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Functionalizing Van der Waals materials by shaping
them
Deep Jariwala 1✉

Abstract
A number of van der Waals materials can be gradually tuned from electron to hole conductance with an increasing or
decreasing thickness, which offers a novel route to modulate nanoscale charge-carrier distribution and thus
functionality in devices.

The past decade has seen an explosion of research
interest in atomically thin materials, typically those bon-
ded via Van-der-Waals forces, due to their intriguing
physical properties, such as topology1, super-
conductance2,3, valley spin4, moiré excitons5, ferromag-
netic and antiferromagnetic states6, bulk-7 and flexo-8

photovoltaic response. This class of materials also have
unique advantages in logic computing9, memory storing10,
polarization11, and multicolor photodetection12, which
promises the solution of (opto-) electronics devices at the
ultimate thickness limit.
However, to put those intriguing functionalities

into industry-use/reality, one critical issue has to be
addressed — a general approach to dope two-
dimensional (2D) semiconductors to enable homo-
geneous junction applications13.
Laser14, chemical15 and surface-transfer16 doping

techniques where laser illumination is used to produce
donor- or acceptor-like defects, chemical dopants (metal
atoms, like Cu and Co) are intercalated into the vdWs
gap, oxidant and reductant species are used to capture
or inject electrons by a surface reaction, respectively
have been demonstrated in the past. But, as is well
documented in literature, these techniques are mostly
customed designed for some specific layered materials,
that cannot extend to the whole van der Waals materials
family14–16.

Recently, writing in this issue of Light: Science &
Applications, Hui Xia and colleagues at the Shanghai
Institute of Technical Physics, Nantong University and
Shanghai-Tech University in China report that a variety of
van der Waals semiconductor materials (MoS2, WSe2,
MoTe2, black-phosphorus) don’t need artificial, external
doping and are capable of doping themselves from elec-
tron (n) to hole (p) type doping conductance with
increasing or decreasing thickness17. As schematically
shown in Fig. 1, monolayer MoS2 is typically n-doped,
while multilayer counterpart turns to p-doped. Con-
sidering that the self-doping materials span from
elemental-layered-semiconductors such as black phos-
phorus to transition-metal sulfides, selenides, and tell-
urides, the observed and reported phenomenon might
apply to many other layered materials significant
expanding their applicability and scope in device design.
In such a framework, every monolayer-step change in

thickness can ideally serve as a finely tunable knob to
spatially modulate the charge-carrier polarity and doping
concentration. Further, the geometric boundary serves as
a sharp barrier for carrier concentration change. This
doping framework therefore offers an opportunity to
fabricate atomically abrupt conduction channels and
junction. Note that such devices can be very difficult to
fabricate by conventional approaches due to uncontrolled
dopant interdiffusion process18.
The self-doping behavior could benefit the semi-

conductor manufacturing process of 2D devices, since one
only needs to focus on the geometrical morphology, while
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and evaluate materials that is also tractable to readers
outside of the NZI-community.
While the implications in linear optics are one avenue,

as discussed within the paper, the framework also has
connection with the growing area of nonlinear optical
interactions in vanishing property materials as well35. In
particular, the area of space-time nonlinear interactions,
where strong spatial (Δn ~ 1) and temporal (Δt ~ 300 fs)
changes in the refractive index are driving interesting
works in optical switching32,36, frequency conversion37–40,
and time-refraction41,42. In such interactions, wave-like
and particle-like interactions can coexist, leading to time-
varying reflection coefficients and phase accumulation as
well as Doppler-like frequency shifting and momentum
exchange. While works are beginning to highlight the
roles of certain components40,43, there is still an oppor-
tunity to solidify the theoretical foundation. These non-
linear responses represent an intriguing regime to employ
the momentum framework and observe the relative roles
of each momentum description. Furthermore, the result-
ing descriptions also represent an interesting angle to view
light-matter-interactions in more complex devices which
combine nanostructures with vanishing property materi-
als to tailor the effective index and are likely to find
application in these emerging areas as well.
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Extensible on-chip mode manipulations based on
metamaterials
Xuanru Zhang 1 and Tie Jun Cui 1✉

Abstract
An extensible framework is proposed for on-chip spatial-mode manipulations based on metamaterial building blocks,
which enables the excitation of arbitrarily high-order spatial modes in silicon waveguides. It makes a significant step
towards the comprehensive and on-chip manipulations of spatial lights, and may provide promising opportunities for
complex photonic functionalities.

Mode-division multiplexing (MDM) technique, which
employs different fiber modes as different channels, is
recognized as a powerful tool to increase the data capacity
of optical fiber communications1–3. Mode-selective
manipulations also demonstrate great potentials in
diverse information processing fields including optical
sensing, neuro-inspired photonic computing, and quan-
tum optical devices. However, the traditional mode
manipulation techniques, such as phase matching4, beam
shaping5, etc., are fundamentally limited by extendibility.
Each mode operator needs to be specifically analyzed and
optimized. Meanwhile, arbitrarily high-order mode
manipulations are inherently restricted by either the
working principle or the available fabrication
technologies.
Metamaterials, which are constructed by subwavelength

artificial structures and present extraordinary electro-
magnetic properties, have attracted significant interests
for their fabulous wavefront controlling capabilities in
subwavelength scales6. For on-chip light manipulations7,
metamaterials enable mode conversions within a short
interacting distance and significantly reduce the device
footprints8–10. Broadband operations can be designed and
realized using the metamaterials11,12.
Written in this issue of Light: Science & Applications,

Xuhan Guo and Yikai Su’s research team at Shanghai

Jiao Tong University in China proposes an extendible
framework for mode manipulations of arbitrary orders,
based on programming the topological arrangement of
the metamaterial building blocks (BBs)12,13. A high-
order mode operator up to the 20th has been imple-
mented. As a proof of concept application, a metama-
terial BBs-based MDM circuit is accomplished on a
silicon-on-insulator (SOI) wafer and is demonstrated
for high-speed data transmissions of 8-channel 16-
quadrature amplitude modulation (16-QAM) signals
with a data rate of 813 Gb/s.
The 3D schematics for the even-order and odd-order

mode operators are demonstrated in Fig. 1a and b,
respectively. The basic metamaterial BB is marked in the
dashed box in Fig. 1a, which is a TE0-TE2 mode operator
exploiting fully-etched dielectric slots on a silicon wafer.
The TE0-TE2 metamaterial BB is of a symmetric arrow-
like shape14, which leads to strong interactions between
involved modes and a compact footprint of 1.23 ×
2.7 μm2. Mode converters of arbitrary order can be
implemented by programming multiple metamaterial BBs
in a simple parallel layout. Considering the mode sym-
metry, even-order mode operators require N/2 metama-
terial BBs (N is the mode order), i.e., N dielectric slots. For
odd-order mode converter, (N+ 1)/2 metamaterial BBs
are required with the last unit in an “incomplete BB”
geometry. A series of high-order mode converters are
fabricated and experimentally characterized by the excess
loss (EL) and the crosstalk (CT). In the 1540 nm to
1570 nm wavelength range, the typical EL and CL values
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will address distributing the electrons and holes as
required. In the present work the authors have developed
and demonstrated a variety of devices based on this con-
cept such as diodes, solar cell and avalanche photodetector.
In the future, more efforts are needed to attain a fun-

damental understanding of the doping mechanism. What
are the factors that drive few- and multilayer- layers to an
opposite polarity of doping? Similarly, what is impact of
contact fabrication scheme and source material in deter-
mining doping type and concentration as a function of
thickness? These are outstanding questions they need
further investigations. Likewise, for practical realization,
attempts for large scale device fabrication with controlled

doping as a function of thickness are equally important
that will ultimately determine how far can this new
doping concept can go.
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Fig. 1 Schematically showing the thickness dependent doping
characteristic of layered materials
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