. 1(c)]. In one of
them, a three-sided retroreflector point inverts the image,
ie., I;(x,y) = I,(—x,—y), while in the second arm, a
plane mirror reflects the image, I,(x,y) — I,(x,y). Both,
the point-inverted and the unchanged image pass the beam

splitter again and interfere with each other in the detection
path. The superposition is finally detected and reveals the
spatial interference relative to the inversion center [28]. We
utilize a piezostepper to move the mirror in the second arm
by a distance A, which introduces an optical path difference
s = 2A and a time delay 7 = s/c between the two paths
(with ¢ the speed of light). For each s, we observe
interference fringes with a period consistent with the
exciton emission wavelength A;x. Figure 1(d) shows such
interference images for s = —0.44, —0.07, +0.14, and
40.43 pm. Per x and y coordinate of the original image,
the detected intensity is described as [29]

I(r,x,y) =1+ I, +2-\/1,(0,—x, —y) (7. x, y)

2
g (z,x,y) cos (/1—” cr), (1)

1X

with ¢!)(z,x,y) the normalized first-order correlation
function given by

(g y) = O —x—y) E*(z.x.y)
g (7, x,y) S0 =) (2)

and E = E(z, x, y) the electric field and E* = E*(z, x, y) its
complex conjugate of the interfering photons. In turn,
images such as in Fig. 1(d) allow us to determine
lg") (z,x,y)|, which is proportional to the visibility of
the interference. The latter is limited by the ratio of
the light intensities in the two interferometer arms to
2-[\/I,1I,/(I, + I,)], which we calculate to be 0.98. The
limit stems from the fact that the retroreflector in the first
arm of the interferometer has a slightly reduced total
reflectance compared to the mirror in the second arm.
All presented values of |g!")(z, x, y)| are normalized to this
technical limit.

The first-order correlation function implies the temporal
coherence time of the excitonic photoluminescence, when
the time delay 7 is varied for x = y = 0. Namely, a variation
of the optical path difference in the center of the PSF, i.e.,
the central pixel of the detection spot, introduces the
necessary temporal offset between the interfering photo-
luminescence images. We write |¢(V)(7)| = [¢V) (7, x =
0,y = 0)| and plot |¢(")(z)| vs s and therefore 7 (Fig. 2).
As expected, for 7 =0, |g!")(7)| reaches the maximum
value as in Fig. 1(e). Fitting the data with an exponential fit
(dashed lines), we determine the maximum to be |¢(!)(z =
0)| = 0.76 £ 0.02 (=76%), and note that for an excitation
at lower power, a value of 88% is observed, as discussed
below. The full width at half maximum (FWHM) of the
data in Fig. 2 is 7. = (223 + 6) fs, which is the temporal
coherence time of the excitonic photoluminescence. The
Lorentzian shape of the investigated photoluminescence
spectra, as in Fig. 1(b), warrants the use of the exponential
fit in Fig. 2 [29]. For the spectrum underlying the
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FIG. 2. Normalized first order correlation function |¢")(z)| =
lg(z,x =0,y =0)| as in Fig. 1(e) for x=0, y =0, as a
function of s and therefore, = = s/c, with ¢ the speed of light.
The full width at half maximum (FWHM) of |¢(")(7)| gives the
temporal coherence time 7, = (223 +6) fs. The exponential
curves fit the data as expected for a purely homogeneously
broadened light emission. All experimental parameters as in
Fig. 1(e).

measurement of Fig. 2, the energetic photoluminescence
linewidth is (5.60 4 0.04) meV. In turn, a 7. of (235 +
17) fs is expected, which agrees with the experimentally
determined value in Fig. 2. Correspondingly, the excitonic
photoluminescence such as in Fig. 1(b) fulfills the Wiener-
Khinchin theorem for a homogeneously broadened emitter
[29]. We note that our finding on the temporal coherence
time is consistent with an earlier report on similar
MoSe,/WSe, heterobilayers [17].

Generally, the coherence of exciton ensembles is affected
by photo-induced local heating effects and the impact of
hot charge carriers and extra excitons [30]. Moreover, a

(@) _ (b)

continuous laser excitation permanently induces coherence
and enhances the interferometric visibility of the exciton
photoluminescence. We therefore use a pulsed laser exci-
tation and detect the excitonic photoluminescence images
at a delayed time, such that the laser is turned off and the
mentioned extrinsic effects are minimized. Figure 3(a)
depicts the total emission of a photoluminescence image,
such as the one in the inset of Fig. 1(b), as a function of the
time delay after the laser excitation. The image is spectrally
integrated in the range 1.378 eV < Ejjon < 1.442 €V,
with Eypoon the photoluminescence energy, such that only
the exciton emission at Erx = 1.389 eV is detected. The
dashed line in Fig. 3(a) is an exponential fit to the data
giving the photoluminescence lifetime to be (20.3 +
1.3) ns for the specific experimental parameters. For the
spatial coherence measurements, Fig. 3(b), we choose the
detection window with a width of 22.4 ns to start 6.4 ns
after the laser pulse. Within the detection window, we
determine [¢\") (z = 0, x,y = 0)| = |¢(!)(x)], i.e., along the
x coordinate of the excitonic photoluminescence images
[e.g., dashed line in Fig. 1(e)]. To do so, the optical path
difference 7 is symmetrically varied around zero:
—1.67 fs <7< +1.67 fs (—0.5 pm < s < +0.5 pm) and
corresponding interference images are analyzed. The
already introduced width of the temporal detection window
of 22.4 ns is chosen to achieve a high enough signal-
to-noise ratio for this analysis. Figure 3(b) depicts the
corresponding |¢(") (x)| for several laser powers. For each,
we fit |g!!)(x)| with a Gaussian function [dashed lines in
Fig. 3(b)] to reveal the FWHM, which is the spatial
coherence length x, of the excitonic emission. Figure 3(c)
compares x. to the PSF for several laser powers. For
Piaser = 200 nW, we measure a spatial coherence length of
x. = (1.6 £ 0.3) pm, which significantly exceeds the mea-
sured PSF (dotted line), while for high excitation powers,
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FIG. 3.

(a) Time-resolved photoluminescence of IXs at Eyy = 1.389 eV. After the laser is turned off, the photoluminescence decays

exponentially with a lifetime of (20.3 + 1.3) ns (dashed line). For the interference experiments, the signal is detected during a time
window of 22.4 ns at a time delay of 6.4 ns after the laser is turned off. (b) |¢(")(x)| of the signal within the detection window of (a) for
several laser powers vs the spatial coordinate x, i.e., |g!") (x)| = [¢{")(z = 0,x,y = 0)| as highlighted by the dashed line in Fig. 1(e).
Dashed lines are Gaussian fits to the data to extract the FWHM of the spatial distributions, which is the spatial coherence length x..
(c) Dependence of x. on Pj,.,. At lowest power, x,. exceeds the PSF of the optical circuitry, while for high powers, x, is consistent with
the PSF. Dotted (dotted-dashed) line: PSF at A;x (at the excitation wavelength). Inset: ratio of x,. to the FWHM [, of the overall spatial
photoluminescence images [cf. inset of Fig. 1(b)].
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the data are well described by the PSF. We tentatively
explain the decrease of the spatial coherence for high laser
powers by the increasing influence of exciton-exciton
interactions, e.g., with excitons at higher kinetic energies
in the exciton ensembles [32]. For even higher powers,
further exciton transitions at higher emission energies
eventually start to dominate the photoluminescence spectra
(data not shown, since already discussed in [17] on other
samples).

In order to compare the spatial coherence length x,. to the
lateral expansion of the IXs, we determine the spatial
expansion of the excitons by fitting the spatial photo-
luminescence images, such as in the inset of Fig. 1(b), with
two-dimensional Gaussian distributions and define their
isotropic FWHM as the excitonic expansion length /p.
Plotting the ratio of x,. vs [ [inset of Fig. 3(c)], we observe
that for the lowest investigated power of 200 nW, x,. reaches
the value of the spatial expansion of the exciton ensemble
within the plane of the MoSe,/WSe, heterobilayer. For
high laser powers, the ratio decreases to ~0.2, which can be
explained by a transition from a spatially coherent to an
incoherent IXs ensemble.

In Fig. 4, we discuss the temperature dependence
of the exciton dynamics. Figure 4(a) depicts the
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FIG. 4. (a) Photoluminescence spectra of IXs for Ty, =
1.7,4,...,14 K. (b) Normalized |¢\")(7)| for Ty, = 14 (gray)
and 1.7 K (black). (c) Temporal coherence time 7, vS T,q,. Gray
dashed line is a guide to the eye. (d) Spatial coherence length x,.
VS Tpan- Time delay: 19.2 ns and time window of 16 ns. Dotted
line (dotted-dashed line) is the PSF at Ax (at the excitation
wavelength). Experimental parameters are Ej = 1.94 eV
and Pj,e, = 400 nW.

photoluminescence spectra for an increasing temperature.
Above 10 K, the intensity decreases significantly, while
|g"") (7)| deviates from the Lorentzian profile approaching a
Gaussian one, and it is not described by double-exponential
curves as for below 10 K [Fig. 4(b)]. We note that for the
data of Fig. 4(b), |¢'")(z)| reaches 0.88 + 0.03 (88%). The
apparent difference to Fig. 2 is explained by a lower
excitation power and in turn, by a reduced impact of
excess energy at the excitation spot [3 pW in Fig. 2 vs
400 nW in Fig. 4(b)]. Figure 4(c) shows the extracted 7, vs
Tan at this power. For low temperatures, 7. reaches a value
of up to 370 fs. We detect this maximum when the laser is
“on” and again, for a low laser power. The value mono-
tonically decreases for the detection being delayed with
respect to the laser irradiation (not shown). The gray dashed
line in Fig. 4(c) is a guide to the eye. Last but not least,
Fig. 4(d) depicts x,. vs T,4, again analyzed for a detection-
window when the laser is “off.” Within the given uncer-
tainty of the interferometric method, x,. decreases and
approximates the PSF for high temperatures, as will be
discussed in the following.

Generally, the investigated IX ensembles exhibit spa-
tially homogeneous photoluminescence images [inset of
Fig. 1(b)], where the photon emission exceeds the spatial
extent of the measured PSF by several hundreds of nano-
meters. In turn, we infer that at least, a subensemble of the
IXs is mobile [11-16]. Significantly, x. matches [, at
low excitation power [inset of Fig. 3(c) and [30]].
Correspondingly, localization phenomena do not seem to
hinder the presented spatial coherence phenomena in the
investigated regime [33,34]. We estimate the exciton
density to be as high as ~10'" cm™2, suggesting that the
exciton ensembles are degenerate below 10 K [17]. As a
result, we assume the underlying exciton expansion to be a
quantum mechanical percolation process within the two-
dimensional potential landscape [35]. As far as 7. is
concerned, its maximum reaches a value of 7.~ 370 fs
at low temperature [Fig. 4(c)], which is consistent with
[17,36]. Tentatively, we interpret this fast process by a
possible momentum and energy transfer during the photon-
emission process, because in our current understanding, the
IXs are very likely indirect in momentum space [33,37],
and every scattering event of the excitons (whether the
emission of a photon is involved or not), results in a loss of
coherence. Once a photon is emitted, processes such as
exciton-phonon scattering lead to a constant refill of the
empty states which were emitting into the light cone.
However, since the light cone covers only a small energy
range, the overall refill mechanism occurs on a longer
timescale (ns), since, e.g., acoustic phonons need to be
involved. Therefore, the photoluminescence decays on a
much slower timescale of a few tens of nanoseconds
corresponding to the exciton lifetime [36]. As far as the
involved processes are concerned, for low temperatures, a
coupling to an underlying low-lying collective excitation of
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the exciton ensembles is reasonable [37,38], while for
higher temperatures, a thermally activated momentum
transfer via phonons is probable. Consistently, above
10 K, we observe that |g!!)(7)| can be fitted by Gaussian
curves expressing an inhomogeneous broadening [Fig. 4(b)]
[29] and that 7, decreases [Fig. 4(c)]. Both findings suggest
that the IXs are in a thermal regime with significantly
reduced coherence at elevated temperatures. Figure 4(d)
shows x. vs Ty,,. We restrict ourselves to the range of
1.7 K < Tpun < 11 K, because above 10 K, the photo-
luminescence amplitude significantly drops [Fig. 4(a)] and
the light emission is increasingly inhomogeneously broad-
ened. For 1.7 K < T < 11 K, x,. decreases [Fig. 4(d)]
most likely because of the increased influence of thermally
activated processes. At higher temperatures, the noise
appearing for x, increases because of the reduced photo-
luminescence amplitude [cf. Fig. 4(a)], but the PSF is the
natural limit of x. for higher temperatures [Fig. 4(d)]. So far,
we compared the data to the PSF at A4;x which amounts to
(899 £+ 18) nm [dotted lines in Figs. 1(b), 3(c), and
4(d)], measured as a convolution of the excitation and
detection path at this wavelength. The similarly measured
PSF at the utilized excitation wavelength of 639 nm is
(779 £ 18) nm [dashed-dotted line in Figs. 3(c) and 4(d)]. In
turn, we can expect that the excitation spot is on the order of

550 nm (~779 nm/ \/i). Consistently, the data in the
presumably incoherent regime at high laser power and/or
high temperatures lie in-between the two mentioned PSFs
[cf. Figs. 3(c) and 4(d)].

Future studies might resolve the transition to single
excitons at even lower excitation powers, as was done for
IXs in IMI-V semiconductor double quantum wells [25],
and the impact of exciton-exciton and exciton-phonon
interactions on the spatial coherence at higher densities
and/or lower temperatures in combination with the bosonic
and fermionic aspects of interactions [34]. Moreover, the
high interference visibility of the IX ensembles is compa-
rable to the one reported for exciton-polaritons in similar
heterobilayers (~80% in [28]). In turn, our results suggest
the general feasibility of quantum devices based on
spatially confined coherent exciton ensembles interacting
coherently with photons [12,25,26]. Lastly, for an exper-
imental evidence of an exciton condensation in the
momentum space, back-focal plane imaging seems
to be suitable, however, at temperatures significantly below
1 K [27], which is beyond the scope of the current study.

In summary, we show that the photoluminescence of IXs,
as formed in heterobilayers of MoSe, and WSe, monolayers
can exhibit an extended spatial coherence length exceeding
the PSF of the utilized optical circuitry below 10 K. The
spatial coherence length reaches the spatial extent of the
exciton ensemble in the investigated regime, and it decreases
to the PSF for increasing laser intensities and/or temper-
atures. The photoluminescence of the coherent exciton
ensemble turns out to exhibit a temporal coherence time

of several 100s of femtoseconds and a high interference
visibility. We determine the temperature dependence of both
the temporal coherence time and the spatial coherence
length, suggesting that above 10 K thermal processes start
to dominate the exciton interactions fostering the transition
to a nondegenerate exciton gas.
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