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1. Introduction

We are engaged in fundamental and applied re-
search of nano-materials from a viewpoint of optics
and material science. Our research aims to explore
new physical and chemical phenomena leading to the
applications of novel nano-materials including carbon
nanotubes, layered transition metal dichalcogenides,
perovskites for the efficient utilization of light energy
and the development of future optoelectronic devices
with ultra-low energy consumption. The followings

are main the research achievements in the year of 2023.

1. Quantum Phenomena of Moiré Excitons in a
WSe2/MoSe: Heterobilayer

A quantum two-level system has garnered consider-
able attention in recent years due to its numerous po-
tential applications in the fields of physics, such as
quantum simulation, quantum computing, and quan-
tum information processing. The development of these
systems facilitates the construction and utilization of
quantum bits (qubits), which serve as fundamental
units for quantum computing and quantum infor-
mation. Resonant light-matter interactions, such as
Rabi oscillation, Ramsey interference, and Hahn ech-
oes enable the manipulation of quantum two-level sys-
tems by generating superposition states. However, the
superposition states of qubits suffer from the interac-
tion and fluctuation from the environment, resulting in
an accelerated decoherence process. This decoherence
process imposes a temporal limitation on the precise
manipulation of quantum systems, hindering their po-
tential applications.

Recent progress in artificial van der Waals (vdW)
structures, achieved by stacking atomically thin two-
dimensional (2D) materials, has opened up opportuni-
ties for designing novel quantum platform. vdW het-
erobilayer assembled from monolayers of semicon-
ducting transition metal dichalcogenides exhibited
various intriguing physical phenomena, including
strongly correlated insulator phases, superconductiv-
ity, and novel ferromagnetism. Moiré superlattices
with varying atomic registries in vdW heterobilayers
can be constructed using monolayer semiconducting
transition metal dichalcogenides with a small lattice
mismatch or twist angle. The resulting moir¢ superlat-
tice leads to the formation of periodic, ordered poten-
tial traps, confining and spatially organizing optically
generated bound electron—hole pairs (excitons) into
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Figure 1 (a) (b) Schematic of the concept in this study. Na-
noscale fabrication using reactive-ion etching enables to
obtain emissions from a single moiré exciton and the obser-
vation of its quantum coherence with Michelson interferom-
eter in MoSe2/WSe: heterobilayer. Designed pattern for
RIE (left) and the optical image of MoSe2/\WSe: heterobi-
layer with an array of nanofabricated structures (right) are
presented in (a). A SEM image of typical pillar is presented
in (b). The inner dotted circle shows a pillar with a diameter
of 240 nm corresponding to the optical excitation and ob-
servation area of moiré potential. Optical spectra from the
pillars are Fourier-transformed to temporal interferograms
using the Michelson interferometer. (c) PL spectra of
MoSe2/WSe; heterobilayers with various pillar sizes at 4 K.
(d) Integrated PL intensity and calibrated intensity of hetero-
bilayer as a function of pillar size.

periodic arrays of quantum two-level systems. The
trapped excitons in moiré potentials are expected to
exhibit long quantum coherence due to their limited
degree of freedom as 0D quantum systems; further-
more, coupling interactions can be formed between
spatially separated moiré potentials, leading to quan-
tum interference of emitted photons. These results es-
tablish moiré exciton quantum systems as not only a
promising platform for achieving extended coherence
but also an effective tool for exploring interactions
within or between quantum systems. However, exper-
imentally, important information on the quantum co-
herence and interference of moiré excitons in vdW
heterobilayers remains unexplored. This is due to the
overlapping of multiple emission peaks from moiré
excitons in their inhomogeneously broadened spectra,
hindering these intrinsic insights within the diffraction
limit of light. The experimental approaches of strain-
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induced exciton traps introduced by metallic nanopil-
lars in heterobilayers have been previously reported,
to observe spectra with discrete emission lines; how-
ever, the intrinsic properties of the moiré exciton sys-
tem might be inadvertently concealed due to the addi-
tional strain-induced effects.

Figures la and 1b illustrate schematics of the con-
cept using a nanostructure fabrication process, and ex-
perimental setup employed in this study. Nanoscale
fabrication using reactive-ion etching (RIE) enables
emissions from a single moiré exciton and the obser-
vation of its quantum coherence in the MoSe2/W Se:
heterobilayer. During usual optical measurements, ob-
taining clear spectrum from moiré excitonic states is
difficult due to the inhomogeneity of the moiré¢ poten-
tial, leading to ensemble-averaged and broadened
emissions comprising multiple peaks. This issue arises
because the focused laser light with a spot size of ap-
proximately 1.5 um is determined by the diffraction
limit of light, which excites a large number of moiré
potentials due to the much smaller spatial period of
moiré potentials. To address this, in the microfabrica-
tion process, we applied a nanoscale fabrication tech-
nique to reduce the optical excitation and detection
area of the MoSe2/W Se: heterobilayer with a nano-pil-
lar structure. The nanofabricated heterobilayer, with a
pillar size smaller than the wavelength of light, will
result in a reduced number of spectral peaks beyond
the diffraction limit of light. Thus, this approach al-
lows for the anticipated observation of emission from
a single moiré potential, enabling the revelation of the
quantum coherence of moiré excitons.

Figure Ic displays the photoluminescence (PL)
spectra of the nanostructure-fabricated MoSe2/WSe2
heterobilayer, measured at 4 K with varying pillar
sizes. In the heterobilayer with a pillar size of 500 nm,
the PL spectrum reveals an inhomogeneously broad-
ened ensemble average of multiple peaks from large
number of moiré excitons. This finding agrees with
previously reported results. The broadened spectrum,
characterized by a Gaussian distribution, arises from
the inhomogeneity of moiré potentials in the heterobi-
layer. As the pillar size decreases, the number of peaks
in the spectra significantly decreases. Consequently,
the PL spectrum of the heterobilayer with a 50-nm pil-
lar size reveals a singular emission peak from a moiré
exciton, attributed to the reduced number of moiré po-
tentials within the optical excitation and detection area
determined by the pillar size.

To obtain the information on the quantum coher-
ence, the first-order correlation function of emission
signals from a moiré exciton is measured using a Mi-
chelson interferometer. Figure 2a presents the counter
map of interferometry of the PL spectra as a function
of delay time at 4 K for an excitation power density of
14 W/cm?. The amplitude of the oscillation fringe be-
tween the maximum and minimum intensities gradu-
ally decreases with increasing delay time, indicating

E
2
]
£

Time (ps)

00 05 1.0 15 20
Delay time (ps)

128 134 140 146
Photon Energy (eV)

G

— 4K 14 Wiemd]

o o

o o o

S o o
! ! !

Intensity (a.u.)

04
T T T

T T
0.0 0.5 1.0 1.5 2.0
Delay time (ps)

Fig. 2 (a) Counter plot of the first-order correlation
function of PL signals as a function of delay time,
measured using the Michelson interferometer. (b) In-
terferogram of the moiré exciton peak in the time do-
main at 4 K in the excitation power condition of 14
W/cm?. (c) Decay profile of visibility in the interfero-
gram, with solid curve representing the fitted result of
the product of an exponential and a Gaussian func-
the process of decoherence, as presented by the tem-
poral interferogram in Fig. 2b. Figure 2c shows the
visibility as a function of delay time from Fig. 2b.

The visibility as a function of delay time, corre-
sponds to the Fourier transform of the emission spec-
trum, with the convolution result of extrinsic inhomo-
geneous and intrinsic inhomogeneous linewidth, in
form of Lorentz and Gaussian functions, respectively.
Consequently, the delay time-dependent visibility in
Fig. 2c can be modeled by the product of exponential
and Gaussian functions. The fitted result by the model
function of Lorentz and Gaussian functions well re-
produce the experimental results of visibility as a
function of delay time. With consideration of
the energy relaxation lifetime, the population relaxa-
tion process hardly contributes to the dephasing pro-
cess. As a result, pure dephasing time of this position
is evaluated to be 7.1 ps, corresponding to a homoge-
neous linewidth of 184 peV. The long coherence of
moir¢ exciton revealed in this study offer potential ap-
plications of moiré¢ quantum systems in quantum tech-
nologies.
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