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Moiré superlattices in van der Waals materials have emerged as a promising
platform for studying the correlated states in condensed matter physics. These
correlated states have substantial effects on the emission coherence, an
important parameter for quantum light applications. However, the effect of
correlated states on the excitonic emission coherence is largely unexplored.
Here, we show that the coherence of moiré interlayer exciton emission in
tungsten diselenide (WSe,)/molybdenum disulfide (MoS,) heterobilayers is
sensitive to the correlated insulating states in this material. We demonstrate
that the emission linewidth of interlayer exciton shows a dip at a particular
power range, which we attributed to the excitonic (bosonic) interaction.
Moreover, such linewidth minima also appear in the doping dependence of the
photoluminescence spectrum at the integer electronic filling factor, fo; = 1,
demonstrating the effect of the electronic (fermionic) correlated insulating
state on the interlayer exciton emission coherence. Our results demonstrate
the richness of exciton-exciton and exciton-electron interactions in moiré
semiconductors and pave the way for engineering emission coherence by
controlling such interactions.

Understanding the impact of correlated states of particles on mate-
rial properties is a crucial step in advancing solid-state devices".
Correlated states occur when the behaviours and properties of
multiple particles, including fermions (e.g., electrons) and bosons
(e.g., excitons (bound electron-hole pairs)), are interdependent.
These states are related to many fascinating phenomena, including
superconductivity>* and correlated insulators™®.

One notable consequence of particle correlation is that their
emission will be correlated or synchronized. This behaviour modifies
the overall coherence of the total emission from the material’*. Hence,

by examining the coherence of the emitted light” ™2, we can directly
probe the particle correlation unambiguously. Coherence is also an
important figure of merit for many applications, including laser and
quantum light sources. Hence, it is crucial to understand the connec-
tion between coherence and correlated state in solid-state physics.
One of the promising platforms for performing such a study is the
semiconductor two-dimensional (2D) moiré superlattice based on
transition metal dichalcogenide (TMD)"". The in-plane moiré super-
lattice is formed by the interference pattern resulting from the inter-
action between two or more stacked monolayer TMD materials. The
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localization induced by this superlattice can result in flat bands™?°,
enhancing the effect of the particle correlation on the material
behavior?*%. Moreover, the doping and electric field in the 2D material
can be controlled precisely using electrical gating®, enabling the study
of correlated behaviour in a large range of particle density and electric
field**?. This versatility makes it a promising tool for the quantum
simulation of correlated states, including the effect of correlated states
on emission coherence.

Here, by performing excitation power, temperature, and doping
dependence study, we experimentally demonstrate the effect of cor-
related state on the coherence of interlayer exciton (IX, i.e., bound
electron-hole pair with electron and hole located in different layers)
photoluminescence (PL) emission in WSe,/MoS, heterobilayer. From
the power-dependent PL spectrum and coherence time measurement,
we find that the IX PL spectrum linewidth decreases while its coher-
ence time increases within a particular power range, indicating the
effect of excitonic interaction’*™, The observed linewidth dip persists
until a temperature of 50 K, above which the phonon-induced scat-
tering suppresses the linewidth reduction. The linewidth reduction is
also observed when the carrier doping, instead of excitation power, is
increased until the linewidth reaches the minimum value at the filling
factor fo; =1, i.e., one electron has been added to each moiré cell. These
findings demonstrate the effect of excitonic and electronic correlation
on the IX emission coherence.

Results

Device structure and conceptual overview

The device structure is shown in Fig. 1a, while the optical image of the
fabricated device (Device 1) is shown in Fig. 1b (see Methods for the
fabrication detail). We adopt the dual capacitor structure, allowing
carrier doping control by gate voltages. The heterobilayer consists of
monolayer WSe, stacked on monolayer MoS,. The MoS, and WSe, are

a

Top gate

hBN

WSe2

GroImd hBN

Bottom gate

c Moiré IX

Quasiparticle
lattice

Fig. 1| Device structure and theoretical physics picture. a Device structure. The
black, blue, purple, and green layers indicate graphite electrodes, hBN, WSe,, and
MosS,, respectively. One voltage source (V) is connected to both electrodes to
control the carrier doping. b Optical image of the fabricated device (Device 1). The
solid line illustrates the heterostructure region. The dotted lines illustrate the
graphite region as top gate, bottom gate and ground. The scale bar is 10 pm.

I Interaction

connected to a common electrical ground. The second harmonic
generation (SHG) signal (Supplementary Fig. Sla) in the hetero-
structure region is suppressed, indicating that the stacking is closer to
AB (i.e., a 60° twist angle) stacking®™. By performing polarization-
resolved SHG (Supplementary Fig. S1b), we determine that the twist
angle is close to AB stacking within +1°. The heterobilayer is placed
between two dielectric hexagonal boron nitride (hBN) layers, each with
a thickness of around 11 to 12 nm (Supplementary Fig. Sic). The top and
bottom graphite electrodes sandwich the hBN layers, completing the
capacitor structure. One voltage source (V) is connected to both
electrodes for controlling carrier doping.

Due to the different lattice constant between MoS, and WSe,, a
moiré superlattice is created even well-aligned”*. The superlattice
potential induces not only electron localization but also exciton
localization®*, creating multiple moiré IX energy levels (Fig. 1c)*"*., The
interaction between the moiré IX and the moiré-induced quasiparticle
lattice (i.e., either electron or exciton lattice) can affect the moiré IX PL
emission”>"** such as the coherence (Fig. 1d, e). Our particular
interest is the effect of the superlattice on the high energy moiré IXs.
These moiré IXs are less confined compared to the low-energy IX.
Hence, they are more affected by the surrounding environment. Thus,
their emission properties, including the linewidth and coherence, are
expected to be sensitive to correlated states involving multiple
particles.

Enhanced IX coherence via IX-IX interaction

We then study the evolution of the PL spectrum when the excitation
power is varied (Fig. 2a). At high enough excitation power (above
8 uW), we observed the emergence of the high-energy IX peak (label-
led as P2), whose emission dominates the PL signal at higher power
(above 34 puW). Similar results are obtained from another bilayer
sample (Supplementary Fig. S2a). Power dependence of the PL

d Low coherence

c lllustration of interaction between moiré interlayer exciton (IX) and moiré-
induced quasiparticle lattice. The linewidth of the high-energy moiré IX can be
affected by the interaction. d, e A schematic of moiré IX emissions in low coherence
(d) and high coherence (e). The temporal coherence of the moiré IX is affected by
the correlated states. The different coloured arrows illustrate the IX emissions at
different energies.
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Fig. 2 | Temporal coherence probing of excitonic interaction. a Power-
dependent IX photoluminescence (PL) spectrum from Device 1. The low- and high-
energy moiré IXs are labelled as P1 and P2, respectively. b Linewidth vs excitation
power for P2 emission. Inset: fitted PL spectrum under 730 nm 34 pW excitation.
c Coherence time vs excitation power of the P2 emission. Inset: temporal coherence
measurement setup. The arrowed lines show the two paths taken by the light. In
(b, ¢), the symbols are the measured values, and the shaded area represents the
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coherence time uncertainty. The line is the guide for the eye. d Schematic of
inhomogeneous broadening reduction by IX-IX repulsion. The dashed grey and
solid black lines are the disorder potential at zero and finite IX density, respectively.
The disorder potential is screened by the increasing IX density at a higher power.
The red and white circles labelled as ‘e’ and ‘h’ represent the electron and hole,
respectively.

spectrum under different excitation wavelengths also shows a similar
behaviour (Supplementary Fig. S3). More discussion on the origin of
the P2 emission is given in Supplementary Note 1.

In this study, we focus on the high-energy P2 emission. Figure 2b
shows the power-dependent linewidth of the P2 emission obtained
from two-peak Gaussian fitting of the PL spectra (see inset of Fig. 2b for
the fitting result at 34 pW). The P2 linewidth decreases from 19.3 meV
at-34 pWto 17.6 meV at ~-110 pW, resulting in a linewidth dip at the 100
to 150 pW power range. Such behaviour is also observed from a dif-
ferent excitation location (Supplementary Fig. S4) as well as from
another sample (Supplementary Fig. S2b). To confirm the linewidth
narrowing of the P2 emission, we measured the coherence time of the
P2 emission (coming from the high-energy moiré IX decay) using a
Mach-Zehnder interferometer setup with an installed delay line in one
of the arms (see inset of Fig. 2c). Optical filters were applied before the
interferometer to select the P2 emission (see Methods for measure-
ment setup detail). We recorded the intensity as a function of the time
delay and extracted the coherence time for various excitation powers
(Supplementary Fig. S5). As shown in Fig. 2c, we observed a peak in the
power-dependent coherence time at the power range where the line-
width narrowing happens. Considering that the coherence time is
inversely proportional to the linewidth, such observation confirms the
linewidth narrowing at this power range.

The observation of the linewidth dip above can be understood by
considering the power dependence of the spectrum broadening. The
linewidth of the PL emission (wp) results from inhomogeneous and
homogeneous broadening*>**. Considering the IX long lifetime of -4 ns

(see Supplementary Fig. S6a for the time-resolved PL intensity), the IX

homogeneous linewidth is mainly affected by dephasing**** instead of
lifetime. Hence, wp. can be expressed as
Wp ~ \ wdep2 + winhz ’ (1)

where wy,, is the linewidth due to the dephasing process and w;y, is
the inhomogeneous linewidth.

Figure 2d illustrates the effect of IX density on the inhomoge-
neous broadening. The disorder potential induces a spatial variation of
the IX energy, resulting in inhomogeneous broadening of the PL
emission linewidth. As the power increases, the exciton population will
accumulate at the local minimum of the disorder potential. Con-
sidering IX-IX repulsion, such accumulation results in a larger blue shift
at the disorder minima location than the average blueshift. Conse-
quently, the linewidth becomes narrower with increasing power**.
However, the IX-IX repulsion also results in excitation-induced
dephasing®. This dephasing results in linear-in-density linewidth
broadening, which compete with the linewidth narrowing effect
described before. The combination of these two mechanisms results in
the linewidth dip observed in the experiment.

Temperature and power effects on IX linewidth

To further check the validity of this reasoning, we conducted a tem-
perature dependence study and compared the result with the theo-
retical model. Figure 3a shows the PL spectra at constant excitation
power (~100 pW) and temperatures varying from 5K to 72 K. The PL
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spectrum shows a redshift, which can be attributed to the
temperature-induced bandgap change. Figure 3b shows that the line-
width dip gets smaller with increasing temperature and eventually
disappears at 50K. This phenomenon can be understood by con-
sidering that the inhomogeneous linewidth reduction mechanism
relies on the IX accumulation at the disorder potential minimum,
which depends on IX density and mobility. For the 5K - 72K tem-
perature range, the IX density does not change much with tempera-
ture, as shown by the relatively similar PL intensity and the power
saturation curve in this temperature range (Supplementary Fig. S7).
Hence, the primary mechanism behind the temperature dependence is
IX mobility reduction with increasing temperature*’. We developed a
theoretical model considering the temperature dependence of the
moiré IX mobility (Supplementary Note 2). As shown in Fig. 3b, the
model fits the data well, further supporting the physical picture.

Enhanced IX coherence at correlated electronic state

Finally, we performed a gate (doping) dependence experiment to study
the effect of electron population on the IX linewidth, focusing on elec-
tron doping case. The gate dependence of the PL spectrum is shown in
Fig. 4a. We then extracted the peak energy and the linewidth of the P2
emission from these PL spectra. As shown in Fig. 4b, the linewidth shows
a dip, while the peak energy shows a peak at f,; = 1 (see Supplementary
Note 3 for discussion on charge density and filling factor). The linewidth
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Fig. 3 | Temperature dependence of linewidth reduction. a Temperature
dependence of the PL spectrum from Device 1. The excitation power used is
~100 pW. b P2 linewidth vs power at various temperatures. The dots and lines are

reduction at the integer filling factor suggests that the correlated elec-
trons affect the IX-IX interaction. This phenomenon can be understood
by considering the increase in IX PL intensity at integer filling factors
(see Supplementary Fig. S8). The intensified PL signal can be attributed
to a longer IX lifetime*, which in turn leads to a higher IX density even at
a constant excitation power. Considering the IX-IX interaction, the
increased IX density at f; = 1 results in a reduction in inhomogeneous
broadening and also contributes to IX energy blueshift. From the PL
measurement, we found that the P2 emission intensity is enhanced by
around 3 times at f, = 1. Based on the theoretical calculation, this
enhancement reduces the linewidth from 18.4 meV to 14.1 meV, which
agrees well with the experimental results shown in Fig. 4b. A similar
phenomenon is also observed in other integer electron filling factors
(see Supplementary Note 4). More discussion on the doping depen-
dence of the PL spectrum and linewidth, including the contribution of
the change in dielectric constant'*® and charge fluctuation, is given in
Supplementary Note 1 and 2.

Discussion

In summary, we have demonstrated the effect of excitation power and
electrical doping on the IX PL emission linewidth. By studying the IX PL
linewidth evolution, we have shown that the IX-IX interaction is
affected by both excitonic interaction and electronic correlation.
These results could be used to design nonlinear excitonic devices
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the data and the fitting with the theoretical model, respectively. The shaded area
represents the linewidth uncertainty obtained from the two-peak Gaussian fitting of
the PL spectrum.
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Fig. 4 | Temporal coherence probing of electronic correlation. a PL spectra at

various gate voltages at 21.7 pW excitation power from Device 1. b P2 peak energy
and linewidth vs gate voltage. At f,; = 1, the PL linewidth shows a dip while its energy
shows a peak behaviour. The symbols are the measurement results, and the shaded
area represents the parameter uncertainty obtained from two-peak Gaussian fitting
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of the PL spectrum. The lines are guides for the eye. ¢ Schematic of inhomogeneous
broadening reduction by correlated electronic state. The longer lifetime of IX at f
=1results in increased IX density, which in turn reduces the inhomogeneous
broadening.
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which can be controlled by both excitation power and electrical gating.
We show that it is possible to reduce the IX linewidth by utilizing
correlated states. Reducing the linewidth can reduce the coupling
strength required to reach lasing***° or the strong-coupling regime
between IXs and other quasiparticles (including other excitons and
photons)®, where strong nonlinear behaviour can be observed. Fur-
thermore, the gate tunability of the linewidth shows the possibility of
controlling the cross-over from linear to nonlinear regime using gate
voltages (see also Supplementary Fig. S10).

Our demonstration of the long-range IX-IX interaction effect on the
high-energy moiré IX opens possible optical manipulation of the higher-
energy moiré band. We note that the high-energy moiré IX becomes the
lowest IX energy level at electron full filling (see Fig. 4a). Our work shows
that the disorder effect on this IX can be minimized, which is beneficial
in realizing many-body excitonic state**™*, such as exciton Bose-Einstein
condensate. Additionally, compared to the low-energy IX, the high-
energy moiré IX is affected more by the higher-energy moiré bands.
Hence, utilizing the IX-electron interaction involving the higher-energy
moiré bands and the optical addressability of this IX, it could be possible
to detect and manipulate the topological properties of the higher-
energy moiré band optically. Such properties play a crucial role, for
example, concerning the non-Abelian anyon in moiré superlattices™.

Finally, our result of electrically tunable linewidth demonstrates
that exciton coherence in the high-energy moiré band is strongly
influenced by the correlated electrons in the lower-energy moiré band.
The interaction between multiple moiré IX and electronic bands can
lead to novel correlated states involving exciton and electron,
including quantum interference between these quasiparticles. While
here we focus on the PL linewidth, the rich exciton-exciton and
exciton-electron interaction can also affect the lineshape. For example,
it could be possible to electrically drive two different excitonic states
into a resonance condition, resulting in asymmetric Fano-like PL
lineshape® (see Supplementary Note 1 for more discussion). Our
finding shows that the coherence of IX emission is an indispensable
tool to uncover phenomena related to correlated excitonic (bosonic)
and electronic (fermionic) states in the 2D heterostructure.

Methods

Sample fabrication

Monolayers WSe, and MoS,, few-layer graphite (FLG), and thin hBN
were first mechanically exfoliated from their bulk crystal. Subse-
quently, we used a layer-by-layer dry-transfer technique to prepare
MoS,/WSe, heterostructures onto the SiO,/Si substrate with ultralow
doping Si. FLG was used to contact the heterostructure (as ground)
and top/bottom gates, and thin hBN (around 11 to 12 nm thick, see
Supplementary Fig. Slc) was used as the dielectric layers. The crystal
orientation of monolayer WSe, and MoS, was determined by the sharp
edge of samples®. We then annealed the samples under an ultrahigh
vacuum (around 107 mbar) at 200 °C for 3 hours.

CW and time-resolved PL measurements

All PL spectra under CW excitation and time-resolved PL measurements
were performed in a home-built confocal optical microscope in the
reflection geometry. The PL spectra were obtained by using a spectro-
meter (Princeton) with a liquid nitrogen-cooled charge-coupled device
(CCD) InGaAs photodetector (range: 800 nm-1600 nm). A 50x long-
work distance infrared objective lens (LCPLNSOXIR) with a spot size of
around 1um [numerical aperture (NA)=0.65] was used. The sample
temperature was cooled/controlled using a cryostat (Montana Instru-
ments and Attocube, Attodry 2100). A 726 nm pulse laser (source
FWHM < 80 ps with a maximum repetition rate of 80 MHz) was used for
time-resolved IX PL measurement, and a 730 nm CW laser was used for
obtaining PL spectra. An infrared superconducting single-photon
detector (SSPD, range: up to 1550 nm) was used as a photodetector
for time-resolved PL and photon count measurement. For energy- and

time-resolved PL measurement, a 950 nm long pass filter combined with
1200 nm short pass (for P1 emission measurement) or 1200 nm long
pass filters (for P2 emission measurement) were used to cut the signal.

Time-coherence measurement

The time coherence measurements were performed in a home-built
coherence system. An SSPD with a range of up to 1550 nm was used as a
photodetector.

SHG measurement
The SHG measurements were performed at room temperature. A pulse
laser from a Ti:Sapphire oscillator (Spectra Physics, Tsunami) with a
peak at around 880 nm, a repetition rate of 80 MHz, and a pulse
duration of 100 fs was used as the excitation source. The laser power
was around 0.8 mW.

Data availability

Relevant data supporting the key findings of this study are available
within the article and the Supplementary Information file. All raw data
generated during the current study are available from the corre-
sponding authors upon request.
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