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Modern electronic devices are approaching their miniaturi
zation limits, necessitating innovative solutions through the 
integration of optical and quantum effects. Our research group 
focuses on atomic layer materials, particularly transition metal 
dichalcogenides (TMDs), which exhibit remarkable optical 
properties due to their single-atom thickness.

These materials possess direct bandgaps with strong light–
matter interactions and unique electronic properties stemming 
from their extreme two-dimensionality. By stacking different 
atomic layers through van der Waals forces, we can create 
artificial heterostructures. In these structures, excitons—bound 
pairs of electrons and holes generated by photoexcitation—
become spatially confined within periodic moiré potentials.

Our team has successfully observed exciton localization 
phenomena in WSe2/MoSe2 heterostructures induced by moiré 
potentials. Through detailed investigations of interlayer exci

ton formation and their optical responses, including circular 
polarization characteristics and quantum coherence measure
ments, we continue to elucidate the quantum states of moiré 
excitons. Currently, we are advancing this research by devel
oping nanofabrication techniques for atomic layer materials 
and precisely controlling light–matter interactions to explore 
novel optical phenomena and functionalities.

Figure 1.  Left: Schematics of nanofabrication process for atomic-
layer materials. Right: Visualization of quantum optical phenomena 
emerging from the engineered atomic-layer nanostructures.
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1.  Tailoring Exciton Dimensionality and 
Unveiling Prolonged Valley Polarization

Interlayer excitons (IXs) in twisted TMD heterostructures 
are a promising platform for novel optoelectronic devices. 
However, the moiré potential arising from the lattice mismatch 
often traps these IXs, forming zero-dimensional (0D) quantum 
emitters known as moiré excitons. While interesting for quan
tum optics, these localized states are less suitable for appli
cations like photodiodes or solar cells, which benefit from 
mobile two-dimensional (2D) excitons.

To address this, we demonstrated a strategy to tune the 
dimensionality of IXs in a MoSe2/WSe2 heterostructure. By 
inserting an atomically thin hexagonal boron nitride (h-BN) 
layer as a spacer, we effectively modulated the moiré potential 
landscape, thereby transforming the trapped 0D moiré exci
tons into 2D IXs. The transition was unambiguously con
firmed through systematic optical spectroscopy, which revealed 
a significant blue-shift in photoluminescence (PL) energy and 
a change from nonlinear saturation to linear power depend
ence of the PL intensity, a hallmark of the transition from a 
localized to a delocalized system. A remarkable feature of 
these engineered 2D IXs is their prolonged valley relaxation 
lifetime, which reaches up to 100 nanoseconds at low tem
peratures—orders of magnitude longer than the picosecond 
lifetimes typically observed in monolayer TMDs. This lon
gevity is attributed to the suppression of the electron–hole 
exchange interaction, a dominant valley depolarization mecha
nism, which is weakened by the spatial separation of the 
electron and hole across the h-BN spacer. Our findings provide 
an effective strategy to tailor exciton dimensionality and 
harness the long valley lifetime of 2D IXs for future opto-
valleytronic applications.

Figure 2.  Dimensionality control and valley polarization of interlayer 
excitons in a MoSe2/WSe2 heterostructure. The insertion of an h-BN 
spacer layer (center schematic) transforms 0D moiré excitons with 
sharp emission peaks (blue spectrum) into 2D excitons with broad 
emission (red spectrum). These excitons exhibit a unique optical 
response to circularly polarized light (σ+/σ−, bottom schematic), 
enabling long-lived valley polarization.

2.  Observation of Magnetically Switchable 
Nonlinear Photocurrents

The bulk photovoltaic effect (BPVE), which generates 
spontaneous photocurrents in non-centrosymmetric materials, 
offers a pathway to overcome the Shockley-Queisser effi
ciency limit of conventional solar cells. We investigated these 
nonlinear photoresponses in a vdW heterostructure that breaks 
both spatial inversion (P) and time-reversal (T) symmetry, 
composed of monolayer MoS2 and the layered antiferro
magnet CrPS4. At the hetero-interface, the broken P-symmetry 
gives rise to a spontaneous photocurrent under illumination, 
which we identified as a shift current.

More strikingly, we discovered that this photocurrent is 
highly sensitive to the magnetic state of the CrPS4 layer. The 
spontaneous photocurrent changed drastically below the Néel 
temperature of CrPS4 (~40 K), where it transitions into an 
antiferromagnetic (AFM) phase. This phenomenon is attrib
uted to the emergence of a “magnetic injection current,” a 
distinct nonlinear photocurrent that arises in systems with 
broken T-symmetry and is superimposed on the existing shift 
current. We further demonstrated that the net photocurrent can 
be actively switched with an external magnetic field, which 
triggers distinct magnetic phase transitions in CrPS4 (e.g., 
from canted-AFM to ferromagnetic) and alters the contribu
tion of the magnetic injection current. This work demonstrates 
a magnetic-field-controllable photovoltaic effect and opens a 
new avenue for “magneto-photovoltaics,” a new class of 
devices that merge magnetism with solar energy conversion.

Figure 3.  Magnetic field-switching of nonlinear photocurrent at a 
MoS2/CrPS4 hetero-interface with broken P- and T-symmetry. In the 
heterostructure (left schematic), a spontaneous photocurrent is observed. 
As the magnetic phase of the CrPS4 layer is changed by an external 
magnetic field (right plot, from canted-AFM to ferromagnetic phase at 
35 K), the photocurrent increases in a step-like manner, demonstrating 
active control of the optical response.
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