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INTRODUCTION
Mixed-dimensional heterostructures formed by com-
bining materials of different dimensionality offer diverse

multi-functionality that cannot be otherwise obtained by pure
0D, 1D, 2D, or 3D materials.' ° The discontinuous changes in
the energy dependence of the density of states and the degree of
electrostatic screening across mixed-dimensional heterointerfaces
substantially alter the electrical, magnetic, optical, and thermal
properties, thereby presenting new and/or improved functionalities
in applied technologies.”'” This special issue presents the latest
research results for mixed-dimensional heterostructures, including
synthesis, characterization, theory, and applications in electronics
and photonics. Highlights from this special issue are presented
below.

SPECIAL ISSUE HIGHLIGHTS

The development of growth and fabrication methods for mass-
transferable and position-controlled microarrays of semiconduc-
tors enables effective heterogeneous integration without additional
assembly processes. Toward this end, Jin et al. demonstrated site-
selective remote epitaxial growth of mechanically transferable ZnO
microrod and microdisk arrays via hydrothermal growth.” To
define the growth sites, a patterned mask layer is formed on
2D material-coated substrates. Then, remote epitaxy is conducted,

which allows growth of ZnO microarrays only on the patterned
areas. The weak van der Waals (vdW) interaction between the result-
ing microrods and the graphene surface allows facile mechanical
lift-off of the ZnO microarrays and transfer onto a separate host
substrate. In related work, Sundaram et al. reviewed their recent
progress in vdW metal organic vapor phase epitaxy (MOVPE) of
wafer-scale 2D layered hexagonal boron nitride (h-BN) and III-N
materials.'’ This monolithic growth process allows for mechanical
transfer of GaN-based devices off of the h-BN surface to vari-
ous support wafers. This large-scale vdW h-BN MOVPE enhances
II-N device functionality and improves III-N processing technol-
ogy toward heterogeneous integration. Similarly, Kim et al. showed
improved growth and exfoliation yield of remote epitaxy by utilizing
a novel atomic layer etching (ALE) technique.'® In particular, they
first grew multilayer graphene directly onto SrTiO3 substrates, fol-
lowed by layer-by-layer ALE of the graphene layers down to one to
two layers. Remote epitaxy on this substrate showed higher yield in
terms of the exfoliated area due to the absence of defects (tears, wrin-
Kkles, and contaminants) when compared with graphene transferred
from another substrate, such as SiC or Cu foil. This study highlights
that direct growth of graphene on the desired substrate is key for
lab-to-fab transition and commercialization of the remote epitaxy
technique.

Mixed-dimensional heterostructures provide new physical
properties and phenomena that enable unconventional electronic
functions. To realize 2D/3D heterostructures for next-generation
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electronics, Ma et al. demonstrated remote epitaxy of high-quality
3D oxide materials on 2D MoS,.'° Meanwhile, Hong et al. reviewed
growth and fabrication methods for 1D semiconductor nanostruc-
tures on 2D substrates.'” In this case, the 1D nanostructures exhibit
excellent materials characteristics, including high charge carrier
mobility and long-term stability, while the 2D layers show high opti-
cal transparency and mechanical flexibility in addition to superior
electrical characteristics. With this unique combination of proper-
ties, these 1D/2D heterostructures have been effectively employed
for high-performance electronic and optoelectronic devices, includ-
ing transistors, light-emitting devices, photodetectors, and pressure
sensors. In another example, Turker et al. described the operating
principles, materials characteristics, and heterostructure considera-
tions for 2D/3D hot electron transistors (HETs).'® The integration
of 2D materials with 3D structures allows vertical HET' to achieve
ballistic transport with cutoff frequencies in excess of 15 THz
since the intrinsic limitations of lateral devices, such as lithogra-
phy of the gate, short-channel effects, and velocity saturation, are
circumvented.

The use of 2D materials as contacts for low-dimensional semi-
conductor devices has attracted significant attention since the vdW
interface minimizes Fermi level pinning. For example, Kim et al.
demonstrated efficient charge transfer across a 2D/semiconductor
heterointerface between ZnO and NbSe; prepared using hydrother-
mal processing.'” The heterojunction between ZnO and NbSe;
lowers the barrier height for charge injection, and the conductive
surface states of ZnO provide an additional conduction channel,
resulting in Ohmic behavior that is consistent with density func-
tional theory (DFT) calculations. In another DFT study, Zhou
et al. elucidated the electronic structure and energy level align-
ment of 0D metal phthalocyanine (MPc) molecules on 2D MoS,.”
Screened range-separated hybrid (SRSH) functions allow the elec-
tronic structure of mixed-dimensional heterojunctions comprised
of 2D materials and 0D constructs to be calculated in a man-
ner that accounts for the effects of the heterogeneous dielectric
environment.

Other applications for mixed-dimensional heterostructures
include nonlinear optics and catalysis. For instance, Sheridan et al.
performed nonlinear optical spectroscopy on graphene nanoribbons
(GNRs) using nanoscale junctions defined at the LaAlO3/SrTiO3
interface, thus revealing a strong, gate-tunable second and third
harmonic response, as well as enhanced extinction of visible to near-
infrared light.”! From the perspective of catalysis, Ling et al. facili-
tated the hydrogen evolution reaction (HER) by plasma-treating the
edges of semimetallic layered tungsten ditelluride (WTe;) using a
microcell device.”” Atomic defects, substitutions, and new chemical
bonds were locally induced on the basal plane and edges of WTe,
by mild plasma treatment, leading to catalytically activated WTe,.
Microcell device studies show that the plasma-treated edges exhibit
considerably improved electrocatalytic activity for HER, including
an attenuated overpotential and reduced Tafel slope, compared with
pristine WTe,.

CONCLUSION

In conclusion, this special issue covers a broad range of fun-
damental and applied topics related to heterogeneous integration of
mixed-dimensional materials. The high degree of interdisciplinarity
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in this work implies that it will be of broad interest to physicists,
chemists, and engineers who are seeking to understand and utilize
the combined benefits of materials from multiple low-dimensional
classes. As this field is still in its infancy, we anticipate that this
special issue will help inspire and guide future efforts to move
mixed-dimensional heterostructures from the research laboratory to
large-scale commercial applications.
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