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Interlayer charge transfer in two-dimensional van der Waals (vdW) heterostructures underpins a wide
range of emergent quantum phenomena, ranging from excitonic dynamics and light—matter interactions
to various correlated electron states. The ability to manipulate interlayer charge transfer on demand offers
a powerful knob to control and functionalize these emergent phenomena. In this review, we discuss the
recently emerging strategies for assembling and engineering charge-transfer vdW heterostructures in a
programmable fashion. We first discuss various static control knobs for programming interlayer charge
transfer, including interfacial band alignment and symmetry breaking interfaces. We next discuss strategies
to dynamically modify interlayer charge transfer using light and pressure to perturb charge-transfer
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heterostructures, with an emphasis on interlayer excitons in transition-metal dichalcogenides. We further
highlight new applications that emerge out of these charge-transfer heterostructures, ranging from
polaritonic devices to novel transistor architectures and photo- and electro-chemical cells. Finally, we

rsc.li/nanoscale conclude with an outlook and future prospects for a new generation of charge-transfer heterostructures.
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1. Introduction

Interlayer charge transfer forms the basis of modern solid-
state electronics and optoelectronics. In particular, the redistri-
bution of carriers across material interfaces functionalizes
semiconducting materials, for instance by forming depletion
regions in p—n junctions and activating transistor operation by
doping the semiconducting channel. In conventional bulk
semiconductors, such as silicon and GaAs, charge transfer is
engineered through ion implantation and substitutional
doping, where dopant atoms are introduced directly into the
crystal lattice sites. These approaches introduce disorder and
scattering sites that fundamentally limit device operation. The
technological advancement in the atomic-scale synthesis of
semiconducting thin films has enabled a rational design of
interlayer charge transfer by manipulating interfacial band
alignment in epitaxial semiconductor heterostructures. The
modulation doping technique first introduced by Dingle et al.
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using GaAs/AlGaAs heterostructures represents a hallmark
study that leverages this band alignment concept to induce
charge transfer from proximal dopant layers into the target
interface to achieve a high-mobility two-dimensional electron
gas (2DEG).! Another representative example is the use of
spontaneous polarization effects to induce interfacial charges
in polar GaN/AlGaN heterostructures.” These charge-transfer
heterostructures enabled the realization of tailored band struc-
tures with novel electrical and optical properties useful in
many modern semiconductor and optoelectronic devices, such
as microwave signal processors and avalanche photodiodes.>*
More recently, the concept of polarization engineering has sur-
prisingly been shown to induce 2DEG at the interface of two
bulk insulating complex oxides LaAlO; and SrTiO;.° In this
latter example, the build-up of polarization with the increased
thickness of LaAlO; epitaxially grown on SrTiO; drives charge
transfer to form 2DEG at the LaAlO;/SrTiO; interface to com-
pensate for the “polar catastrophe”.® The extension of charge-
transfer heterostructures to oxide thin films and hetero-
structures has attracted much interest due to their strongly
correlated nature of electronic degrees of freedom, including
charge, spin, and orbital. This unique characteristic combined
with engineered interfacial charge transfer has led to the dis-
covery of a range of emergent phenomena at oxide interfaces,
ranging from colossal magnetoresistance to unconventional
superconductivity.”

The recent rise of two-dimensional (2D) materials has fun-
damentally changed the paradigm of designing interlayer

Nanoscale


http://rsc.li/nanoscale
http://orcid.org/0000-0002-8448-4043
http://orcid.org/0000-0002-3024-4220
http://crossmark.crossref.org/dialog/?doi=10.1039/d6nr00005c&domain=pdf&date_stamp=2026-03-14
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6nr00005c
https://pubs.rsc.org/en/journals/journal/NR

Open Access Article. Published on 10 March 2026. Downloaded on 4/2/2026 5:55:37 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Minireview

charge transfer in solid-state materials systems. The ability to
assemble these atomic layers into vdW heterostructures, com-
bined with their exceptional tunability, enables new opportu-
nities to design charge-transfer heterostructures with emergent
functionalities without any restrictions to the materials
choice."” This is in stark contrast to conventional semi-
conductor and oxide heterostructures described above, in
which the materials choice is limited by the specific growth
conditions required to stabilize epitaxial thin film hetero-
structures. However, in earlier years, most studies on 2D
materials focused on using a wet transfer to assemble vdW
heterostructures, which greatly limited their interfacial
quality."® Furthermore, early devices fabricated on SiO, sub-
strates showed significant presence of disorder in the form of
electron-hole charge “puddles” as a result of uncontrolled
charge transfer from trapped charged impurities on the SiO,
surface.”® The field has rapidly evolved over the past decade
towards dry transfer-based assembly of vdW heterostructures
in a controlled environment with a precise control over the
stacking degrees of freedom."*™® The use of vdW substrates
and gate metals—such as hexagonal boron nitride (hBN)*° and
graphite,"?* respectively—further realized an unprecedented
level of interfacial quality amenable to programmable charge-
transfer vdW heterostructures.

In this review, we discuss emerging strategies to control
interlayer charge transfer in vdW heterostructures in a pro-
grammable fashion. We first discuss various strategies to struc-
turally program charge-transfer heterostructures by tailoring
band alignment and interfacial symmetry. We next discuss
strategies to dynamically control charge-transfer hetero-
structures, particularly using light- and pressure-induced per-
turbation of charge transfer with an emphasis on interlayer
exciton dynamics in transition-metal dichalcogenides (TMD)
heterostructures. We further review emerging applications
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based on these charge-transfer heterostructures. This includes
the growing class of charge-transfer polaritonic devices, new
charge-transfer transistor architectures as well as photo- and
electro-chemical cells. Finally, we conclude with a discussion
on promising future directions for the discovery of a new gene-
ration of charge-transfer heterostructures.

2. Structural control of charge
transfer
Electronic band alignment

From a thermodynamic perspective, when distinct materials
are brought into contact, the difference in their Fermi levels
across the interface and the resultant band alignment drive
interfacial charge transfer to equilibrate the system at the
interface. This fundamental principle presents an effective
approach for doping a target 2D material without directly
introducing dopant defects in their lattice sites, which would
otherwise lead to detrimental defect-induced scattering of qua-
siparticles residing in the system. Several powerful approaches
have recently been proposed to program charge transfer into
the target interface of 2D heterostructures by engineering their
interfacial band alignment. One prominent example includes
interfacing target 2D materials with a layered high work-func-
tion material to artificially create a large misalighment in the
Fermi level. For example, Choi et al. assembled WSe,/graphene
heterostructures and oxidized the overlying WSe, into a high
work-function WO, using UV-ozone treatment at room temp-
erature (Fig. 1a).”®> The advantage of this approach is that the
oxidation process is self-limiting where only the topmost
monolayer is oxidized, which subsequently protects underlying
layers from getting damaged by UV-ozone treatment.”*?
Furthermore, the inherently clean WSe,/graphene interface
naturally translates to the WO,/graphene interface, effectively
preventing Fermi level pinning that would otherwise suppress
the desired charge transfer.”® As a result, WO,/graphene inter-
face induces large hole densities of up to ~3 x 10" cm™>
(Fig. 1b). An insertion of WSe, or hBN spacers between WO,
and graphene can further reduce the carrier density in gra-
phene to the desired level. This reduction in density follows
well a simple electrostatic model that precisely predicts the
charge transfer between the constituent layers using the dielec-
tric function of the vdW spacer and work-functions of gra-
phene and WO, as input parameters.”®?” Further studies
demonstrated the encapsulation of graphene with WO, to
induce charge transfer from both the top and bottom surfaces
of graphene, which resulted in an enhancement of the doping
density in graphene up to ~5 x 10" ¢cm™2.2?% In a related
study, other oxidized TMDs—such as MoO, (by oxidizing
MoS,)*° or ZrO, (by oxidizing ZrSe,)*’—were employed to
induce hole and electron transfer into graphene, respectively
(Fig. 1c and d). The work-function of the latter ZrO, (~3.4 eV)
is significantly smaller than that of graphene, uniquely indu-
cing electron transfer into graphene.?”

This journal is © The Royal Society of Chemistry 2026
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(a) (Top) Schematic of WSe,/graphene device before and after UV-ozone treatment. (Bottom) Optical image of WO,-doped graphene Hall

bar devices. (b) Plots of hole density, Fermi level, and sheet resistance of graphene versus back-gate bias; reproduced from ref. 23 with permission
from Springer Nature, copyright 2021. (c) Graphene Fermi energy thickness dependence at the WO,/graphene interface. (d) Band alignment of (top)
WO,/graphene and (bottom) ZrO,/graphene charge-transfer heterostructures, which yields p- and n-doped graphene, respectively; reproduced
from ref. 27 with permission from Springer Nature, copyright 2023. (e) Band alignment of a-RuCls with other compounds, yielding interfacial charge
transfer; reproduced from ref. 30 with permission from American Chemical Society, copyright 2020. (f) Schematic of 1L-SnS,/2L-WSe, vdW hetero-
structure and 180° flipped structure devices. (g) Band alignment of 1L-SnS,/2L-WSe,. (h) Output curves of the 2L-WSe; (blue) and 1L-SnS,/2L-WSe,

(red) devices. (i) Hall resistance R,, of 1L-SnS,/2L-WSe, devices (Vg
2025.

The same approach of inducing charge transfer by design-
ing the relative band alignment has also recently been adopted
at the heterointerface between two 2D materials. For example,
Wang et al. employed layered a-RuCl; as a high work-function
charge transfer layer by interfacing it with graphene to heavily
hole dope graphene up to ~3 x 10" cm™ (Fig. 1e).>* Moore
et al. showed that multilayer graphene encapsulated within
two a-RuCl; layers can induce carrier densities in multilayer
graphene as high as ~8 x 10" ecm™.?” Lee et al further
demonstrated a remote modulation doping strategy for semi-
conducting TMDs.*® Interestingly, this study showed that
depositing an n-type molecular dopant triphenylphosphine
(PPh3) on WSe, enables charge transfer into a remote, under-
lying MoS, layer that is physically separated by an hBN spacer.
Here, the specific band alignment between WSe, and MoS,
layers promotes the charges activated from the PPh; layer on
the surface to be transferred vertically across WSe,, deep into
the MoS, layer. A similar effect has also been observed in

This journal is © The Royal Society of Chemistry 2026

= —40 V); reproduced from ref. 31 with permission from Science, copyright

organic/inorganic vdW heterostructures consisting of K
adatoms, graphene, and a Pb monolayer. In this latter struc-
ture, nearly 44% of the electrons donated by the K adatoms
bypass the directly adjacent graphene layer to dope the buried
Pb monolayer due to the specific band alignment of the
heterostructure.®® In a related study, Zhao et al realized a
“hyper-doping” effect in SnS,/WSe, heterostructures,® reach-
ing a remarkably high hole density of ~1.5 x 10'* cm™ in
WSe, (Fig. 1f-i). In the absence of an external electrostatic
field, SnS,/WSe, heterostructures exhibit a type III broken
band alignment, driving electron transfer from WSe, valence
band to SnS, conduction band. This configuration results in
the hole doping of WSe, to a nominal carrier density of ~1 x
10" em™. Strikingly, when a back-gate voltage is applied
across SiO, gate dielectric in SnS,/WSe,/SiO,/Si structures, the
heavily hole-doped WSe, partially screens the electrostatic
field. This partial screening induces an unequal energy level
shift between WSe, and SnS, bands, thereby dynamically

Nanoscale


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6nr00005c

Open Access Article. Published on 10 March 2026. Downloaded on 4/2/2026 5:55:37 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Minireview

increasing the broken-band offset at the interface and drasti-
cally enhancing the hole transfer from SnS, to WSe, up to ~1.5

x 10 ecm™2.

Twist angle and interfacial symmetry

The rate and direction of interlayer charge transfer across vdw
heterostructures depend not only on the intrinsic band align-
ments but also critically on how individual layers are stacked
and oriented with respect to each other. For example, twisting
two vdW layers can significantly alter their interfacial orbital
overlap, built-in electric fields, and electric field screening,
leading to drastic modifications in the interlayer charge trans-
fer dynamics. The resonant tunnelling phenomena of charge
carriers across such a twisted vdW heterostructure is of par-
ticular interest as it enables anomalous current-voltage charac-
teristics across the interface, including negative differential re-
sistance (NDR). Mishchenko et al. demonstrated that charge
transfer across two twisted graphene monolayers (small
rotation angles of <2°) separated by an atomically thin hBN
leads to a resonant tunneling effect with NDR behavior (Fig. 2a
and b).*® The resonant condition exists in a narrow bias
window that conserves the in-plane energy and momentum of
the tunneling electrons. This effect is maximized when the

View Article Online
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momentum difference between two Dirac cones of individual
graphene layers is electrostatically compensated by tuning the
energy difference of the same Dirac cones via biasing. In these
devices, the peak-to-valley current ratio (PVCR), which quan-
tifies the magnitude of NDR, reaches ~2 at room temperature.
Srivastava et al. dramatically enhanced PVCR to ~9 based on
twisted black phosphorus (BP) homostructures, particularly
without a tunnel barrier that would otherwise suppress
PVCR as well as the overall current levels (Fig. 2c and d).*
Here, the discrete levels of quantum-well states (QWS) are
created in non-degenerate BP layer (<14 atomic layers thick) by
encapsulating it with thicker degenerate BP layers on the
top and bottom, twisted with respect to each other. Resonant
tunneling is achieved when the energy and momentum of
electrons injected from thicker BP layers matches those of
bound QWSs due to energy and momentum conservation.
Recently, Zhang et al identified that in graphene-based
NDR devices, edge doping near the perimeter of graphene can
locally shift the energy position of Dirac cone and extrinsically
reduce the PVCR values (Fig. 2e-g).*” This edge doping effect
can be suppressed by rationally designing the etching geome-
try of graphene layers to reduce the area-to-perimeter ratio. As
a result, PVCR of ~15 was achieved at room temperature.
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Fig. 2 (a) Schematic of (left) exaggerated angle 0 between two graphene layers and (right) the associated momentum shift between two Dirac
points. (b) (Left) Trajectories of charged quasiparticles tunneling from top to bottom graphene layers. Experimental data for (middle) d//dV maps
with in-plane B field and (right) differential d//dV maps with and without the in-plane B field; reproduced from ref. 35 with permission from Springer
Nature, copyright 2014. (c) Device structure of trilayer orthogonal BP homojunctions. (d) (Top) Temperature-dependent current—voltage character-
istics, and (bottom) temperature-dependent evolution of the peak-to-valley current ratio (PVCR) and valley current density (Jyaue,) Of a trilayer
orthogonal homojunction device with m-BP layer number of ~7 L; reproduced from ref. 36 with permission from Springer Nature, copyright 2021.
Schematic of (e) graphene resonant tunneling diodes (GRTD). (f) Edge doping in graphene flake of an arbitrary shape (top) and graphene ribbon
(bottom). (g) Peak-to-valley ratio (PVRs) of 14 devices as a function of (left) area, (middle) perimeter, and (right) area-to-perimeter ratio (APR); repro-
duced from ref. 37 with permission from American Chemical Society, copyright 2023.
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Another interesting direction to control charge transfer is
by breaking global and local interfacial symmetry, which can
lead to the spontaneous redistribution of charge carriers
within the materials system. A representative example is the
spontaneous formation of interlayer ferroelectric dipoles in
marginally twisted vdW heterostructures. For example, Zheng
et al. reported the emergence of ferroelectricity in bilayer gra-
phene encapsulated and aligned parallel to the top and
bottom hBN layers (Fig. 3a).>® This is surprising given that con-
ventional forms of ferroelectricity arise in polar materials from
a spatial separation of cations and anions from their equili-
brium position. Here, the observed ferroelectricity in non-
polar bilayer graphene is ascribed to a combination of moiré-
and gate-induced layer asymmetry in the band structures and
electron interactions, which drive charge transfer between the
top and bottom layers of bilayer graphene. In a related study,
Niu et al. showed that interfacial ferroelectricity in marginally
twisted bilayer graphene/hBN systems exists even when the
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Fermi level lies deep inside the dispersive bands beyond the
low-lying moiré bands.*® This latter observation calls for
further experimental studies to elucidate the microscopic
origin of the ferroelectricity. After this initial discovery, the
scope of 2D materials displaying interfacial ferroelectricity has
rapidly expanded to other non-polar candidates, including
marginally-twisted hBN**** and TMDs**™*® (Fig. 3b and c). In
these latter systems, interfacial ferroelectricity arises from the
broken inversion symmetry at the moiré interface combined
with lattice-scale interlayer sliding. Recent studies further
revealed exciting utility of these systems, including ultrafast
nanoscale switching with extremely high endurance exceeding
10" cycles of polarization switching®® as well as superlubri-
city-induced polytype switching.*°

On another front, Janus TMDs represent an exciting alternative
platform that exhibits intrinsic interlayer electrical dipole due to
their mirror symmetry-broken crystal structure that arises from a
distinct top and bottom chalcogenide atomic layer. A recent
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(a) (Left) Schematic of atomic structure of Bernal-stacked bilayer graphene and device structures with top and bottom gates. (Right) Gate-

tuned resistance of the hysteretic devices; reproduced from ref. 38 with permission from Springer Nature, copyright 2020. (b) (Left) Schematic of
different atomic arrangement for AB- and BA-stacked hBN homobilayer with induced ferroelectricity. (Right) Vertical PFM phase image of twist
bilayer hBN; reproduced from ref. 40 with permission from Science, copyright 2021. (c) (Left) Atomic structure of H-stacked, R-stacked (MX and XM)
bilayer TMD. (Right) Amplitude image of vertical PFM on MoSe;; reproduced from ref. 44 with permission from Springer Nature, copyright 2022. (d)
(Left) Atomic structure, optical microscopy, and atomic force microscopy images of Janus MoSSe. (Right) SHG intensity as a function of incident
angle; reproduced from ref. 51 with permission from Springer Nature, copyright 2017. (e) (Left) Atomic structure of heterobilayers with S/S and Se/S
interface. (Right) PL spectra of MoS, monolayer, MoSSe monolayer, and twisted heterobilayers with S/S and Se/S interface; reproduced from ref. 52
with permission from American Chemical Society, copyright 2021. (f) (Left) Side view of MS, and Janus MSSe. (Right) Pump—probe differential
reflectance signal versus the probe photon energy for Janus WS, and WSSe; reproduced from ref. 53 with permission from American Chemical
Society, copyright 2021.
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success in chemically synthesizing Janus TMDs”***> has motiva-
ted a significant interest in manipulating charge transfer by lever-
aging the sizable out-of-plane dipole that arises from their intrin-
sic structural asymmetry (Fig. 3d). For example, the charge trans-
fer across the Janus/regular TMD interface is highly direction
dependent. In SWSe/WS, and SWSe/WSe, heterostructures, the
photoexcited charge transfer along the built-in field direction is
ultrafast and efficient, whereas that in the opposite direction is
highly inefficient and slow.’® Zhang et al. further corroborates
these phenomena by observing that the charge transfer-induced
quenching of photoluminescence is enhanced in MoSSe/MoS,
heterostructures when the built-in field is parallel to the charge
transfer direction (Fig. 3e).”® The built-in field also directly con-
trols the intrinsic dynamics of excitons within Janus TMDs. For
example, Zheng et al. elucidated that exciton formation in MoSSe
and WSSe is faster than their regular TMD counterparts due to
enhanced electron-phonon interaction driven by the built-in field
(Fig. 3f).>® This enhanced interaction in turn facilitates optical
phonon-mediated exciton formation. Furthermore, a drastically
longer exciton radiative recombination lifetime has been observed
in Janus structures compared to the regular TMDs due to a more
efficient spatial separation of electron and hole wave functions via
the built-in dipole.

3. Dynamic control of charge
transfer
Light-induced charge transfer

Photoexcitation of vdW heterostructures is amenable to the
separation of excited electron-hole pairs into the neighboring
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atomic layers via interlayer charge transfer. TMD heterobilayers
with type II band alignment particularly drive these photo-
excited electron-hole pairs into neighboring layers to form an
interlayer exciton—a Coulomb-bound electron-hole pair,
where each charge resides in neighboring layers. Interlayer
excitons were first observed in photoexcited MoS,/WS, hetero-
structures, in which the interlayer charge transfer takes place
at an ultrafast timescale of ~50 fs after photoexcitation
(Fig. 4a).”” Remarkably, the physical separation of electron-
hole pair in respective layers render these interlayer excitons
extremely long-lived with their lifetime approaching ~1.8 ns.
Since this initial discovery, interlayer excitons were observed in
a wider range of TMD heterostructures with type II band
alignment.’® ®® Notably, ultrafast interlayer charge transfer
(typically on the order of sub 100 fs scale) is universally
observed in most of these TMD heterostructures, which is
unusual considering the momentum mismatch and weak
interlayer coupling across the vdW interface. However, the
physical mechanism of this ultrafast charge transfer and inter-
layer exciton formation has remained relatively underexplored.

Recent studies suggest that phonon scattering plays a domi-
nant role in mediating the interlayer charge transfer and inter-
layer exciton formation in these systems. For example, Policht
et al. interestingly discovered that interlayer exciton formation
in MoSe,/WSe, heterostructures occurs at a significantly later
time (~1 ps) than the rapid charge transfer timescale (~100
£s).°” This relative delay in the exciton formation is attributed
to the combination of the following two processes. One is the
energy and momentum relaxation of hot intra-exciton popu-
lation, and the other is the phonon-mediated cascade process
of higher energy excitons decaying into their ground state. In a
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related study, Wagner et al. also observed the aspect of spin-
valley polarization in interlayer excitons mediated by phonon
scattering in the same photoexcited MoSe,/WSe, hetero-
structures.”® The experimental findings show that the spin-
valley polarization of initial photoexcited intralayer excitons is
conserved during the charge transfer and the interlayer exciton
formation processes, particularly at low temperatures. But the
degree of spin-valley polarization is significantly decreased at
higher temperatures due to phonon scattering. Furthermore,
Sood et al employed femtosecond electron diffraction to
observe the mechanism of photoexcited interlayer exciton for-
mation in WSe,/WS, heterobilayers.”* Careful studies revealed
that the charge transfer occurring at femtosecond timescale is
accompanied by bidirectional phonon emission, after which
both WSe, and WS, layers are simultaneous heated on a pico-
second timescale. This process is ascribed to the interlayer
hybridized electronic states mediating concurrent phonon
emission in each WSe, and WS, layer during the interfacial
charge transfer. In a related study, Schmitt et al. observed that
interlayer exciton formation in WSe,/MoS, heterobilayers is
prompted by exciton-phonon scattering at femtosecond time-
scale, followed by subsequent charge transfer mediated by
interlayer-hybridized valence band (Fig. 4b and c).®’

Beyond single-exciton dynamics, another emerging frontier
lies in leveraging many-body exciton-exciton interactions to
engineer strongly correlated phases based on TMD heterobi-
layers. One important prerequisite for realizing strong exciton—
exciton interaction is long exciton lifetime to ensure a long
exciton interaction time. In this respect, the insertion of atom-
ically thin hBN spacer layer at the interface of TMD heterobi-
layers has proven effective in enhancing the interlayer exciton
lifetime. Such a structure has been employed to realize new
excitonic phases in TMD heterostructures, including excitonic
insulators’>”®> and Bose-Einstein condensates®® (Fig. 4d and
e). Another strategy to enhance exciton-exciton interaction is
by engineering the dielectric environment of TMD heterobi-
layers. For example, free-standing WSe,/WS, heterobilayers
with minimized dielectric screening induce the transition
from repulsive to attractive dipolar interaction among inter-
layer excitons as a result of exchange-correlation effects.”* This
strongly enhanced many-body interaction of interlayer exci-
tons enabled the observation of previously elusive interlayer
biexcitons. Finally, moiré-trapped excitons represent another
robust platform that enables the fine-tuning of exciton-exciton
coupling strengths in situ. Recent studies revealed that at small
interlayer twist angles, interlayer excitons are laterally localized
within the respective moiré superlattice potential sites.”>”®
These moiré-trapped excitons may serve as a robust platform
for realizing tunable exciton-exciton interactions by precisely
controlling the interlayer twist angle.”” Using this approach,
one can effectively modify the moiré potential landscape as
well as the exciton-exciton distance, thereby continuously
tuning the exciton—-exciton coupling strengths. This platform
provides a viable pathway towards exotic many-body excitonic
phenomena, such as Dicke superradiant phase transition that
emerges from strongly coupled arrays of quantum emitters.

This journal is © The Royal Society of Chemistry 2026
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Pressure-induced strain engineering

The use of pressure to control strain configuration represents a
powerful and clean method to tune interlayer charge transfer in
vdW heterostructures by directly altering interlayer spacing and
lattice structures.®® For example, hydrostatic pressure reduces the
interlayer gap in vdW heterostructures and promotes interlayer
coupling, making it an efficient approach for tuning charge-
transfer excitons in TMD heterostructures. In twisted WSe,/WSe,
homobilayers, Xie et al. observed a pressure-induced dynamic
tuning of moiré potentials and interlayer coupling strength, with
moderate pressures (<7 GPa) continuously modulating hybri-
dized charge-transfer excitonic states.®' In particular, the inter-
layer excitons display a nonmonotonic evolution of photo-
luminescence (PL) spectra as a function of applied pressure,
initially undergoing a red shift at low pressure, followed by a
blue shift at a higher pressure. Similarly, interlayer excitons in
TMD heterobilayers show strong dependence on pressure. For
example, in WS,/MoSe, heterobilayers, the application of
pressure induces the transition of intralayer excitons into inter-
layer excitons due to enhanced interlayer coupling.®* At high
pressures, PL signatures from the intralayer excitons are
quenched, and only interlayer excitonic signatures are visible,
reflective of the full transition of intralayer excitons into inter-
layer excitons. Furthermore, the PL spectra for interlayer excitons
red shifts upon applied pressure, which is attributed to the
enhanced interlayer charge transfer and interlayer coupling
strength, which modify exciton binding characteristics.”®> In a
related study, Xia et al. observed a pressure-induced band chan-
geover in WSe,/MoSe, heterobilayers, as indicated by the nonmo-
notonic evolution of pressure-dependent PL of interlayer exciton
(Fig. 52 and b).** In low pressures (<0.6 GPa), two PL peaks
associated with the direct interlayer exciton (I,) and with indirect
interlayer exciton (Iz) show contrasting trends: I, blue-shifts
whereas the I red-shifts as a function of increasing pressure. At
a higher pressure (>1 GPa), both peaks abruptly transition into
higher energy peaks and now both peaks concurrently red-shift
with increased pressure. First-principles calculations attribute
this abrupt transition of interlayer exciton to the changeover of
the electronic band structures upon pressure, which changes the
valence band maximum position within the Brillouin zone.
Further studies show that interlayer excitons universally exhibit a
strong pressure dependence in other TMD heterobilayers, such
as WSe,/WS, % and MoS,/WS,,*® establishing pressure as an
effective tuning parameter to control interlayer charge transfer
and associated exciton dynamics in TMD heterostructures.
Beyond excitonic modulation and interlayer coupling, hydro-
static pressure induces profound changes in the electronic topo-
logy of vdW heterostructures, which prompts emergent
quantum phases via pressure-driven interlayer charge transfer.
In TaS,-based systems, applied pressure can enhance interlayer
coupling by reducing the vdW gap, which leads to enhanced
orbital overlap between adjacent layers.”” °° With further com-
pression of the vdW gap, this enhanced coupling can drive elec-
tronic instabilities in TaS,: suppression of charge-density waves,
reconstruction of the Fermi surface, and emergence of supercon-
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Raman frequency (M(A;g) + W(Ayg) and M(Eég)) versus pressure; (bottom) band structure of WSe,/MoSe; heterostructures at 0 GPa and 2.8 GPa;
reproduced from ref. 84 with permission from Springer Nature, copyright 2021. (c) (Left) Crystal structure of 4H,-TaSe, under pressure. (Right)
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Schematic illustration of pressure-tuned Josephson coupling mechanism in vdW 6R-TaS;; reproduced from ref. 88 with permission from American

Physical Society, copyright 2024.

ductivity simultaneously arise from the pressure-induced cross-
over between weak to strong interlayer coupling regimes. Recent
studies showed that pressure enhances interlayer electronic
coupling in 4H,-TaS, and drives charge transfer between TaS,
layers.®”® Interestingly, Yan et al. demonstrated how supercon-
ductivity can be enhanced by applying pressure via the suppres-
sion of charge-density waves (CDWSs), from which dual-supercon-
ductivity emerges (Fig. 5¢).*” Similarly, applied pressure induces
a nonmonotonic evolution of superconductivity in 6R-TaS, via
Lifshitz transition, which is attributed to the interlayer charge
redistribution-driven Fermi surface reconstruction (Fig. 5d).5*°
This pressure-induced modification of electronic structures,
mediated by interlayer charge transfer, is also observed in other
layered materials beyond TMDs. Lyubovskii et al. demonstrated
that applying pressure to (BETS),CoBr, (DCB), a 2D layered
metallic bilayer organic compound, significantly alters the inter-
layer charge transport and the electronic structure of the metallic
layers.”" Similarly, Zhu et al. reported that applying pressure to

Nanoscale

2D oxide AgRuO; that crystallizes in a strongly correlated honey-
comb lattice structure activates anomalous charge transfer
between Au and Ru atoms, inducing a rare Ag”>* oxidation states
within this compound.®® This unusual charge transfer drives a
sequence of insulator-metal-insulator transition together with a
further structural phase transition at a larger pressure deep in
the insulating state. These observations collectively suggest that
pressure serves as an effective interlayer dopant, enabling
dynamic modulation of interfacial charge transfer to mediate
competing ground states in charge-transfer heterostructures.

4. Applications of charge transfer
Charge-transfer polaritons

Polaritons are light-matter hybrid modes that enable extreme
light confinement beyond the diffraction limit with enhanced
light-matter interactions. Recently, the notion of charge-trans-

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6nr00005c

Open Access Article. Published on 10 March 2026. Downloaded on 4/2/2026 5:55:37 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale

fer polariton has emerged as a new frontier to activate polari-
tonic response in 2D materials by controlling interlayer charge
transfer. When combined with the exceptional tunability of 2D
materials, these charge-transfer polaritons enable a wide range
of polaritonic device design and serve as a fundamental probe
of electrodynamics and light-matter interaction in the con-
stituent materials. For example, Kim et al. demonstrated mid-
infrared charged-transfer plasmons at the WO,/graphene inter-
face by oxidizing WSe,/graphene into WO,/graphene, which
initiates charge-transfer doping of graphene due to the work-
function mismatch as described above (Fig. 6a).>” These plas-
mons exhibit plasmonic quality factor (Qr) reaching the near-

View Article Online
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intrinsic limit at room temperature, which is fundamentally
limited by intrinsic electron—-phonon scattering dominant at
room temperatures. The imprinting of nanoscale graphene
plasmonic cavities with laterally abrupt junctions was further
demonstrated by locally creating nanoscale WO, patterns on
graphene. These latter WO, patterns were created by selectively
oxidizing the desired regions of WSe, placed on top of gra-
phene using a pre-etched hBN as a mask layer prior to oxi-
dation. By employing suspended structures of WO,-encapsu-
lated graphene, plasmonic whispering-gallery cavities with
enhanced light-matter interactions were further realized.
Similar charge-transfer plasmons have also been actively
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infrared imaging of charge-transfer polaritons in hBN/graphene/a-RuClz measured at cryogenic temperatures (T = 60 K); reproduced from ref. 93
with permission from American Chemical Society, copyright 2020. (c) (Top left) Schematic of graphene/CrSBr heterostructures. (Bottom left) Highly
anisotropic crystal structure of CrSBr. (Top right) Nano-infrared imaging of charge-transfer polariton in the devices, and (bottom right) the extracted
polaritonic quality factors; reproduced from ref. 96 with permission from Springer Nature, copyright 2025. (d) (Left) Calculated electric field profile
of interlayer-coupled plasmons in multilayer graphene/a-RuCls heterostructures. (Middle top) A linecut of nano-infrared images with polaritonic
interference fringes. (Middle bottom) Corresponding Fourier components of plasmonic mode momentum. (Right) Dispersion diagram of interlayer-
coupled plasmons; reproduced from ref. 32 with permission from American Physical Society, copyright 2025. (e) (Left) Dispersion diagram of
coupled plasmon—phonon modes in WO,/graphene/a-MoQOs heterostructures as a function of g and 6, clearly revealing an exception point (EP).
Nano-infrared images of (middle) hyperbolic phonon polaritons in a-MoO3z and (right) coupled plasmon—phonon polaritons in WO,/graphene/
a-MoOs3 heterostructure. The change in the propagation wavefront reflects the topological transition of the polaritonic isofrequency contour; repro-
duced from ref. 97 with permission from Springer Nature, copyright 2022. (f) (Left) Diagram of charge transfer between WO, and WSe; induced by
the work-function mismatch. (Middle) Nano-infrared imaging and (right) dispersion diagram of the intersubband polaritons (ISP) in WO,/4L-WSe,
devices; reproduced from ref. 98 with permission from Springer Nature, copyright 2025.
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studied in a-RuCls/graphene heterostructures. Here, plasmons
arise from the large work-function a-RuCl; driving dominant
hole transfer into the proximal graphene layer. For example,
Rizzo et al. demonstrated mid-infrared plasmons in a-RuCls/
graphene heterostructures with Qg reaching as high as ~30 at
cryogenic temperatures of 40 K (Fig. 6b).”> In a related study,
Qr was found to further increase abruptly below 40 K, reaching
as high as ~60 at 10 K.** This drastic increase at lower temp-
eratures is attributed to the increase in the electron corre-
lation-induced Mott gap in o-RuCl;, demonstrating that
charge-transfer polaritons serve as an effective probe of elec-
tron correlations in constituent materials. Vitalone et al
further showed clear resonant THz plasmonic signatures in
a-RuCly/graphene cavities.”” This study further revealed that
Qr of plasmons is highly dependent on the mode frequency
and is particularly drastically reduced to ~1.5 at 1 THz. Moore
et al. also observed interlayer-coupled plasmons with strong
plasmon-plasmon coupling strengths in two few-layer gra-
phene layers separated by a a-RuCl; spacer layer. In this latter
structure, a-RuCl; layer also serves as a charge-transfer layer to
activate plasmons in both the top and bottom multilayer gra-
phene by prompting hole transfer (Fig. 6d).*>

Since the initial observation of charge-transfer polaritons at
the WO,/graphene and a-RuCls/graphene interfaces, the scope
of charge-transfer polaritons has rapidly expanded rapidly to
encompass a much broader spectrum of material systems and
applications. For example, Shen et al. reported charge-transfer
plasmons in a-MoOjs/graphene by epitaxially growing a high
work-function a-MoO; on graphene.”® This is an interesting
observation given that graphene plasmons have remained
elusive in vdW assembled o-MoO;/graphene hetero-
structures,”” indicative of minimal charge transfer between
a-MoO; and graphene. These contrasting results indicate the
significance of the interfacial quality of a-MoO; in preserving
its intrinsically large work-function. Rizzo et al. demonstrated
that in graphene/CrSBr heterostructures, the charge-transfer
plasmons in graphene strongly interacts with the electronic an-
isotropy in CrSBr (Fig. 6¢).°° As a result, otherwise isotropic
graphene plasmons preferentially propagate parallel to the
quasi-1D chains in the underlying CrSBr. The anisotropy ratio
of Qr for plasmons propagating parallel and perpendicular to
the quasi-1D chains exceeds an order-of-magnitude. More
recently, nanoscale molecular plasmonic cavities have been
demonstrated by the self-assembly of Cg, arrays on graphene,
which locally hole dopes the underlying graphene and directly
defines the plasmonic cavity geometry.'?°
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Charge-transfer polaritons also serve as a compelling plat-
form to control light-matter coupling by interacting with other
excitations that co-exist in the constituent materials. For
example, Ruta et al. realized a topological transition of a hyper-
bolic isofrequency contour (IFC) of phonon polaritons in
a-MoOj; into a closed, elliptical IFC by coupling to the isotropic
WO,/graphene plasmons in the form of hybrid WO,/graphene/
a-MoO; heterostructures (Fig. 6e).”” Careful studies further
revealed that this coupled plasmon-phonon polaritons tra-
verses an exceptional point (EP) when their in-plane propa-
gation angle is continuously tuned. This EP crossing by propa-
gation angle control is mediated by the angle-dependent elec-
tron-phonon coupling intrinsic to WO,/graphene/a-MoO;
structures. Thus, these observations uniquely establish a robust
platform to study exceptional point physics based on polari-
tons. In a related study, Luo et al. reported the realization of
hyperbolic intersubband polaritons in a few-layer WSe, by oxi-
dizing the surface layer to induce interlayer charge transfer into
the underlying WSe, (Fig. 6f).°® This charge transfer renders a
well-defined intersubband transitions with strong oscillator
strengths by populating high energy subbands, enabling the
formation of intersubband polaritons by coupling to free space
photons. Nano-infrared imaging reveals signatures of hyper-
bolic intersubband polaritons, opening new avenues for explor-
ing ultra-strong coupling physics and cavity electrodynamics
based on 2D charge-transfer polaritonic cavities. Furthermore,
Sternbach et al. reported the use of ultrafast light pulses to
dynamically populate electron-hole pairs within WSe,, which
give rise to exotic nano-optical phenomena including electronic
hyperbolicity with hyperbolic polaritons'®® as well as the
bleaching and Stark shift of A-excitons.'

Charge-transfer transistor architectures

The control of interlayer charge transfer in vdW hetero-
structures has recently emerged as an effective strategy for
enhancing the performance of 2D field-effect transistors
(FETs). Band engineered interlayer charge transfer particularly
offers multiple powerful functionalities. This includes the
precise tuning of conductivity and mobility of the 2D channel
as well as the engineering of the threshold voltage and electri-
cal contacts while preserving the intrinsic properties of the 2D
semiconductor channel. The key parameters for the state-of-
the-art 2D devices with charge-transfer doping strategies are
summarized in Table 1.>"'%7'%7 In contrast to conventional
chemical doping that introduce detrimental dopant defects
into the host lattice sites, the charge-transfer approach modu-

Table 1 Benchmarking key parameters for the state-of-the-art charge-transfer transistors

Materials Methods On/off ratio R, (kQ pm) Mobility (em® V™' s) SS (mv dec™) I, (WA pm™Y) Ref.
WO,/WSe, Exfoliation ~10° 4 108 350 280 (Vps = =5V, Vgs = —8 V) 103
WO,/WSe, Exfoliation >10’ 2.6 54 98 ~100 (Vps = =1.5V, Vgg=—1.5V) %
WSe,/oa-RuCl;/FLG  Exfoliation ~10° <2 1000 (RT); 80 000 (1.5 K) 7 (300 mK) — 105
WO,/WSe, Exfoliation 10° 16 167 — 1.7 (Vps = =1V, Vgs = =100 V) 106
WSe,/SnS, CVD >107 0.041 64 — 1530 (Vps = 0.94 V, Vs = 60 V) 31
MoS,/CrOCl Exfoliation 10° 8.8 425 — 300 (Vps =2V, Vgg = =11 V) 107
Nanoscale This journal is © The Royal Society of Chemistry 2026
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lates carrier density through electrostatic charge redistribution
across atomically sharp vdW interfaces, thereby avoiding struc-
tural damage and defect formation."®®

A widely investigated interfacial charge-transfer approach in
2D FETs employs a high work-function WO, layer. These layers
are formed by oxidizing WSe, using UV-ozone treatment,
which mainly serves as a stable p-type charge-transfer layer
while preserving the intrinsic properties of the semiconductor
channel. Choi et al. demonstrated that when a monolayer of
WO, is stacked on graphene, substantial hole transfer occurs,
leading to low sheet resistance (Ry,) and the absence of a Dirac
point in the transfer curves of graphene devices.”® The
extracted hole density and room-temperature mobility of WO,/
graphene reached up to 3 x 10" em™ and 2000 cm® V™' 577,
respectively. The doping level can be effectively controlled by
varying the layer number of WSe, spacer embedded between
WO, and graphene. With four layers of WSe, spacer, graphene
mobility reaches as high as ~24 000 cm® V™' s7*, recovering
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the near-intrinsic carrier mobility in graphene close to the
electron-phonon limited mobility. These results indicate the
high-quality nature of WO, layer.

The high-quality 2D charge-transfer layers also offer excit-
ing opportunities for engineering electrical contacts in 2D
FETs. For example, the high hole density induced by WO, can
be utilized as contact spacer dopant to form seamless lateral
junction transistors and improve contact resistance in 2D
semiconductor-based devices. Ngo et al. employed electron-
beam irradiation to selectively convert heavily doped WSe,
channel area to lightly doped near the contact region and
achieve low contact resistance (Rc) with controllable threshold
voltage of the device (Fig. 7a).">® This approach enabled hole-
doped WSe, FETs with saturation current as high as 280 pA
pm™" and on/off ratio of ~10°. In a related study, a 500 nm
wide hBN layer was used as a mask layer for a WSe, channel to
selectively oxidize the exposed WSe, area into WO, and create
a self-aligned top-gate structure laterally interfaced with doped

“ TN

—25 0 25 50

28
_M
graphene 23

—

-25 0 25
Va(V)

W

RXX (Q)

RuCk BN &

(a) (Left) Schematic illustration of the WSe, device structure after UV-ozone oxidation, followed by e-beam irradiation on part of the device.

(Right) PL intensity mapping of the e-beam-irradiated WSe, region, which shows uniform and weaker emission compared to that of the non-irra-
diated area; reproduced from ref. 103 with permission from John Wiley & Sons, copyright 2022. (b) (Left) Equivalent circuit diagram of the WSe,
device, consisting of metal—semiconductor resistance (Rum-g), resistance of the heavily doped region (Ry.), and channel resistance (Rchannel) cOn-
nected in series. (Right) Transfer characteristics of the device before and after oxidation, which clearly demonstrate a transition from ambipolar to
p-type behavior; reproduced from ref. 104 with permission from American Chemical Society, copyright 2023. (c) (Top) Schematic of the WSe,
device structure featuring the WSe,—RuClz contact interface. (Bottom) Schematic of the corresponding doping profile and energy band diagram. (d)
(Top) Gate response normalized by dielectric thickness as a function of channel gate voltage (V) and contact gate voltage (Vcg), used to compare
the subthreshold slope. (Bottom) Contact resistance as a function of channel carrier density; reproduced from ref. 105 with permission from
Springer Nature, copyright 2024. (e) (Top) Schematics of the device structure and (bottom) energy band diagram of the hysteretic RuCls/hBN/gra-
phene charge-transfer heterostructure. (f) (Top) Bottom-gate (Vg) tunable hysteresis loop width and (bottom) the observed electronic ratchet effect;
reproduced from ref. 109 under the terms of Attribution-NonCommercial-ShareAlike 4.0 International (CC BY-NC-SA 4.0).
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contact regions (Fig. 7b)."°* A PMOS inverter was further
demonstrated using this device architecture with a dramati-
cally low power consumption of ~4.5 nW. Furthermore, Pack
et al. showed that placing a patterned charge-transfer a-RuCl;
layer on WSe, channel to hole dope the contact area enables
robust electrical contacts that operate down to low tempera-
tures and low channel carrier density of WSe, (Fig. 7c and
d).'® This new electrical contact architecture enabled the
observation of record-high hole mobility of ~80 000 cm* V™"
s™! as well as fractional quantum Hall effects in WSe,. The
concept of “hyper-doping” in WSe,/SnS, heterostructures
described above also enables extremely low contact resis-
tance.*" In these devices, the external electric fields applied via
gate voltage dynamically modifies the band alignment, indu-
cing ultrahigh carrier density (~1.5 x 10'* cm™) into WSe,
and realizing an ultralow R¢ of 41 Q pm.

Finally, a new type of ferroelectric-like behavior has recently
been discovered in graphene/hBN/a-RuCl; charge-transfer
heterostructures, forming a robust and tunable interfacial
dipole as a result of charge transfer between graphene and
o-RuCl; (Fig. 7e and f).'°>''° In particular, these charge-trans-
fer heterostructures display ferroelectric-like hysteresis loop
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Nanoscale

that is robust against external magnetic field and operates at
low temperatures. This behavior is attributed to the quantum
exchange interaction at the hBN/a-RuCl; interface deforming
local electronic orbitals and creating effective net interface
dipole that is dynamically switchable by external gate. The
origin of this ferroelectric-like response is fundamentally
different from other reported classes of ferroelectrics that
require a symmetry-breaking interface, thus opening a new
paradigm to engineer hysteretic behaviors in 2D hetero-
structures via engineered interlayer charge transfer.

Photo- and electro-catalysis

The control of interlayer charge transfer in 2D materials dic-
tates their surface chemical potential and reaction kinetics,
representing a powerful strategy for engineering photo- and
electro-chemical activities in energy applications. For example,
Yu et al recently investigated heterogeneous electrochemical
charge transfer at the surface of twisted bilayer graphene,
which is tuned by the interlayer moiré twist angle ranging
between 0.22° and 5° (Fig. 8a and b)."'* To probe the inter-
facial electrochemical activity, a twisted bilayer graphene/hBN
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(a) Schematic illustration of the scanning electrochemical cell microscopy (SECCM) setup equipped with a single-channel nanopipette probe

(diameter ~100 nm) mounted above the twisted bilayer graphene (TBG) surface for local voltammetric measurements. (b) Steady-state voltammo-
grams of 2 mM Ru(NHz)¢** in 0.1 M KCl solution measured on monolayer graphene, AB-stacked bilayer graphene, 10 nm graphite, and 1.15° TBG;
reproduced from ref. 111 with permission from Springer Nature, copyright 2022. (c) Schematic representation of a heterojunction nanoribbon
showing oriented electric fields (OEF) generated at the edge of 2D MoS,, together with polarization curves of the MoS; flake, MoS; nanoribbon, and
heterojunction nanoribbon; reproduced from ref. 112 with permission from American Chemical Society, copyright 2024. (d) Schematic diagram of
2D layered ferroelectric CIPS-mediated CO, reduction process. CO and CH, yields measured under photocatalytic CO, reduction at varying temp-
eratures (25, 40, 55, and 70 °C) and reaction times (1, 2, 4, and 6 h); reproduced from ref. 113 with permission from American Chemical Society,
2024. (e) Band-edge positions of Janus TMDs relative to the vacuum level for two different heterojunctions, plotted against the redox potential of
water splitting at pH = O; reproduced from ref. 114 with permission from Royal Society of Chemistry, copyright 2022. (f) Schematic diagram of
single-atom catalysis (SAC) heterostructures with 2D electride Ca,N encapsulated within graphene. Comparison of the adsorption energies of H and
O, atoms on graphene, Gr—Ca;N, and Gr-Y,C for various 3D transition-metal atoms; reproduced from ref. 115 with permission from American
Chemical Society, copyright 2023.
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heterostructure was fabricated and characterized using scan-
ning electrochemical cell microscopy. Enhanced reaction kine-
tics and electrochemical charge transfer (comparable to that of
10 nm-thick graphite) was observed near the magic angle
(1.15°), for which flat electronic bands emerge with maximized
electronic density of states. In particular, the AA-stacked
domains in magic-angle twisted bilayer graphene show anoma-
lously enhanced electrochemical charge transfer beyond that
expected from the enhancement of density of states from band
flattening. The origin of this anomalous enhancement of
electrochemical activity is yet to be uncovered, which sets a
stage for future studies to shed light on how electronic flat-
band topology and structural relaxation of 2D moiré hetero-
structures mediate and enhance interfacial electrochemical
reactions.

Designing built-in electric fields in 2D heterostructures also
serves as a powerful approach to engineer photo- and electro-
catalytic activities. For example, Wang et al. studied fluorogra-
phene/MoS,/graphene heterojunction nanoribbon to generate
in-plane electric fields via the built-in electric dipole arising
from the large work function difference."** In these structures,
charge transfer induces oriented electric fields (OEFs) at the
edges of 2D materials (Fig. 8c). Typical polarization curves in
acidic solution showed that these OEFs in the heterojunction
nanoribbons significantly increase the heterogeneous charge-
transfer rate, resulting in a higher reaction current compared
with pristine MoS, and MoS, nanoribbons. In a related study,
Chiang et al. showed that ferroelectric semiconductors with
intrinsic and switchable spontaneous electrical polarization,
such as 2D CulnP,Ss (CIPS), serve as a robust platform to
enhance the photocatalytic CO, reduction reaction (Fig. 8d)."**
The strong interlayer coupling in CIPS enables rapid interlayer
charge transfer, which is crucial for improving its photo-
catalytic performance. Under an external magnetic field, the
ferroelectric and spin polarizations of CIPS can be modulated,
inducing directional band bending across the layers. This
polarization-induced charge redistribution renders one surface
electron rich and the opposite surface hole rich, thereby pro-
moting efficient CO, adsorption and activation. In addition,
the built-in polarization field enhances the separation of
photogenerated carriers and effectively suppressing electron—
hole recombination, leading to improved photocatalytic
efficiency. Janus TMDs also hold promise in enhancing
electrochemical activities owing to the inherent electric dipole
formation. Recent DFT-based studies show that Janus TMD-
based heterostructures, such as PtSSe/ZrSe, and MoSSe/WS,,
exhibit a combination of built-in electrical field and type II
band alignment that result in favorable band edge positions
for water splitting (Fig. 8e).""*"">""” Other unique advantages
of Janus TMDs include built-in electric field-driven efficient
photoexcited electron-hole separation as well as high
efficiency for capturing solar light.

Electride/graphene interface represents yet another promis-
ing charge-transfer heterostructure for regulating single-atom
catalysis (SAC).""* Based on DFT studies, Li et al. demonstrated
that the catalytic activities toward the hydrogen evolution reac-
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tion (HER) and oxygen reduction reaction (ORR) were mark-
edly enhanced at the electride/graphene interface due to
efficient charge redistribution across the interface (Fig. 8f). In
these heterostructures, Ca,N or Y,C—low-work-function 2D
electrides—serve as electron-rich layered materials containing
loosely bound anionic electrons. Here, graphene functions as
a conductive, atomically thin charge-transfer mediator,
enabling effective and continuous electron transfer from the
electrides while simultaneously protecting them from environ-
mental degradation. The substantial work-function difference
between the electrides and graphene induces a high degree of
electron transfer into the graphene layer. This excess charge is
subsequently transferred to the supported single metal atoms,
thereby modulating their electronic structures and enhancing
their catalytic performance in SAC.

5. Outlook

The field of 2D materials has recently progressed to the level
where the synthesis and assembly of 2D heterostructures can
be controlled with ultrahigh precision. These exciting capabili-
ties enable designer interlayer charge transfer between vdW
layers, allowing the desired interfacial quantum properties to
be engineered on demand.''®'*' Recent efforts have been
expanding towards the interface between vdW and non-vdW
materials.****® This approach can potentially unlock a funda-
mentally new phase space for engineering interlayer charge
transfer with the discovery of new emergent behavior'*® and
applications."®”'*® A promising frontier is the integration of
2D materials with 3D single-crystalline complex transition
metal oxides, which uniquely offer strongly correlated elec-
tronic degrees of freedom that drive emergent phenomena,
ranging from high-temperature superconductivity to tunable
magnetism.’ The unique ionic nature of complex oxides par-
ticularly enables their work function to reach as high as ~7 eV
by carefully controlling the surface termination layer with
atomic precision.'* Interfacing these high work-function
oxides with 2D materials can induce extreme levels of charge
transfer with an immediate impact in charge-transfer hetero-
structures for a wide range of fundamental studies and appli-
cations described above. In this respect, recent breakthroughs
in preparing freestanding single-crystalline complex oxide
membranes™***3! offer tremendous opportunities to assemble
these hybrid 2D/complex oxide membrane heterostructures.
However, the dangling bond on oxide surface is a formid-
able challenge as it promotes the formation of surface adsor-
bates, which can compromise the interfacial quality that is
particularly critical to the interfacial charge transfer driven by
work-function mismatch.”* Accordingly, recent studies on 2D/
oxide membrane heterostructures stacked in ambient con-
ditions reveal a significant presence of interfacial contami-
nants.'*® Furthermore, the air sensitive nature of 2D/oxide
interface poses another key challenge, since ambient exposure
can trigger adatom adsorption-desorption dynamics that alter
the work function of oxides, relax the charge-transfer state,
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and ultimately deteriorate the doping stability."** These obser-
vations highlight the importance of forming well-defined, pas-
sivated 2D/oxide interfaces—through controlled oxidation,
encapsulation, or the use of intrinsically passivating complex
oxides—to preserve the desired electronic configuration over
time.”®'*® We further note that the electrical properties of 2D/
oxide charge-transfer transistors, particularly those consisting
of oxidized 2D materials, are also governed by several extrinsic
factors beyond the intrinsic work-function-mismatch mediated
charge transfer at the interface. For example, oxidizing WSe,
can produce non-stoichiometric WO, depending on the oxi-
dation conditions, which has been reported to give rise to
defect states within the band gap."*® The presence of these
defect states can adversely affect device performance by
increasing contact resistance via Fermi level pinning effects as
well as reducing carrier mobility by introducing disorder-
induced scattering pathways in channel materials.?® In stacked
charge-transfer devices, the presence of hydrocarbons con-
fined in the form of interfacial “bubbles”, combined with the
non-stoichiometric nature of WO, can also locally perturb the
magnitude of charge transfer, leading to detrimental doping
density fluctuations in real space. One exciting future direction
to address the challenges described above is to assemble these
hybrid structures in ultra-high vacuum conditions to prevent
the contamination of oxide surfaces.'” ™’

Another important consideration is the ability to visualize
charge transfer dynamics at ultrafast timescale and with atomic
resolution. This is particularly important for elucidating complex
exciton dynamics and energy landscape in many TMD hetero-
structures. Recent advances in the experimental techniques have
led to a rapid advancement in the mechanistic understanding of
charge transfer and intra- and inter-layer exciton dynamics in
TMD heterostructures. For example, ultrafast femtosecond elec-
tron diffraction technique has opened new avenues for visualiz-
ing and elucidating the salient role of phonon and lattice
dynamics in interlayer exciton formation.”* Similarly, femtose-
cond photoemission momentum microscopy enabled the visual-
ization of exciton-phonon scattering as well as real-space aspects
of the interlayer exciton wavefunction.”'*”'*® However, these
approaches lack the ability to resolve local variations of excitonic
and other electronic behavior at the atomic scale, which is criti-
cal for many physical phenomena observed in charge-transfer
heterostructures. A promising frontier is light-assisted scanning
probe microscopy techniques that couples light with nanoscale
scanning probe tip to enable the imaging of ultrafast materials
response deep beyond the diffraction limit.’*®* One prominent
example is scattering-type scanning near-field optical microscopy
(s-SNOM) that operates over a broad range spanning THz to
ultraviolet. When coupled with an ultrafast light source, s-SNOM
enables simultaneous time- and spatially resolved nano-imaging
of excitonic and  polaritonic = dynamics in 2D
heterostructures.'®"'%>14%141 Recent developments in ultrafast
THz scanning tunneling microscopy further pushes the spatial
resolution down to the angstrom scale.'**™***> Microwave impe-
dance microscopy is yet another emerging approach that extends
the ultrafast nanoscopy down to the GHz regime, which has
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recently shown promise in accessing depth-resolved charge-trans-
fer dynamics in vdW heterostructures."*®™*® Looking ahead, the
convergence of multi-modal microscopy (that integrates two or
more modalities described above) with attosecond time-resolved
techniques'*® is poised to push the frontier of charge transfer
physics in 2D materials.

In conclusion, we discussed the rapid progress in program-
ming interlayer charge transfer in vdW heterostructures by
manipulating both structural and dynamic control parameters.
These advances in engineering charge-transfer hetero-
structures have already led to breakthroughs across diverse
application fronts, including polaritonic devices, transistor
architectures, and photo- and electro-chemical cells. We are
now witnessing the rapidly growing efforts towards integrating
artificial intelligence and machine learning (AI/ML) into 2D
materials research workflow and the next generation of charge-
transfer heterostructure design.’>*”'% For example, E. Gerber
et al. developed InterMatch, a high-throughput computational
framework that utilizes readily available 2D database to predict
various interfacial parameters at 2D interfaces, including their
charge transfer, strain profile, and superlattice structures.™®
This framework has proven useful in accelerating the design of
2D interface and heterostructures with tailored properties by
overcoming the O(N?) scaling of the conventional density func-
tional theory (DFT) in large N electron systems. Another impor-
tant consideration is the accuracy of these predictions com-
pared to experimental observations. In this regard, the accu-
racy of InterMatch has shown to be comparable to or better
than that of DFT. One emerging direction to further improve
the calculation accuracy is to use machine learning-based
force fields (MLFF), which models interatomic interactions by
directly training ML algorithms from quantum-mechanical cal-
culations.'®® These MLFF demonstrate a quantum-level accu-
racy while maintaining the desired computational efficiency
for large-scale systems. The other emerging powerful approach
to close the theory-experiment gap is to establish a AI/ML-
driven self-driving laboratory (SDL) that combines both theore-
tical and experimental procedures.'® Recent studies have
demonstrated AI/ML-based automation of key experimental
protocols  for  assembling and characterizing 2D
heterostructures.'>'®”"'7 Moving forward, we envision that
combining the currently disconnected Al/ML-based efforts in
theoretical and experimental approaches into a closed-loop,
Level 5 SDL without human-in-the-loop steps will further accel-
erate the discovery of yet untapped phenomena and function-
alities in charge-transfer vdW heterostructures.'”> Taken
together, the design of interlayer charge transfer in vdW
heterostructures, combined with AI/ML-driven approaches,
holds tremendous potential for growth and impact in funda-
mental studies and technologies for years to come.
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