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ABSTRACT: Layered van der Waals (vdW) materials have attracted Heterostructures
significant attention due to their materials properties that can enhance M O rp h Otaxy %:tcr;ie(frlwsalit
diverse applications including next-generation computing, biomedical y
devices, and energy conversion and storage technologies. This class of
materials is typically studied in the two-dimensional (2D) limit by
growing them directly on bulk substrates or exfoliating them from
parent layered crystals to obtain single or few layers that preserve the
original bonding. However, these vdW materials can also function as a
platform for obtaining additional phases of matter at the nanoscale.
Here, we introduce and review a synthesis paradigm, morphotaxy,
where low-dimensional materials are realized by using the shape of an
initial nanoscale precursor to template growth or chemical conversion.
Using morphotaxy, diverse non-vdW materials such as HfO, or InF; can be synthesized in ultrathin form by changing the
composition but preserving the shape of the original 2D layered material. Morphotaxy can also enable diverse atomically
precise heterojunctions and other exotic structures such as Janus materials. Using this morphotaxial approach, the family of
low-dimensional materials can be substantially expanded, thus creating vast possibilities for future fundamental studies and
applied technologies.
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layered graphite, Novoselov and Geim initiated the substrate.

field of two-dimensional (2D) van der Waals Solution-based exfoliation is another top-down approach
that offers a scalable alternative to mechanical exfoliation,

which often comes at the cost of reduced quality of the
resulting nanosheets.” The most prevalent solution-based
technique, liquid-phase exfoliation (LPE), utilizes ultra-
sonication, shear mixing, or related agitation methods to
delaminate layered crystals in appropriately chosen solvents,
often with the addition of surfactants or other additives that aid
exfoliation. LPE has been successfully applied to a wide variety

With the isolation of a single layer of graphene from results in an inhomogeneous distribution of nanosheets on a

(vdW) materials," resulting in concentrated efforts to grow
or exfoliate layered materials toward the atomically thin limit.
Valued for their high aspect ratios, ease of gate tunability, and
size-dependent properties, control over the composition and
thickness of 2D materials has motivated synthetic efforts. The
synthesis of 2D materials has largely focused on two strategies:
a top-down approach that focuses on exfoliating naturally

occurring layered crystals down to a single layer or a few layers of layered materials including graphene,” transitional metal
and a bottom-up approach where growth occurs on bulk dichalcogenides (TMDCs), hexagonal boron nitride (hBN),°
substrates starting from atomic or molecular precursors. The black phosphorus,” and germanium sulfide.” More sophisti-
top-down approach aims to exfoliate individual, atomically thin cated solution-based exfoliation protocols involve etching away

sheets from a parent vdW crystal. Mechanical exfoliation,

colloquially referred to as scotch-tape exfoliation, has been Received: January 8, 2022
widely employed for the isolation of vdW monolayer flakes Accepted: April 29, 2022
including graphene,1 molybdenum disulfide,” and indium Published: May 6, 2022

monoselenide’ to name a few examples. While excellent at
obtaining pristine, high-quality nanosheets for fundamental

studies, mechanical exfoliation is not a scalable process and
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Figure 1. Avenues for morphotaxial synthesis. Oxidation-based modifications are useful for the formation of high-x dielectrics, layer-by-layer
thinning, and passivation. More generally, anionic modifications seek to remove or exchange chalcogens or other anionic species to form
both layered and nonlayered 2D materials. While cationic substitutions are more difficult to accomplish than anionic modifications,
emerging work with copper and related cations suggest significant opportunities in this direction. The end result in these morphotaxial
pathways is a chemically distinct material that adopts the shape of the parent layered material.

metal atoms in a layered MAX structure (M = transition metal,
A = group IIIA or IV element, X = carbon or nitrogen) to
obtain 2D MZXenes,” " or introducing an intercalated ion,
such as lithium'” or tetrahexylammonium,"” into the interlayer
spacing of vdW materials prior to ultrasonication. These
solution-based approaches are amenable to postexfoliation size
selection using techniques such as liquid cascade centrifuga-
tion'* or density gradient ultracentrifugation.”> After size
sorting, LPE 2D materials can be assembled on substrates
using a diverse set of additive manufacturing methods such as
layer-by-layer assembly,'®'” inkjet printing,'® and screen
printing.'” Despite the many advantages provided by the
scalable nature of solution-based exfoliation, the resulting
flakes often possess higher defect densities and compromised
properties compared to mechanical exfoliation. Moreover, both
mechanical and solution-based exfoliation rely on having a
high-quality, layered parent crystal, which constrains the
number of different 2D materials that can be derived using
the top-down methodology.

Bottom-up approaches, in contrast, seek to synthesize single
to few layer materials from atomic or molecular precursors,
instead of relying on layered parent crystals. Bottom-up
synthesis can be performed in solution,” which has been
utilized to prepare colloidal solutions of TMDCs,*° tailor
defect density in MoS, for hydrogen evolution reactions,”" and
even synthesize ambient-reactive 2D materials such as Crl;.*
While solution-phase synthesis offers high levels of synthetic
tunability, it generally results in highly defective 2D materials
and relies on stabilizing ligands that can compromise materials
properties. Vapor deposition has also been employed as an
alternative bottom-up synthetic approach. For example,
chemical vapor deposition (CVD)*”** has been shown to
grow large-area films by relying on van der Waals epitaxy to
nucleate layered materials such as MoS,**?® and Bi,0,Se.”’ %
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CVD growth often yields electronic-grade 2D materials that
have been used in next-generation electronic devices such as
MoS, transistors’® and photodetectors.” In addition, CVD
growth allows achieving monolayers with control over the
density of defects and in particular grain boundaries, which was
used for fabrication of memristors® and memtransistors.”®
Closely related to CVD are other vapor deposition schemes
such as pulsed-laser deposition®” for InSe”” and physical vapor
deposition™ for elemental 2D materials®>*® that rely on the
vaporization and subsequent condensation of the material onto
a target substrate. One advantage of vapor deposition schemes
is that they enable the growth of entirely synthetic 2D
materials that are not layered in the bulk.”” However, vapor
deposition methods are energy intensive and often yield films
with small grain sizes. Furthermore, the outcome of vapor
deposition is typically substrate-dependent, which then
necessitates the development of transfer schemes to utilize
the resulting 2D material in arbitrary device geometries.
Finally, molecular beam epitaxy (MBE) is another class of
bottom-up synthesis that relies on the slow sublimation of
material in an ultrahigh vacuum on a suitable substrate that
allows the film to grow epitaxially.”**” MBE is even more
sensitive than vapor deposition schemes in the control over the
flux and suitability of substrates for epitaxial growth, resulting
in comparatively higher costs.

While both top-down and bottom-up synthesis methods
offer clear advantages in many contexts and have facilitated the
rapid evolution of the 2D material field, previous reports have
been primarily constrained by the choice of one synthetic
avenue. Instead, combining elements of multiple synthetic
routes has the potential to achieve compositions and
morphologies that are not achievable with only one top-
down or bottom-up approach. For example, performing a
bottom-up chemical reaction on a 2D material isolated using a
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Figure 2. Oxidation-based morphotaxy. (A) Schematic for the synthesis of transition metal oxides (TMOs) via template-assisted synthesis.
Thermally activated oxygen annealing results in the chalcogens in 2D TMDCs being replaced by oxygen atoms, thus forming amorphous
ultrathin TMOs that retain the shape of the parent nanosheet. Reproduced with permission from ref 44. Copyright 2016 American Chemical
Society. (B) Bi,SeOs, a high-k dielectric, is formed on top of a Bi,SeO, film. By use of electron-beam lithography (EBL), the native oxide can
be patterned and forms an atomically sharp interface with the underlying semiconducting Bi,SeO,. Reproduced with permission from ref 51.
Copyright 2020 Springer Nature. (C) Formation of a dry native oxide on InSe transistors provides passivation and results in higher field-
effect transistor (FET) mobilities than pristine devices. Reproduced with permission from ref 68. Copyright 2017 American Chemical
Society. (D) Black phosphorus (BP) can be thinned via repeated oxidation and vacuum annealing. With use of an Al,0; mask and EBL to
define features, a FET is fabricated on top of a BP flake with two different thicknesses (11.7 and 8.7 nm). The transfer curves demonstrate
that in the case of BP heterojunctions (configurations 3 and 4), the on/off ratio is enhanced compared to those of thick BP (configuration 1)
and thin BP (configuration 2). Reproduced with permission from ref 81. Copyright 2017 American Chemical Society. (E) Scanning probe
thinning of BP. Applying a DC bias in a patterned fashion results in sub-micrometer features that are readily rinsed away with water to form
thinned regions of BP. The FET on/off ratio increases to 10* from an initial value of 200 after the scanning probe patterning reduces the
thickness of the BP nanosheet. Reproduced with permission from ref 82. Copyright 2016 Wiley. Permission to use the Northwestern

University logo was confirmed by Mark C. Hersam.

top-down approach can enable non-vdW heterostructures,
passivation of ambient-reactive 2D materials, or doping of
atomically thin materials. In this Review, we refer to this
combined synthetic paradigm as morphotaxy, after the Greek
prefix for shape (morpho-). Morphotaxy seeks to utilize the
shape of an initial nanoscale precursor to direct the growth of
low-dimensional materials (Figure 1). In contrast to existing
synthetic schemes, morphotaxy takes advantage of already
existing layered or ultrathin materials to initiate reactions,
resulting in a product that bears the same shape as the parent
crystal. While similar in concept to epitaxy, where single-crystal
materials are grown on top of a lattice-matched substrate, or
topotaxy, where the end product has its crystallographic
direction determined by the growth precursor,™ morphotaxy
focuses on determining the shape of the final low-dimensional
material, allowing for reactions that may change the crystalline
structure or result in amorphous materials that are nevertheless
atomically thin and smooth. For example, through morphotax-
ial reactions, one can achieve encapsulation with ultrathin and
smooth oxides, modulate surface states, or form atomically
precise heterostructures on the same nanosheet."’ Moreover,
morphotaxy enables the synthesis of non-vdW 2D compounds
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by directing reactions constrained by the original crystal shape,
in addition to Janus structures that break symmetry due to
complete conversion of only one side of a layered material.

In this Review, we examine the current literature on 2D
materials synthesis through a morphotaxial lens. The first
section focuses on oxidation-based modification, which is
arguably the most studied example of morphotaxy and
illustrates the versatility of morphotaxy in enabling complex
patterning and functionality in electronic devices. The second
section highlights anionic modifications with an extensive
discussion of chalcogenide morphotaxy in addition to rarer
cases such as the carburization, nitridation, and fluorination of
ultrathin metals or layered materials. The third section
considers the relatively understudied case of cationic
modifications with a particular focus on copper-based
morphotaxy. Following this comprehensive survey of the
current literature, we conclude by providing a forward-looking
perspective on the future of morphotaxy, outlining possible
research directions that have the potential to dramatically
expand the number of synthetically achievable low-dimensional
materials.

https://doi.org/10.1021/acsnano.2c00243
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OXIDATION-BASED MORPHOTAXY

Oxidation-based modifications represent the most studied
form of morphotaxy with rich applications ranging from high-x
dielectrics to passivation of reactive surfaces. The versatility
and relative ease of driving oxidation-based reactions also lends
itself to complex patterning schemes that take full advantage of
morphotaxial principles in creating complex structures of
layered materials.

High-x Dielectric Morphotaxy. Electronic devices
utilizing 2D materials as the semiconducting channel in a
field-effect transistor (FET) geometry often suffer from low
mobilities, poor subthreshold voltage swings, and time-
dependent degradation of key parameters (eg, threshold
voltage). These issues can at least partially be traced to poor
interfaces between the gate insulator and the channel material.
Unlike in the case of silicon-based technology, amorphous
oxide growth on 2D vdW materials is hindered by the lack of
dangling bonds on the surface that traditionally nucleate
growth.42’43 On the other hand, 2D insulators such as hBN
provide a well-defined interface and a low density of dangling
bonds and trap states at the interface that yield improved
mobilities and subthreshold swings but suffer from low
dielectric constants, narrow bandgaps, or both.*' Conse-
quently, the realization of high-x atomically flat oxides with
low density of dangling bonds grown directly on 2D
semiconductors with a van der Waals interface is of immense
technological interest for electronic applications.

Using a technique called template-assisted synthesis, Cui et
al. have synthesized amorphous, ultrathin transition metal
oxides (TMOs) by annealing metallic TMDCs such as TiS,,
TaS$,, and TaSe, in oxidizing environments at 300 °C.** The
authors showed the exchange of oxygen with sulfur and
selenium atoms, resulting in TMOs that retained the shape of
the parent crystal (Figure 2A). Following oxidation, the surface
roughness of the resulting TiO, and Ta,Os was less than 0.3
nm, demonstrating that atomically flat surfaces are retained.
Subsequent capacitance—voltage measurements utilizing the
TMOs as the insulator in a metal—insulator—metal diode
structure revealed that the dielectric constant of TiO,
synthesized in this fashion is ~18, which is consistent with
the literature on amorphous TiO,.** Chamlagain et al. built
upon this result to fabricate a MoS, FET with thermally
oxidized Ta$S, as the high-x dielectric.* In this case, the
authors reported a MoS, device with a Ta,O; top gate
dielectric (channel length ~2 ym) formed through template-
assisted synthesis that exhibited a subthreshold swing of 61 mV
dec™ and an on/off ratio approaching 10° with a field-effect
mobility of 61.5 cm* V™' s71.*° These results confirm the
viability of morphotaxially converting TMDC crystals into
atomically smooth dielectrics with a clean dielectric—channel
interface that can be effectively utilized in 2D semiconductor
electronic devices.

In addition to fully converting TMDCs into TMOs, related
work has focused on partial morphotaxial conversion to yield
oxide films on TMDCs. For example, Mleczko et al. formed
high-k native HfO, and ZrO, on HfSe, and ZrSe,, respectively,
via air exposure.*® They also reported control over the native
oxide thickness by controlling ambient exposure time, resulting
in a high-k oxide directly on these vdW materials.*® Lai et al.
similarly showed that 2D HIS, can be oxidized to high-x HfO,
with layer-by-layer control by tuning the reaction time with an
oxygen plasma. A top-gated FET formed from the resulting
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HfO,—HIS, heterostructure possessed a low interface trap
density of 6 X 10" cm™ eV™! and an on/off ratio exceeding
107.*” Peimyoo et al. instead used laser illumination to photo-
oxidize HIfS, that was pretransferred onto an existing 2D
material stack, resulting in charge transfer between the
semiconductor and trace amounts of adsorbed water to form
HfO,.** This approach allows for selective oxidation and
patterning of the transferred material, even when sandwiched
between 2D materials. A MoS, dual-gated FET utilizing 7 nm
HfO, synthesized in the aforementioned fashion as the top
gate dielectric and SiO, as the bottom gate dielectric showed a
threshold voltage of —0.4 V, an on/off ratio of ~10% and a
subthreshold swing of ~100 mV dec™" with minimal hysteresis,
which was attributed to the high-quality of the photo-oxidized
dielectric.*® The oxidation of TMDCs, in particular Hf-based
and Ta-based dichalcogenides, thus provides a viable path for
synthesizing ultrathin, atomically smooth, high-x dielectrics.

While TMDCs are the natural start for exploring
morphotaxial growth of dielectrics, semiconducting TMDCs
suffer from lower mobilities than more recently discovered 2D
semiconductors.”” One such material, bismuth oxyselenide
(Bi,0,Se), is of high interest due to its high mobility (150—
450 cm® V™' s7! at room temperature) and moderate band gap
(~0.8 eV) that is suitable for telecommunications applications
in addition to having a related dielectric oxide (bismuth
selenite Bi,SeO;) with a high dielectric constant (x ~ 21).%° Li
et al. synthesized bismuth selenite directly on the semi-
conducting channel by calcining Bi,O,Se at 370—400 °C.”'
This morphotaxial procedure formed Bi,SeO; on top of
Bi,0,Se with an atomically sharp interface as shown by cross-
sectional high-angle annular dark-field scanning transmission
electron microscopy (Figure 2B).>" Furthermore, Bi,SeO; can
be selectively etched with dilute 0.2% HF acid, enabling
complex patterns via electron-beam lithography (EBL) (Figure
2B). Using S nm thick Bi,SeOj as the top gate oxide, Bi,O,Se-
based FETs showed room-temperature on/off ratios of ~10°
and mobilities of ~250 cm* V! s71.°" Bi,0,Se nanoplates can
also be selectively oxidized through an EBL-patterned polymer
mask at room temperature using an oxygen plasma, as reported
by Tu et al.>> FETSs with a ~6 nm thick channel (Bi,O,Se) and
~5 nm thick gate oxide (Bi,SeO,) resulted in room-
temperature on/off ratios of ~4 X 10* and mobilities of 60
cm? V7! s713% These results demonstrate multiple avenues for
morphotaxially forming dielectric oxides directly on high-
performance layered semiconductors that are likely to inspire
further research on other layered semiconductors with high-x
native oxides.

Other Applications for Oxide Morphotaxy. Morpho-
taxial oxide growth on vdW materials can also be beneficial in
forming heterostructures, thinning multilayer crystals down to
a desired thickness, passivating chemically reactive 2D
materials, or tuning materials properties. This section will
first discuss vertical heterostructures of TMDCs and TMOs for
doping and thickness control, before moving onto analogous
lateral heterostructures. Then, an overview on emerging work
on ambient-reactive layered materials (termed post-TMDCs)
will demonstrate that the reactivity of these layered materials
can be a benefit, rather than a detriment, in facilitating
morphotaxial reactions. Finally, a review of fundamental
studies on oxidation will provide a roadmap for taking
advantage of the rich opportunities offered by oxidation-

based morphotaxy.

https://doi.org/10.1021/acsnano.2c00243
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Vertical Heterostructures and Layer Thinning of TMDCs.
Vertical heterostructures are not only limited to high-x
dielectric applications as discussed in the previous section
but also enable other functionalities such as layer-specific
thinning of 2D materials. Since many properties of TMDCs
depend on thickness, it is critical to have fine control over the
number of layers. As shown by Li et al, low-power, remote
oxygen plasma treatment of WSe, nanosheets resulted in only
the top layer of WSe, being oxidized, with the layers below the
oxide remaining pristine even following prolonged oxygen
plasma treatments.’® This observation was corroborated by
Raman and photoluminescence (PL) spectroscopy as well as
atomic force microscopy (AFM). The oxide layer can then be
dissolved through a facile KOH treatment, enabling layer-by-
layer etching of WSe,.”” Similarly, Pei et al. demonstrated
analogous oxidation and layer-thinning in MoS, and WSe,
through a direct oxygen plasma treatment.’* At low powers,
the oxygen plasma leads to first an oxidized monolayer on
pristine MoS, and then subsequent removal of the oxide with
longer treatment times. The authors noted that after oxide
formation, the stability of the oxide under etching conditions
plays a large role in further oxidation with the lower melting
point of MoOj; leading to more facile removal through the
plasma treatment compared to the higher melting point
WO,.>* This difference between the two materials suggests
that more work is necessary to map out the phase space of
oxygen plasma treatment time, intensity, and composition of
the treated material in order to fully control oxidation and
layer thinning via plasma treatments alone.

In addition to thickness control, morphotaxial oxidation can
also be utilized to dope or provide improved electrical contacts
for TMDCs. For instance, Ko et al. demonstrated MoOj;
growth on MoS, using an oxygen plasma treatment with the
resulting MoO; overlayer forming in a layer-by-layer fashion
that retains the atomic flatness of the parent MoS, flake.>
Interestingly, unlike Pei et al,”* the authors do not report
MoO; removal following extended plasma treatments, further
emphasizing that the detailed processing conditions play a
large role in the reaction outcome. Nevertheless, in this case,
morphotaxial oxidation introduces hole doping or hole
transport layers for MoS,-based devices. For W-based
TMDCs, Yamamoto et al. reported that a single, self-limiting
WO, layer formed on top of WS, flakes following ozone
exposure, where the WO, layer served as a p-type, quasi-
Ohmic contact.”® The WO, was then further tuned by
exposure to air and room-temperature ozone treatments,
resulting in controllable hole doping and low Schottky barrier
hole injection in atomically thin WSe, transistors with
superlative room-temperature on/off ratios of >10” and hole
mobilities of ~50 cm? V™! s71.°° The same authors extended
this result to show that morphotaxially grown WO, can also
serve as effective electron traps upon illumination, resulting in
p-type photogating.®” Specifically, using a WO,-covered WSe,
transistor, the authors observed a photoresponsivity of 3663
A/W at 1.1 nW, albeit with a slow response time on the order
of seconds.”

Morphotaxial TMOs have also been shown to modulate the
properties of additional 2D materials, resulting in devices such
as tunable photodetectors and artificial synaptic devices. As
shown by Ghasemi et al, morphotaxial oxidation tuned the
photoresponsivity of TiS; nanoribbon-based photodetectors,
resulting in a blue shift in the cutoff wavelength from 1100 nm
in pristine TiS; nanoribbons to 450 nm following oxidation.>®
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In particular, thermal treatments oxidized exposed TiS;
nanoribbons, whereas hBN-encapsulated TiS; nanoribbons
showed no change following the same treatment, thus enabling
selective oxidation and patterning.”® In another example, Jin et
al. partially oxidized HfS, to form HfO,, resulting in an
atomically pristine WSe,/HfO,/HfS, heterostructure that is
suitable for use as an artificial synapse.”” In this case, the HfO,
served as a tunneling dielectric, while the unoxidized HIS,
acted as a floating gate that enabled read/write operations by
modulating the conductivity of the WSe, channel.” This flash
memory device showed excellent multilevel storage behavior,
stability over 250 cycles of on/off pulses (V, = —60 V and +60
V for 2 s, respectively), and a retention time over 2000 s.>
Finally, Liu et al. adopted a similar scheme, taking advantage of
morphotaxial oxidation of 2D HfSe, to form a Ti/HfSexOy/
HfSe,/Au device via oxygen plasma treatment to increase the
cell resistance.”” Memristors fabricated in this fashion
exhibited low voltages for resistive switching (<3 V), large
switching windows (>10%), and retention times over 15 000 s.
These devices also possessed operating currents (100 pA) that
were much lower than competing TMDC/TMO memristors
(10—100 uA) or other 2D material memristors (0.1—1 uA),
resulting in ultralow power consumption (0.1 fJ to 0.1 pJ).*

Lateral TMDC—TMO Heterostructures. In addition to
vertical heterostructures, lateral TMDC—TMO heterostruc-
tures have also been formed through morphotaxial oxidation.
For example, Liu et al. reported thermal oxidation (thermody-
namic regime) of WSe, nanosheets exfoliated on Si/SiO,, as
opposed to the shorter and more aggressive oxygen plasma or
ozone treatments (kinetic regime) covered in the previous
section.’’ In the thermodynamic regime, oxidation initiated
from the nanosheet edges and propagated laterally, forming a
lateral WSe,—WO; heterojunction with a more conductive
substoichiometric WOj;_, interfacial region. By tuning the
thermal oxidation time, complex lateral heterostructures were
formed for WSe,—WO,_, (semiconducting—conducting) or
WSe,—WO;_,—WO; (semiconducting—conducting—insulat-
ing), as evidenced by Raman spectroscopy and microwave
impedance microscopy.’’ This effect was also utilized for
CVD-grown monolayer WSe,, where heating WSe,-based
FETs at 250 °C in air increased the on-current by a factor
of 4000, resulting in on/off ratios of up to S X 10° and
mobilities of 31 cm® V™' s7.% This improvement was
attributed to the formation of WO;_, that p-type dopes the
remaining WSe, and shortens the FET channel length with
highly conductive domains of substoichiometric tungsten
oxide. The randomly distributed WO;_, growth observed by
Liu et al may be due to the smaller grain sizes and
correspondingly higher grain boundary densities for CVD-
grown WSe,, as oxidation proceeds preferentially at grain
boundaries. On the other hand, Hoffman et al. formed lateral
WSe,—WO,_, heterostructures by selective oxidation of the
top 1—2 layers of exfoliated WSe, flakes using metallic contacts
as an etch mask.”’ In this case, the optimal geometry was
formed by exposing the entire channel and the WSe, under
one electrode to the oxygen plasma treatment, resulting in a
p—n junction with an on/off ratio of 333 at —20 V gate bias.”®

Memristive behavior in WSe, has also been engineered via
oxidation, showing significant promise as a morphotaxial
approach for neuromorphic computing. In particular, Lin et
al. reported that the formation of WSe,O, following ozone
exposure, and lower-power oxygen plasma treatments resulted
in memristive switching behavior with vertical transport as well
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as p-type doping of lateral WSe, FETs.°* Similar hetero-
structures were used by He et al. to fabricate synaptic devices,
with the ability to modulate memristive behavior with a %lobal
back gate on p-Si or a top gate upon visible irradiation.”> The
resulting device showed reproducible hysteric behavior for up
to 100 voltage sweeps (0 V - SV - =5V — 0 V) and
functioned as a multigate memristive synapse that emulates
neural synaptic functions such as synaptic plasticity.”®

Oxidation of Post-TMDC Materials. While TMDC-based
oxidation has been the primary focus of oxidation-based
morphotaxy, layered materials based on groups 13, 14, and 15
elements are generally more reactive, leading to additional
oxidation pathways in these post-TMDC compounds. For
instance, Pei et al reported the controlled oxidation of
phosphorene (black phosphorus, BP) samples following an
oxygen plasma treatment that formed a PO, protective layer in
the process.”° This encapsulation layer suppressed further
ambient oxidation of the underlying BP layers as evidenced by
measurable PL over the course of days as opposed to hours for
the case of pristine BP. The PO, layer also served as a buffer
layer for subsequent atomic layer deposition (ALD) growth of
Al,O; for further passivation. The authors also used this
technique to selectively introduce oxygen defects in a
phosphorene-based metal-oxide-semiconductor structure that
exhibited defect-based PL that could be tuned with back
gating.®® Dickerson et al. built upon this approach to fabricate
BP FETs with PO, layers that possess excellent dielectric
properties (k = 19).°” This device geometry took advantage of
the low defect density at the BP—PO, interface to achieve
room-temperature top-gate mobilities of 115 cm® V™! s™! with
on/off ratios exceeding 300.°’

Morphotaxial oxidation can also passivate InSe transistors
and tune the properties of InSe-based devices. Specifically, a
dry surface oxide treatment on InSe was reported by Ho et al,
resulting in FETs with mobilities of 423 cm®* V™! s at room
temperature and 1006 cm® V™' s7' at liquid nitrogen
temperatures without the need for further encapsulation
(Figure 2C).°® Moreover, the FETs possessed on/off ratios
in excess of 10® and current densities of 365 uA/um, which
outperformed devices that were fabricated without the indium
oxide capping layer. This exceptional performance was
attributed to both the passivating effects of the indium oxide
and the unpinning of the Fermi level at the metal contacts,
resulting in lower Schottky barriers (~40 meV).®® Chen et al.
extended this work to demonstrate that the Fermi-level
depinning effect also occurs in the limit of monolayer indium
oxide, resulting in electron mobilities of 2160 cm® V™' s™! at 2
K and a contact barrier of 65 meV.” Unlike Ho et al,, these
authors employed a UV-ozone process at 80 °C for 10 s that
resulted in finer control over the oxide formation. The
propensity of indium selenide to form indium oxides can
also be used to tune optical properties. As Balakrishnan et al.
reported, heating (either through thermal treatment or high
laser power) led to the formation of quantum-confined In,O;—
InSe heterostructures with an increase in the effective band gap
compared to InSe alone.”” This oxidation can also be localized
via hBN encapsulation or a focused laser beam, resulting in
micrometer-scale spatial resolution.

The benefits of self-limiting oxides have also been observed
for SnSe,, as Paolucci et al reported that the formation of a
SnO, layer on top of SnSe, , resulted in an effective gas
sensing heterostructure.”’ Compared to stoichiometric SnSe,
devices that exhibited no gas detection, the SnO,/SnSe,_,
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heterostructures showed sensitivities of 1.06/ppm and 0.43/
ppm for NO, and H,, respectively, with limits of detection of
0.36 and 3.6 ppm, respectively. These heterostructures showed
stable operation in ambient conditions for more than six
months, which the authors attributed to the air-stable SnO,
encapsulation layer.”!

Fundamental Studies of Morphotaxial Oxidation. Since
the techniques used to oxidize 2D materials can lead to
drastically different results depending on the starting material
and oxidation conditions, fundamental work investigating
morphotaxial oxidation can provide important guidance for
future efforts. For example, Yoon et al investigated the
formation of oxides on MoS, with electron microscopy,
revealing that thermal oxidation is initiated at 400 °C and
forms orthorhombic a-MoOQj; with six different orientations on
top of the underlying MoS,.”” Furthermore, the authors
showed that the shape of the MoO; domains depends on the
supporting substrate for MoS,, with freestanding MoS,
forming faceted MoO; nanosheets while MoS, on silicon
nitride resulted in dendritic MoO; nanosheets. This dendritic
morphology was attributed to a deficiency in oxygen supply
resulting in a kinetic, instead of a thermodynamic, oxidation of
MoS,.”*

First-principles calculations also play an essential role in
explaining and predicting experimental results. In particular,
Das et al. considered the growth of oxides on WSe, with ab
initio calculations, noting that trigonal prismatic TMDCs lead
to preferential triangular growth of oxide islands.”” These
authors further showed that oxygen preferentially substitutes at
selenium zigzag edges and is energetically more stable in a
triangular, rather than a rectangular island. The triangular oxide
islands have been predicted to function as embedded quantum
dots in WSe,, suggesting further innovations in TMDC—-TMO
heterostructures.”” In related work, Xu et al. utilized WO, as
contacts in bilayer WSe, FETs, where they argued that the
substoichiometric, high work function WO, s, offered
decreased contact resistance and enhanced channel current,
with conductivities as high as 2600 S m™.”* In line with these
experimental results, DFT calculations showed that the
substoichiometric oxide formed through air exposure gives
rise to a defect band near the Fermi energy, resulting in gap-
state-assisted carrier transport and enhanced conductivities.”*

Understanding the oxidation mechanisms can also play a
critical role in guiding subsequent experimental work. Along
these lines, Longo et al. studied the air stability of TMDCs
with density functional theory (DFT) and X-ray photoelectron
spectroscopy (XPS).”> They found that basal plane oxidation
occurs slowly for both sulfides and selenides, albeit for different
reasons. For the case of sulfides, the adsorption energy of an
oxygen adatom is negative, making it favorable, although there
is a kinetic barrier for subsequent O, dissociation and
chemisorption. On the other hand, for the case of selenides,
the oxygen adatom adsorption energy is positive, making it
unfavorable, but the kinetic barrier for subsequent O,
dissociation is lower than that of the sulfides. They further
noted that any surface defects will increase the rate of oxygen
dissociation, resulting in higher oxidation rates, and that the
oxygen adsorption energies are far more negative for edge
states than basal states.”” In related experimental work,
Gronborg et al. reported that an excess of edge sulfur species
during MoS, synthesis resulted in passivation of the edges and
limited oxidation to the basal plane, with sulfur in the upper
plane exchanging with oxygen.76 Scanning tunneling micros-
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copy (STM) showed that on the Mo edge, Mo is capped by S,
dimers that are formed by the excess sulfur, which are far less
reactive to oxygen than in the uncapped case. Furthermore,
STM revealed that oxygen substitutions occurred following
both oxygen and water exposure, with an activation barrier of
~0.79 eV in the case of oxygen.”® These insights will help
inform effective synthetic conditions and subsequent treat-
ments to obtain desired morphotaxial structures.

Understanding the mechanism of the edge oxidation in
TMDC s is another area of recent interest. Using STM, Park et
al. observed that air exposure of WSe, grown on highly
oriented pyrolytic graphite resulted in an expanded band gap at
edge sites.”” Normalized differential tunneling conductance
spectra showed that the band gap of the monolayer edge states
transitioned from being narrower than the monolayer terrace
states (1.06 eV versus 2.18 eV, respectively) to much wider
(3.15 eV versus 2.07 eV) following oxidation. The observed
edge band gap was close to the theoretical band gap of WO,
suggesting complete conversion of the edge to an oxide.”’
Addou et al. studied a similar system but found that the step
edges of WSe, following exposure to ambient air formed WO, ;
with metallic edge states.”® Contrary to Park et al,, the authors
focused on the smaller features in the middle of the band gap
and observed metallic behavior for the flake edges with a V-
shaped density of states. The resulting metallic edge can be
regarded as a 1D conducting wire in close contact with the 2D
semiconducting WSe,, thus forming a lateral metal—semi-
conductor heterojunction. Subsequent DFT calculations
showed that oxidation occurs preferentially along W-
terminated edges and that substoichiometric, metallic WO,
(x < 3) is preferred over semiconducting, stoichiometric WO,,
confirming the experimental observations of metallic edges.”

Fundamental studies of oxidation have also been performed
for post-TMDC 2D materials. For instance, black phosphorus
has been theoretically shown by Ziletti et al. to form planar and
tubular oxides and suboxides that have varying band gaps
depending on the oxygen concentration.”” Using DFT, the
authors showed that fully saturated P,O; offers an insulating
native oxide that is transparent in the near UV with a bandgap
of 8.5 eV in addition to acting as an effective encapsulation
layer.”” Kuntz et al. built upon this theoretical understanding of
phosphorene-based oxidation by experimentally investigating
the difference between water-based and oxygen-based
oxidation pathways on liquid-phase exfoliated BP.** They
discovered that oxidation with O, proceeds along the basal
surface, whereas H,O preferentially oxidizes defect sites (such
as on the edges), thus providing an avenue for basal or edge
selective oxidation of BP.*’

Patterning Schemes. The relative ease of controlling
oxidation in layered materials enables patterning via various
writing and masking techniques. These spatially defined
morphotaxial techniques provide opportunities for forming
abrupt discontinuities in flake thickness in addition to FET
stacks that would otherwise be challenging to fabricate.

Since many vdW materials possess thickness-dependent
electronic properties, it is appealing to form homojunctions out
of the same material but with differing thicknesses. Toward this
end, Robbins et al. reported high spatial resolution thinning
(sub-150 nm lateral features) of black phosphorus via EBL
patterning combined with use of Al,O; masking.*' This
procedure resulted in FETs that showed increased on/off
ratios compared to uniformly thick BP devices (Figure 2D).*’
Patterning and thinning can also occur without the aid of a
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mask, as Liu et al. demonstrated a scanning probe nano-
lithography method using conductive atomic force microscopy
to oxidize sections of BP that can be readily removed with
water rinsing.”” This technique was tuned by applying precise
voltage biases to modulate the oxide depth with nanoscale
lateral resolution provided by the AFM tip. Furthermore, by
using AC biases, BP was directly patterned on SiO, substrates,
which enabled FETs with a S0-fold increase in on/off ratio
compared to unpatterned BP (Figure 2E).¥ Direct patterning
has also been achieved with laser oxidation, as Lu et al. showed
that laser thinning of BP allows tunable thicknesses with a
spatial resolution of ~0.5 um.” In this case, the authors also
found an increase in FET on/off ratio from ~10 to ~10%
which thegr attributed to the larger band gap in thinned few-
layer BP.”

While BP is an attractive target for patterning schemes due
to its ease of oxidation in ambient conditions, direct patterning
of TMDCs by EBL or scanning probe lithography has also
been demonstrated. For example, Dago et al. demonstrated
direct patterning of p-type WSe, through a combination of
oxygen plasma treatments and scanning probe lithography.**
After forming a self-limiting oxide layer that doped the
underlying WSe, using an initial oxygen plasma treatment, the
application of an electrical bias with conductive AFM allowed
the growth of patterned local WSe, oxides that were
subsequently removed through water immersion. This
procedure enabled the formation of FETs with S parallel 250
nm half-pitch nanoribbons.** This strategy has been applied to
MoS, by Ryu et al., where they fabricated an array of 17 MoS,
nanoribbons with 300 nm half-pitch in addition to
demonstrating that the spatial resolution of oxidative scanning
probe lithography can be as precise as 10 nm.*’

Finally, oxygen plasma treatments also enable the synthesis
of WSe, lateral homojunctions. In particular, Mitta et al. used
an EBL-based scheme to pattern regions exposed to oxygen
plasma, resulting in a WO, layer that acted as a p-type dopant
for the normally n-type WSe,.*° The resulting WSe, p—n
junction exhibited improved photoresponsivity (2000 mA/W
at 852 nm), higher external quantum efficiency (420%), and
enhanced detectivity (7.2 X 10'° Jones) compared to native n-
type WSe,. Scanning photocurrent microscopy further
confirmed that the photocurrent is generated mostly from
the p—n junction of WSe, at zero gate bias, demonstrating the
utility of spatially defined morphotaxial oxidation for WSe,
optoelectronic applications.®

MORPHOTAXIAL ANIONIC MODIFICATIONS

Since oxidation-based modifications have been widely and
successfully studied, it is reasonable to expect that expanding
the range of anionic modifications beyond oxygen would create
additional opportunities for structure and property modifica-
tion. Indeed, the field of morphotaxial anionic modifications is
rich with promising synthetic approaches. This section covers
emerging work on anionic modification schemes, starting with
the simplest case of chalcogen-based modifications of TMDC:s.
This class of morphotaxial anionic modification ranges from
chalcogen removal to sulfurization and selenization. By
performing morphotaxial anionic modifications on only one
side of a TMDC monolayer, it is further possible to form 2D
Janus structures that break symmetry in the out-of-plane
direction. Finally, by employing anionic-substitution reactions
beyond chalcogens, a much broader range of morphotaxially
derived 2D materials can be realized.
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Figure 3. Chalcogen-based morphotaxy. (A) Optical and Raman microscopy of a SnSe,—SnSe p—n heterojunction. The heterojunction is
formed by capping the bottom part of the SnSe, layer with a hBN layer, and then thermally converting the uncapped section. Raman
mapping shows the A;, mode from SnSe, (L) and Alg mode from SnSe (R), thus confirming that the capped section remains SnSe, while the
uncapped portion is fully converted to SnSe. Reproduced with permission from ref 90. Copyright 2018 American Chemical Society. (B)
Selenization of a sputtered Nb film results in 2D superconducting NbSe,. The superconducting transition temperature (T.) shows a strong
dependence on film thickness. Adapted with permission from ref 101. Copyright 2019 Springer Nature. (C) Conversion of a non-vdW solid
(Mo,GeC) into a layered vdW solid (MoS,) following H,S treatment. High-resolution TEM confirms the crystallinity of the final vdW
material. Adapted with permission from ref 112. Copyright 2020 Springer Nature. (D) Synthesis of the Janus monolayer MoSSe by plasma
stripping the top layer of sulfur from CVD-grown MoS, followed by a thermal selenization step. Cross-sectional annular dark-field scanning
transmission electron microscopy shows the asymmetric MoSSe structure. Reproduced with permission from ref 87. Copyright 2017

Springer Nature.

Chalcogen-Based Modifications. Due to the vast
literature on 2D chalcogenides, many anionic modifications
have focused on chalcogen chemistry, such as removing
chalcogens from parent 2D chalcogenides or adding
chalcogens to TMOs or TMDCs. These chalcogen-based
modifications have enabled diverse applications ranging from
Li-ion batteries to symmetry breaking polarization in the Janus
TMDC MoSSe."

Chalcogen Sublimation. Removal of chalcogens from
parent 2D chalcogenides can be achieved by introducing
sufficient energy, usually through thermal treatments. For
instance, Jiang et al. showed that a composite of SnS, and
reduced graphene oxide (rGO) can be converted into SnS and
sulfur-doped graphene at 500 °C in an inert atmosphere.”®
This reaction plays two synergistic roles, namely, removing
sulfur improves the gravimetric lithiation capacity of the SnS,
starting material by reducing the active material mass and
doping rGO with sulfur passivates defects that would otherwise
be lithium trapping sites while also providing a conductive
network. The result is a composite Li-ion battery anode that
shows excellent cycling stability of 803.7 mA h g™' after 100
cycles at 0.1 A g™" and rate capability of up to 10C (where C is
defined as 1000 mA g~' in this case).*” Similarly, Zhou et al.
reported improvement in anode performance for sodium-ion

7151

batteries, where SnS, mixed with graphene was annealed in
argon at 600 °C to form a SnS—graphene composite.”” The
SnS—graphene composite yielded superior rate capability (940
mAhg'at30 mA g and 308 mA h g™' at 7290 mA g™') and
cycling performance when compared to SnS,—graphene or
SnS, anodes. This improved performance was attributed to
orthorhombic SnS being less structurally affected during
sodiation compared to hexagonal SnS,, with the additional
benefit of adopting the parent SnS, nanosheet morphology.*

Chalcogen removal has also proven to be beneficial for
electronic and optoelectronic devices. In particular, Tian et al.
formed a lateral heterostructure of n-type SnSe, and p-type
SnSe by thermal annealing at 300 °C for 200 min, with hBN
covering the regions designated as n-type SnSe, (Figure 3A).”
This scheme enabled precise masking by inhibiting selenium
sublimation only where hBN is present, resulting in atomically
sharp lateral p—n heterostructures as evidenced by Raman
spectroscopy.”’ Thermal annealing in vacuum has also been
used to control stoichiometry as Voznyi et al. took advantage
of the relative ease of sulfur sublimation to obtain monophasic
SnS films from a starting layer of SnS,.”" The resulting SnS
layer exhibited no secondary phase as would be expected if it
were grown using more traditional methods such as thermal
evaporation or atomic layer deposition. In addition, the SnS
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film adopted the morphology of the original SnS, layer, which
was then employed in glass/ITO/CdS/SnS/Sn solar cells.”!
This approach illustrates the benefits of achieving well-defined
ultrathin films using morphotaxial chalcogen sublimation.

Chalcogen removal can also achieve 2D phases of non-vdW
materials. Specifically, Ryu et al. reported the morphotaxial
phase transformation of layered vdW PtSe, into 2D PtSe,
which is not a layered vdW material in the bulk.”” In this case,
the authors used in situ thermal annealing to observe the phase
transition with aberration-corrected annular dark field scanning
transmission electron microscopy (STEM), which revealed
that few-layered PtSe, undergoes Se loss at 550 °C that results
in ultrathin PtSe crystals. By controlling the temperature, they
found that both the Pt and Se atoms migrate and are
completely reconstituted to form the PtSe phase in bilayers
that are stacked in an AA pattern.”>

In addition to thermal treatments, chalcogen sublimation
can also be promoted by electron-beam irradiation. For
example, Sutter et al used high-resolution TEM to observe
electron-beam removal of chalcogen atoms in SnS, and SnSe,,
resulting in the formation of their monochalcogenide counter-
parts.”® For the case of SnSe,, electron irradiation uniformly
resulted in basal plane oriented SnSe, similar to other examples
of chalcogen-removal morphotaxy. However, for the case of
SnS,, while thin layers of SnS, transformed into basal plane
oriented SnS, thicker layers of SnS, instead transformed into
SnS that was oriented along the [011] direction. This
observation was explained by the formation of an intermediate,
metastable Sn,S; ?hase that only occurs for SnS, thicknesses
above 3 layers.” This work shows that in addition to
stoichiometry, morphotaxial transformations can also be
controlled by geometrical parameters such as the thickness
and orientation of the starting layered material.

Sulfurization and Selenization. The opposite approach of
adding chalcogens through sulfurization or selenization can
also serve as a morphotaxial pathway for synthesizing ultrathin
films. Common examples include adding chalcogens to films of
transition metal oxides and transition metals. In addition,
sulfurization and selenization can be used to selectively
transform portions of layered materials into stoichiometrically
different compounds or for converting non-vdW structures
into layered vdW materials.

One widely employed application of sulfurization is the
conversion of MoOj to obtain wafer-scale MoS,. In particular,
Lin et al. converted thermally deposited MoO; on c-face
sapphire into uniformly thick three-layer MoS, films using a
reduction step (S00 °C in 20% H,/Ar) followed by
sulfurization (1000 °C with sulfur).”* FETs fabricated from
these MoS, films showed on/off ratios of 10° and mobilities of
0.8 cm? V~! s71.7% In related work, Taheri et al. explored the
growth mechanism of MoOj; sulfurization, leading to the
conclusion that ultrathin MoO; films (0.5—1 nm) grown by
electron-beam evaporation in a two-zone heating system allows
the synthesis of nearly void-free, monolayer MoS,.”” In this
case, the MoOj; served as a source of Mo upon vaporization,
which easily diffused across the substrate and reacted with
sulfur to form local islands of MoS, that then merged to form a
continuous monolayer.” Conversely, Wang et al. reported a
more traditional form of morphotaxy by converting MoO,
microcrystals into MoS, flakes via layer-by-layer sulfurization.”
The resulting MoS, nanosheets adopted the rhombohedral
shape of the MoO, microcrystals and could be peeled off from
the parent MoO, crystal using a polymer film. This layer-by-
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layer sulfurization allowed for precise control of the MoS, layer
number and resulted in micrometer-scale MoS, nanosheets
with high crystallinity. FET's fabricated from these MoS, flakes
showed high on/off ratios of 10*~10° and mobilities of 0.1—
0.7 cm® V! s71.°° Using a phase-transition-induced growth
technique, Sohn et al. offered another morphotaxial strategy for
controlling the number of MoS, layers.”” By first sputter
depositing an energetically unstable amorphous molyoxysulfide
(a-MoS,0,), the authors synthesized crystalline MoS, through
a thermal annealing process in a H,S environment. By
controlling the deposition rate, the authors were able to
synthesize wafer-scale monolayer MoS, by relying on the
unbalanced Mo®" states in the original a-MoS$,0, film to
facilitate more uniform growth compared to the sulfurization
of Mo®* states in MoQ;.”

Morphotaxial chalcogenization can also be employed for the
growth of tungsten-based TMDCs from WOj;. For instance,
Browning et al. showed that hexagonally stabilized tungsten
oxide films can undergo Se—O exchange with minimal
structural changes, resulting in highly uniform WSe, films.”®
By treating the as-deposited amorphous WO; with a rapid
thermal anneal at 600 °C, the researchers obtained a
metastable crystalline phase that can be morphotaxially
converted to WSe, as thin as 3 layers.”® Tin oxides can also
be converted to sulfides for use as sodium-ion battery anodes.
By annealing SnO,—carbon composites with sulfur powder,
Yang et al. achieved SnS,—carbon particles that retained the
original core—shell structure of the starting SnO,—carbon
particles.”” This sulfurization scheme allowed for complete
conversion into SnS,, which was found to have a higher
reversible capacity of 770 mA h g™' compared to 360 mA h g™*
for the parent oxide.”

In addition to morphotaxial conversion of oxides, some
chalcogenides can be prepared by morphotaxial conversion of
metals. Using a plasma-assisted process, Su et al. selenized a
film of Pt to form large-area PtSe, films at 100 °C.'” The
researchers converted the initial Pt film into few-layer,
semiconducting PtSe,, although with limited gate tunability
(on/off ratios only up to 16). Nevertheless, a PtSe,
photodetector was fabricated on a flexible polyimide substrate
using this method that had a wide optical absorption range due
to the low bandgap of PtSe, as well as excellent photo-
responsivity stability (0.1 to 0.4 A W™') following 1000
bending cycles (radius ~0.4 cm) with a photocurrent of up to
9 uA when illuminated at 408 nm.'’’ High-quality, super-
conducting films of NbSe, have also been grown using a
selenization-based approach, as demonstrated by Lin et al.'*!
In this case, a sputtered Nb film was reacted with selenium,
resulting in a structural transformation into NbSe,, as
evidenced by the increase in thickness from 0.7 to 1.5 nm,
while retaining large-scale homogeneity with low roughness.
Furthermore, NbSe, films prepared in this way were more
environmentally stable compared to their CVD-grown counter-
parts, with no change in Raman signals or thickness after
heating in air. The NbSe, films also possessed superconducting
behavior at cryogenic temperatures with the superconducting
critical temperature (T.) increasing with increasing film
thickness (Figure 3B). In particular, bilayer NbSe, had a T,
of 2.8 K, which only decreased slightly upon exposure to air
despite being heated and further showed stability in a variety of
different solution baths (e.g, NaOH, HF, and HCl) or when
annealed in vacuum at temperatures up to 430 °C. The authors
also reported a similar scheme for realizing environmentally
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stable TiSe, and other ambient-sensitive selenides. Starting
with another transition metal, Yang et al. reported the synthesis
of semiconducting Cu,Se via selenization of Cu(111) in
ultrahigh vacuum, resulting in a layered phase of Cu,Se that
was markedly distinct from its regular unlayered bulk phase.'**
This 2D Cu,Se structure exhibited a band gap of 0.74 eV, again
underscoring that phases distinct from naturally occurring
materials can emerge using morphotaxial approaches. Finally,
recent work by Zheng et al. demonstrated the tellurization of
thin Pd films by reacting with Te vapor at 300 °C.'” The
resulting PdTe, showed higher conductivity (4.3 X 10° S m™)
compared to the starting Pd film (3.0 X 10° S m™") and also
resulted in reduced contact resistances for MoTe, and WSe,
FETs.'”

Morphotaxial chalcogenization is not only limited to
complete conversions but can also allow for more subtle
phase control. For example, Ghosh et al. reported that large-
area, CVD-grown MoSe, can be thermally converted into
MoS, in the presence of sulfur at 850 °C, with photo-
luminescence measurements revealing that the conversion
occurs with no intermediate MoS,Se, species, as evidenced by
the emergence of a MoS, PL peak without a gradual shifting
from the MoSe, peak.'’* This relatively abrupt conversion was
also observed by Su et al, who found that in both cases of
MoS, and MoSe,, the corresponding conversion occurs
completely at high temperatures (800—900 °C)."” However,
while MoS, selenizes into a solid solution of MoS,Se,, MoSe,
sulfurizes into largely ordered domains of MoS, and MoSe,.
These examples indicate the importance of not only processing
conditions but also the choice of the starting parent compound
in determining the outcome of morphotaxial chalcogeniza-
tion.'” Sadler and Kempa explored yet another way of
accomplishing biphasic TMDCs by using multiple chalcogen
sources in the high-vacuum conversion of bulk Mo oxides.'*°
Under a stepwise exposure to selenium and then sulfur at 40
Torr and 400 °C, Mo oxides converted into a biphasic mixture
of MoSe, and MoS,, as evidenced by Raman spectroscopy.
However, under concurrent exposure to both selenium and
sulfur, Mo oxide converted to a more complicated structure,
with a noticeable broadening of the A;; peak and a shift from
242 to 264 cm™}, indicative of an alloyed structure.'®®

Fundamental understanding of the processes involved in
morphotaxial chalcogenization can also help guide the
formation of heterostructures and patterned structures by
promoting morphotaxy in desired locations. In particular,
Afaneh et al. utilized a 532 nm laser to locally pattern
monolayers of WSe, and MoSe, into their respective sulfides in
the presence of H,S.'"” In this case, the laser plays two roles;
namely, local laser heating promotes the formation of selenium
vacancies in the transition metal selenides in addition to
assisting in the disassociation of H,S molecules such that free
sulfur can then substitute into the vacancies. Further
characterization of a laser-patterned WSe, monolayer via
STEM showed nearly complete replacement of selenium with
sulfur near the center of the laser spot, indicating that precise
control of laser intensity is vital for full conversion.'®’
Traditional lithographic techniques can also result in lateral
conversion as Kemelbay et al. showed the growth of embedded
TMDCs through reduction and chalcogenization of TMOs in
lithographically defined openings.'”® By varying the oxide
thickness, the authors controlled the number of TMDC layers,
with the procedure being applicable to MoS,, MoSe,, WS,, and
WSe,.'% A similar approach was utilized by Mahjouri-Samani
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et al. to form MoSe,—MoS, or WSe,—WS, heterojunctions via
pulsed laser vaporization.'”” In this case, the researchers used
EBL to pattern monolayer flakes followed by the deposition of
a protective SiO, layer. With appropriate care to expose the
MoSe, flake to sufficiently high temperatures and sulfur
concentrations (700 °C with 400 sulfur pulses), complete
conversion occurred in the unmasked regions with no
intermediate phases of MoS,Se, , being formed. The authors
showed that the resulting MoS,—MoSe, heterojunction
possessed a sharp (~5 nm) heterointerface with a type-I
band alignment.'”” Li et al. explored an alternative pathway to
lateral heterojunctions by using the relative difference in
reactivity of MoS, monolayers and bilayers to selectively
substitute Se atoms on the monolayer while the bilayer region
remained pure MoS,."'" With maintenance of the Se
substitution temperature in the range between 740 and 810
°C, the monolayer was continuously tuned from MoS, to
MoS,_,Se,, as evidenced by Raman and PL spectroscopy.' "

Finally, morphotaxial chalcogenization is not restricted to
TMDCs and TMOs. In particular, Li et al. synthesized a 2D
vdW lateral heterojunction of SnS grown by molecular beam
epitaxy and a monolayer of SnS, formed by sulfurization.'"'
Interestingly, this process was found to be thermally reversible
as annealing of SnS, resulted in the formation of the parent
SnS compound. In addition, the heterostructure between SnS
and SnS, possessed a twist angle of ~15° as revealed by STM
while scanning tunneling spectroscopy showed a type II band
alignment."'" In another example, Du et al. investigated MAX
structures (M = early transition metal, A = group 13—16
element, X = B, C, N, Si) as a scaffold to obtain TMDCs via
reactions with chalcogen-containing vapors (HyZ, where Z = §,
Se, or Te) such as the conversion of Mo,GeC to MoS,
following reaction with H,S (Figure 3C).""* This approach
showed that a non-vdW solid can be converted completely into
a vdW solid, resulting in high-quality layered structures. Using
these principles, the authors synthesized 13 distinct TMDCs of
various compositions and phases, illustrating the broad
generality of this approach.'"”

Janus Structures. One additional application of the removal
of chalcogens and subsequent chalcogenization of TMDCs is
the formation of Janus structures. Janus 2D van der Waals
materials feature asymmetric facial properties achieved by
functionalization or exchange of atoms of only one side of the
material, in most cases the side facing up from the substrate.'"?
Unlike other alloys accomplished via spatially random
chalcogenization, Janus structures consist of complete
functionalization or exchange of one anion on one side of
the nanosheet without affecting the other side, resulting in
exotic physics from the broken out-of-plane symmetry, such as
large polarization fields, ferromagnetic ordering at high
temperatures, skyrmion formation, and excitonic behavior,
that differs from symmetric structures.''* However, the
difficulty in synthesizing Janus structures has led to these
types of materials being relatively understudied, with
morphotaxial principles proving crucial in experimentally
realizing these materials. In contrast to other 2D materials
that can be synthesized using top-down or bottom-up
approaches, Janus materials have only been synthesized using
morphotaxy.

Two groups synthesized a 2D Janus structure in 2017.
Zhang et al. reported the growth of a sandwiched S—Mo—Se
monolayer, where the top layer of selenium atoms in
monolayer MoSe, was controllably sulfurized by heating at
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800 °C.'""” Subsequent Raman and secondary ion mass
spectrometry (SIMS) analyses demonstrated the existence of
S—Mo—Se atomic stacking as opposed to a randomly alloyed
MoS,Se,_, or biphasic MoSe,—MoS, material. Computational
studies performed by the same group suggested lower basal
plane hydrogen evolution reaction (HER) overpotentials when
compared to traditional TMDCs, indicating possible applica-
tions for the 2D Janus material.""> Lu et al. also reported a
similar synthesis scheme, where they started with a MoS,
monolayer and promoted selenization of the top layer with a
remote hydrogen plasma treatment (Figure 3D).*” This
synthetic pathway was achieved at a lower temperature of
350 °C due to the formation of an intermediate H—Mo—S§
phase after the plasma treatment. The final MoSSe Janus
structure was shown to have clear out-of-plane asymmetry, as
probed with angle-resolved second harmonic generation and
resonance-enhanced piezoresponse force microscopy.”’

While the initial 2017 reports of Janus structures based on
MoSSe were promising, a few years passed before more
experimental reports were published, presumably due to the
challenging synthesis of Janus structures. Recent reports have
explored strategies to make Janus synthesis more reliable and
to realize additional 2D Janus structures. For example, Lin et al.
utilized a low energy selenium replacement scheme in WS, to
synthesize a Janus WSSe structure.''® Using pulsed laser
deposition (PLD) to form a selenium plasma that was exposed
to a monolayer of WS,, the authors achieved the Janus WSSe
structure at a relatively low temperature of ~300 °C."'® This
work was augmented with molecular dynamics simulations of
Se, and Sey clusters to identify the kinetic energies required to
displace a sulfur atom without sputtering away the underlying
tungsten.''® Trivedi et al. also accomplished a room-temper-
ature synthesis of Janus TMDCs including the Janus WSSe
structure," ' Using a selective epitaxy atomic replacement
process, the authors formed selenium vacancies on selenium-
based TMDC:s through exposure to hydrogen radicals and then
reacted the selenium-depleted monolayer with low-energy
reactive sulfur radicals. Due to the mild processing conditions,
Trivedi et al. took this synthesis one step further to form lateral
and vertical heterostructures of 2D Janus layers with WSSe and
MoSSe, which would otherwise alloy at higher temperatures.
Subsequent PL characterization revealed that the two regions
exhibited distinct peaks, indicating that the Janus TMDC
heterostructures were biphasic.''* Further work on coupling
Janus MoSSe with traditional TMDC materials has been
enabled by these low-temperature synthesis methods, such as
Zhang et al. reporting the enhancement of the vdW interlayer
coupling between MoSSe and MoS,.""” Specifically, the out-of-
plane dipole moment in MoSSe leads to a built-in electric field
that enhanced the vdW coupling in MoSSe—MoS, hetero-
structures by 13.2%, offering additional parameters to tune
heterostructure coupling and valley degrees of freedom in
symmetric TMDCs. This work was enabled by a similar
scheme to that of Trivedi et al, where Zhang et al. stripped
away the top layer of sulfur in bilayer MoS, and subsequently
performed a selenization treatment. This procedure formed a
MoSSe—MoS, heterostructure without the need for subse-
quent transfer and assembly.'"”

Finally, it is important to note that experimental work on
Janus structures is not confined to MoSSe and WSSe, with
more recent research being focused on different cation/anion
combinations. For instance, Sant et al. reported the synthesis of
PtSSe by sulfurizing PtSe, grown on Pt(111), employing
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morphotaxial techniques in both the synthesis of the PtSe,
(selenization of Pt) and conversion to PtSSe (sulfurization of
PtSe, by heating in H,S)."'® To confirm the formation of the
Janus structure, the authors performed angle-resolved XPS,
demonstrating the preferential substitution of S in the top layer
of PtSe,.''® The experimental investigation of 2D Janus
materials is still ongoing, and reports on fundamental
properties of Janus layers such as the study of Petric et al. of
the Raman response of MoSSe and WSSe monolayers'"” will
likely accelerate progress in this field. Due to the lack of
naturally occurring 2D Janus materials, refined morphotaxial
synthetic procedures will also be enabling. Hajra et al.
expanded the definition of Janus vdW materials by reporting
the synthesis of Janus BiTeCl and BiTeBr sheets by
morphotaxially convertin§ Bi,Te; via exposure to BiXj or
BiX; (X = Cl, Br) vapor."”’ Unlike Janus TMDCs that are not
found in nature, BiTeCl and BiTeBr have been studied
experimentally on mechanically exfoliated bulk crystals with
spin-polarized Rashba states being observed due to the large
spin—orbit coupling originating from the heavy bismuth atoms.
The work of Hajra et al. enabled the synthesis of large-area thin
films of BiTeCl and BiTeBr, taking advantage of the similar,
but not identical, crystal symmetry between Bi,Te; and BiTeX,
as evidenced by similar experiments with Sb,Te; not resulting
in a SbTeX structure. The authors further reported the
conversion of multiple layers of Bi,Te, into BiTeX (here X =
Cl or Br), which they attribute to the built-in electric field in a
fully converted layer opening up a vdW gap that allows for the
intercalation of the X~ ions and conversion of subsequent
layers.'*

Synthesis of Additional 2D Compounds by Morpho-
taxial Templating. While the vast majority of anionic
morphotaxy has focused on modifications to chalcogenides,
emerging efforts on carburization, nitridation, and fluorination
offer approaches to post-TMDC morphotaxy. Often in these
schemes, a layered TMDC or TMO serves as the scaffold to
synthesize nonlayered structures that nevertheless retain the
original shape of the parent crystal. This approach is especially
useful for obtaining MXenes (M = transition metal, X = carbon
or nitrogen), which are traditionally obtained by etching a
corresponding MAX (A = group IIIA or IV element) structure
that results in additional surface termination groups. In this
manner, morphotaxy offers the possibility to synthesize 2D
analogues of non-vdW structures through morphotaxial
templating in an atomically precise fashion.

In the context of carburization, Zhao et al. reported the
formation of a hybrid nanostructure of MoS,—Mo,C on
carbon paper by heating at 750 °C in the presence of methane
(25 sccm CH, with a carrier gas of 400 sccm Ar and 140 sccm
H,)."”" These vertically aligned MoS,—Mo,C composites
retain the structure of the original MoS, nanosheets but with
Mo,C domains appearing in localized regions for methane
exposure times less than 60 min followed by MoS, nanosheets
being completely converted after 60 min. These composites
demonstrated lower overpotentials (63 mV) than that of MoS,
(130 mV) or Mo,C (146 mV) alone in addition to lower Tafel
slopes (53 mV dec™ versus 61 mV dec™ and 63 mV dec™’,
respectively), confirming excellent HER performance of this
hybrid catalyst."*" Similarly, Jeon et al. synthesized Mo,C from
a MoS, parent crystal by thermally annealing under CH, and
H, while using copper foil as a catalyst.'** Unlike Zhao et al.,
these authors found that carburization proceeded from the
edge of the MoS, nanosheets, which they hypothesized occurs

https://doi.org/10.1021/acsnano.2c00243
ACS Nano 2022, 16, 7144-7167


www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.2c00243?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acsnano.org

Review

H,, CH,

q

Heating

N\? 5&0 : N‘j giﬂﬁ

m-’” m"v '

S E RS
IIAPEER

Fluorination

IR

Three-layer InSe

Se-doped InF;

Figure 4. Post-TMDC morphotaxy and templating. (A) Synthesis of Mo,C via thermal annealing of MoS, in the presence of methane gas.
Raman mapping shows the evolution of MoS, into Mo,C after 3 h of annealing at 820 °C under a CH,/H, flow. Mo,C formation initiates
along the edges of the parent MoS, nanosheets. Adapted with permission from ref 122. Copyright 2018 American Chemical Society. (B)
Ammonolysis of various TMDCs. The top row contains optical images of WS, and TiS, before and after the ammonia treatment, while the
bottom row shows Raman mapping of the nanosheets. Both rows show complete conversion of the parent TMDC material into a transition
metal nitride. Reproduced with permission from ref 124. Distributed by AAAS for use in commercial journals under a Creative Commons
Attribution NonCommerical License 3.0 (CC BY-NC). (C) Fluorination of InSe to form non-vdW InF;. Fluorination of three-layer InSe has
been accomplished, resulting in ultrathin InF; as demonstrated with optical microscopy and atomic force microscopy. Reproduced with
permission from ref 127. Copyright 2019 American Chemical Society.

by the hydrodesulfurization of MoS, via H® radicals and
subsequent carbide conversion via CH;® radicals interacting
with the Mo-terminated edge (Figure 4A). Subsequent Raman
and electron microscopy confirmed the atomically pristine
interface between MoS, and Mo,C, with Mo,C formation
proceeding from the edges as predicted. Electrical character-
ization showed that the Schottky barrier height (26 meV for
the lateral Mo,C—MoS, heterojunction) and contact resistance
(1.2 kQ pm) are improved compared to Ti—MoS,
heterojunctions (66 meV and ~100 k€ um, respectively).
This work demonstrated a morphotaxial approach to synthesiz-
ing atomically sharp semiconducting—metallic heterojunctions
that are potentially useful for nanoscale electronic and energy
devices.

Layered vdW materials can also be nitrated, often through
the reaction of a parent crystal with ammonia. Specifically,
Xijao et al. reduced 2D hexagonal MoO; grown on NaCl by
annealing in an NH; atmosphere at 650 °C, where subsequent
washing of the product in water resulted in 2D MoN aqueous
dispersions.'”’ Due to the salt-templating of the initial MoO,
parent crystal, the synthesized MoN is laterally large (on the
order of 20 ym), and the authors reported that the salt may act
as a further stabilizer to retain the atomically thin structure
during ammonization. MoN synthesized in this fashion was
used to form flexible solid-state supercapacitors with energy
densities of ~2 mWh cm™ and power densities of 1.5 W cm™,
which are comparable to state-of-the-art Li thin-film batteries
for energy density and commercially available supercapacitors
for power density.'”’ Cao et al. further demonstrated that
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ammonization can be generalized to a wide variety of TMDCs,
resulting in diverse 2D transition metal nitrides, such as
MogNy, W(Ng, and TiN (Figure 4B)."** In this case,
mechanically exfoliated TMDCs were heated at 750 to 800
°C in the presence of ammonia gas, resulting in near complete
conversion. Mechanistic studies revealed that despite the
layered structure of MoS, and nonlayered structure of MogNy,
the layers of Mo atoms are hexagonally patterned, resulting in a
structural transformation that retains the original morphology
as sulfur is liberated and replaced with nitrogen. Electrical
measurements on as-synthesized MosNg showed excellent
metallic behavior with sheet resistances as low as 100 €/
square. In addition, subsequent tuning of the conversion
parameters resulted in lateral heterostructures between MoS,
and MosNg.'”* Ammonization has also been used to
morphotaxially transform III-VI compounds such as GaS
and GaSe into GaN nanosheets, as reported by Sreedhara et
al'* 1In particular, micromechanically exfoliated GaS and
GaSe were exposed to ammonia at 650 and 600 °C,
respectively, to form few-layer GaN nanosheets that showed
no trace of residual chalcogens, as confirmed with PL, Raman,
XRD, and TEM.'** These group III nitrides are of interest for
optoelectronic devices, demonstrating the technological
relevance of nitride-based morphotaxy.

Another approach developed by Urbankowski et al. has
taken advantage of the relative ease of obtaining carbide
MXenes by etching the MAX compounds in HF (M
transition metal, X = carbon or nitrogen, A = group IIIA or IV
element), followed by converting carbide MXenes into nitride
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Figure S. Cationic-based morphotaxy. (A) Synthesis schematic for lateral heterojunctions of InSe and CulnSe, formed via thermal treatment
of InSe in the presence of evaporated Cu. The reaction proceeds only in regions where copper is thermally evaporated on top of the InSe
flake, as shown in the before and after optical images. Reproduced with permission from ref 131. Copyright 2015 American Chemical
Society. (B) Synthesis of ultrathin amorphous metal oxide nanosheets. By confinement of a Cu,O template between oleate molecules and
then use of an ion exchange reaction followed by a thermal treatment, ultrathin metal oxide nanosheets are synthesized in a generalizable
manner (where M = Fe, Sn, Cr, Zr, Al). Adapted with permission from ref 137. Copyright 2020 American Chemical Society. (C) Synthesis of
the vdW ternary compound CrGeTe; via cation exchange of a starting non-vdW binary compound, Cr,Te;. The reactants determine the
magnetic behavior of the final product, with Cr,Te; exhibiting hard magnetic behavior and CrGeTe; exhibiting soft magnetic behavior.
Adapted with permission from ref 139. Copyright 2020 American Chemical Society. (D) Formation of a ferrielectric (CulnP,S,)—
paraelectric (In,/;P,S) heterojunction via cationic sublattice melting. By variation of the cooling rate, the domain size of the ferrielectric
and paraelectric domains can be modulated by an order of magnitude, as evidenced by phase-contrast AFM and in situ STEM energy-
dispersive X-ray spectroscopic mapping. Adapted with permission from ref 140. Copyright 2017 American Chemical Society.

MXenes.'*® Unlike in the case of previous work on TMOs and readily intercalates inside layered materials, although other
TMDCs that adopted the hexagonal structure, the synthesized cations have also been shown to participate in morphotaxial
Mo,N in this case retained the parent MXene structure while reactions.
V,N adopted a mixture of the MXene structure and the cubic Copper-Based lon Exchange. High cationic diffusivity
VN phase. Nevertheless, the ammonized compounds demon- and comparable atomic/ionic radii are essential for cationic
strated orders of magnitude increase in conductivity compared morphotaxy. Among possible metallic cations, copper has been
to the carbide counterparts. The stark difference in the the most widely explored for cationic morphotaxy, easily
products between Cao et al. and Urbankowski et al. emphasize intercalating into the large vdW gaps found in layered materials
the importance of the starting reactants in dictating the final such as Bi,Se; and Bi,Te;. For example, Buha and Manna
product and structure when undergoing morphotaxial reported the reversible intercalation and subsequent cation
reactions. exchange of copper in BizSe3.128 By dropcasting copper
Finally, recent work by Sreepal et al has shown that nanocrystals on an amorphous carbon substrate with Bi,Se;
fluorination of 2D InSe by heating exfoliated InSe flakes nanosheets and subsequently heating, the authors intercalated
alongside XeF, crystals at 100 °C for 48 h results in the Cu into the layered material. At 250 °C and 10 atom % Cu, a
formation of InF; (Figure 4C)."”” Unlike previous work with superstructure was formed with the intercalated copper,
carburization and nitridation of vdW materials, InF; is whereas at 350 °C and 35 atom % Cu, the Bi,Se; underwent
nonlayered and covalently bonded but retains the starting cationic exchange to form nonlayered Cu,_,Se. Subsequent
shape and morphology of the InSe nanosheet. Furthermore, TEM studies revealed that the resulting Cu,_,Se structures
this process has been shown to be scalable, with bulk InSe and possessed at least 3 orientational relationships with the starting
liquid-phase exfoliated InSe also completely converted using a Bi,Se; structure in addition to retaining the original 2D
similar process.'”” This work demonstrates the promise of morphology, thus demonstrating successful cationic morpho-
morphotaxy for achieving nonexfoliatable covalent solids in the taxy of Cu,_.Se.”® In addition, Wang et al. synthesized

atomically thin limit. Cu,_,Se using CdSe as the starting material, yielding Cu,_,Se

nanosheets as thin as 1.6 nm via cationic exchange with copper

MORPHOTAXIAL CATIONIC MODIFICATIONS salt in solution.'”” Here, the CdSe starting size dictated the
Compared to oxidation and other anionic modifications, thickness of the product, with the thickness of the CdSe
cationic-based morphotaxy is much less explored, due in nanosheets being the same as that of the final Cu,_,Se. The
large part to the relative difficulty of exchanging cations from a authors concluded that the anionic sublattice (Se) was
layered material. Nevertheless, a small but growing body of preserved during cationic exchange, resulting in a cubic
literature on cation exchange in layered materials is emerging structure for both reactant and product.'*’
to form heterojunctions or other non-vdW materials. Most of Fundamental work on studying copper intercalation and
this work has focused on copper, which is a versatile cation that cation exchange in Bi,Se; and CdSe has also helped with the
7156 https://doi.org/10.1021/acsnano.2c00243
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subsequent synthesis of heterostructures. Similar to previously
discussed work, Zhan et al. reported the synthesis of vertical
Cu,S—CdS heterostructures via solution-phase cadmium to
copper exchange in CdS nanosheets grown on mica."”’ The
reaction occurred along the top basal plane, resulting in an
atomically sharp boundary between synthesized Cu,S and CdS
or the complete conversion into Cu,S. Photovoltaic cells using
the resulting vertical Cu,S—CdS heterojunction showed a
photoelectric conversion efficiency of 2.1%, compared to a
negligible photovoltaic effect in pure Cu,S or CdS devices,
which was attributed to the built-in electric field at the
heterojunction.'*’

Copper-based morphotaxial formation of heterojunctions
has been especially well-studied with InSe and In,Se; materials
since it results in optoelectronically relevant copper—indium—
selenide compounds. For example, Feng et al. fabricated a
lateral p—n heterojunction by transforming an InSe layered
nanosheet into nonlayered CulnSe, by depositing Cu through
thermal evaporatlon and subsequently heating at 300 °C for 30
min (Figure SA)."° Maskmg during the deposition of Cu
resulted in atomically precise heterointerfaces between InSe
and CulnSe, domains, and the resulting p—n heterostructure
photodetectors showed photoresponsivities of 4.2 A W' and
power conversion efficiencies of 3.5%, illustrating the benefit of
morphotaxially forming p—n junctions through cation
intercalation. In related work, Ji et al. designed a lateral
CulnSe,—InSe heterojunction by using PLD to deposit InSe
onto a mica substrate with prepatterned copper electrodes.'*”
Unlike Feng et al,, the authors observed lateral diffusion of Cu
atoms from the electrodes during the growth of InSe due to the
highly energetic PLD conditions, forming CulnSe, domains of
~10 pum. In this case, the resulting photodetectors showed
modest responsivities (0.147 mA W™') but were nevertheless
notable due to their mechanical flexibility under tensile and
compressive strain during bending.'*”

Similar cationic exchange has been studied with the related
layered material In,Se;. In particular, Tao et al. synthesized
single-crystal CulnSe, nanosheets via mechanically exfoliating
InZSe3, sputtering Cu, and annealing under Ar at 350 °C for ~1
h."** The researchers then used femtosecond pump—probe
optical reflectivity to show that the cooling of hot carriers
dominated the carrier dynamics within the first few pico-
seconds following optical pumplng, w1th the detailed dynamics
showing a thickness dependence.'*® Similar to the work on
InSe, Zheng et al. grew In,Se; by PLD on top of prepatterned
Cu/Au contacts.’>* This structure resulted in a CulnSe,—
In,Se; heterojunction with the Cu contact providing a copper
source for morphotaxy to occur in the deposited In,Se;
material. Subsequent photodetector characterization revealed
a high photoresponsivity of 20.1 A W™/, fast response time of
8.3 ms, and broad spectral range of 370—1550 nm."**

Copper cation exchange can also occur in IV-VI
compounds such as SnS,. Specifically, Wang et al. found that
the few-layer morphology of SnS, is preserved after a tin to
copper cationic exchange, with the anionic sulfur framework
inhibiting the formation of monoclinic Cu,S and instead
resulting in hexagonal Cu,SnS;."*” These fundamental studies
help emphasize the importance of not just the starting material
composition but also the crystal structure in determining the
outcome of morphotaxial synthesis.

Copper-based cationic morphotaxy is not restricted to
intercalation but also applies to the dealloying of the parent
structure. This approach has been used to synthesize copper-
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based ternary and quaternary chalcogenide nanosheets starting
from CuS nanoplates, as shown by Wu et al."** The authors
employed this template-mediated transformation to synthesize
copper indium sulfide, copper indium gallium sulfide, and
copper zinc tin sulfide by exposing CuS nanoplates to metal
precursors at high temperatures (e.g, indium(III) 2,4-
pentanedionate was reacted at 260 °C for 2 h). Relying on
structural similarities, gallium can also be inserted in place of
indium by substituting In** ions with Zn>* and Sn** ions. Being
a 2D material, CuS thus allows for exquisite control of the
morphology as well as the composition of the product,
enabling the formation of inorganic multilayers for photo-
voltaic applications."”> The concept of copper-based layered
materials acting as a scaffold has also been explored by Jia et al,
who confined a Cu,O nanosheet in an oleate shell and
subsequently reacted the Cu,O nanosheet with metal ions
(Figure 5B)."” Subsequent thermal treatment removed excess
hydroxides and oleate molecules, resulting in 2D amorphous
metal oxide nanosheets. This technique is generalizable to a
diverse range of metal ions (Fe, Sn, Cr, Zr, Al), resulting in an
extensive library of ultrathin metal oxide nanosheets.
Furthermore, binary amorphous metal oxides have been
synthesized, such as SnZrO,."”’

Other Cationic Exchanges. While copper participates
either as the target cationic substitution or as a matrix element
that is subsequently removed in most of the cationic
morphotaxial demonstrations to date, a few studies have
begun exploring additional cations. For instance, Baek et al.
reported the cation-regulated transformation of ALD-grown
SnS, into SnS by flowing Sn vapor at 240 °C."*" Unlike
previous SnS synthesis routes, which involve the decom-
position of SnS, at high temperatures into SnS via
desulfurization, the Sn vapor here was crucial in regulating
the transformation and resulted in highly oriented, large-area
films of SnS. A thin-film complementary metal-oxide-semi-
conductor inverter was then fabricated by selectively trans-
forming n-type SnS, into SnS, demonstrating the strength of
this low-temperature process in electronic devices."”® In
addition, Yang et al. synthesized ternary vdW CrGeTe; by
reacting germanium with a non-vdW template, Cr,Te; (Figure
5C)."*” Here, all of the chromium sites were replaced by
germanium from a Gel, precursor, breaking the Cr—Te ionic
bonds and introducing a vdW gap. In addition to TEM
analysis, the authors confirmed this transformation through
temperature-dependent measurements of the magnetization.
While Cr,Te; is a hard magnet, CrGeTe; is a soft magnet, and
correspondingly, the coercivity changes as more Ge is added
into the system and forms the soft magnetic phase."*” Control
over heating and cooling rates of the vdW layered ferrielectric
CulnP,S4 with Cu deficiency also yielded heterojunctions, with
slow cooling rates (0.2 °C) after heating to 300 °C resulting in
large, micrometer-sized domains of paraelectric (In,/;P,S¢)
regions within the ferrielectric CulnP,Sy (Figure 5D)."* This
phase separation occurred because the P,Ss*™ anion sublattice
remained rigid while the Cu’ and In** cations were mobile
above 500 K, illustrating how morphotaxy can also be used to
rationally design complex heterostructures via cationic
sublattice melting."** Furthermore, these results emphasize
how morphotaxy as a synthesis paradigm enables the
realization of technologically relevant magnetic or multiferroic
phenomena.
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Table 1. Summary of Morphotaxial Synthesis Materials

MoS,

MoSe,

HIS,

HfSe,

PtSe,

TaS,
TiS,

ws,

WSe,

ZrSe,

MoO,
MoO;

MoO

Vo,
V05
WO,

GaS
GaSe
InSe
InSe

starting material

ending material

MoO

x

MoSe,
MoSSe
Mo,C

MoNg
MoO
MoS,

MoSSe

HfO
HfO,
HfSe,O,
HfO,
PtSe
PtSSe

Ta,O4
TiO,
TiN
W,N
WSSe
WO

x

WO,
WSe, O,
ws,

WSSe
ZrO,

MoS,
MoS,

MoN
MoS,
MoSe,
V,N
VN
WS,
WSe,

W,N

GaN
GaN
InO
InO,
In,0;
InF;
CulnSe,

x

processing conditions refs
TMDCs
heating in air at 400 °C 72
O, plasma 54,55
oxidative-scanning probe lithography 85
elemental Se at 600—900 °C 105,110
stripping top sulfur layer with H, plasma followed by selenization at 450 °C 87,117
CH, at 750—820 °C 121,122
urea at 800 °C 124
remote O, plasma S3
elemental S at 600—900 °C 104,105,109
laser-assisted conversion using H,S 107
elemental S at 800 °C 11§
H, plasma assisted sulfurization with elemental S at room temperature 114,119
O, plasma 47,59
laser illumination in air 48
O, plasma 60
air exposure 46
heating up to 550 °C in vacuum 92
heating at 370—400 °C in ultrahigh vacuum to form Se vacancies, then exposing to 118
H,S$ at 350 °C
heating in air at 300 °C 44,45
heating in air at 300 °C 44
urea at 800 °C 124
urea at 800 °C 124
elemental Se at 300 °C 116
air exposure 74
O, plasma 54,63,86
remote O, plasma 53
ozone at 100 °C 56,57
oxidative-scanning probe lithography 84
heating in air at 400 °C 61
heating in air at 50—400 °C followed by vacuum at 200 °C 62
heating in air at 400 °C 61,65
UV ozone and O, plasma at room temperature 64
laser-assisted conversion with H,S 107
elemental S at 700 °C 109
H, plasma assisted sulfurization with elemental S at room temperature 114,119
air exposure 46
TMOs
elemental S at 850—900 °C 96
heating in H, at 500 °C followed by sulfurization with elemental S at 1000 °C 94
elemental S at 750 °C 95
heating in H, at 650—750 °C followed by sulfurization with H,S at 650—850 °C 108
NH; at 650—700 °C 123,125
elemental S at 300—650 °C 106
elemental Se at 300—650 °C 106
NH; at 800 °C 123
NH; at 500 °C 125
H, at 650—750 °C followed by H,S at 650—850 °C 108
H, at 750 °C followed by H,Se at 650 °C 108
dimethyl selenium at 600—900 °C 98
NH; at 700 °C 123
II-VI Compounds
NH, at 650 °C 125
NH; at 600 °C 125
0, (30 Torr) at 25 °C 68
UV-ozone treatment at 80 °C 69
heating in air at 100—175 °C or under laser illumination 70
XeF, at 100—350 °C 127
thermal evaporation of Cu followed by heating at 300 °C 131
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Table 1. continued

starting material ending material processing conditions refs
III-VI Compounds
InSe is grown directly on Cu electrodes via PLD; Cu diffuses into InSe during 132
deposition
In,Se; CulnSe, sputtering of Cu followed by heating at 350 °C 133
In,Se; is grown directly on Cu electrodes via PLD; Cu diffuses into In,Se; during 134
deposition
Other Chalcogenides
Bi,Se; Cu,_,Se dropcasting of Cu nanocrystals followed by heating at 250—450 °C 128
Bi,Te; Cu,_,Te dropcasting of Cu nanocrystals followed by heating at 250—450 °C 128
BiTeCl BiCl; at 190 °C 120
BiTeBr BiBr; at 200 °C 120
Bi,0,Se Bi,SeO;g heating in air at 370—400 °C s1
O, plasma 52
Cr,Te, CrGeTe, Gel, at 100 °C (suspension) followed by heating at 330 °C 139
CdS Cu,S CuCl aqueous solution at 90 °C 130
CdSe Cu,_,Se [Cu(CH;CN),]PF, in methanol/toluene at room temperature 129
CuS CulnS,, Culn,Ga,_,S,,  indium(III) 2,4-pentanedionate/gallium(IIT) 2,4-pentanedionate/tin(IV) chloride 136
Cu,ZnSnS, bis(2,4-pentanedionate) in 1-dodecanethiol at 260 °C
SnS SnS, elemental S at 227 °C 111
SnS, SnS heating at 500—600 °C under argon 88,89
heating at 300—500 °C in vacuum 91
electron-beam irradiation at 25—400 °C 93
dimethylamino-2-methyl-2-propoxy-tin(II) at 52 °C 138
Cu,SnS, [Cu(CH;CN),]PFy in methanol at room temperature 135
SnSe, SnO, air exposure at room temperature 71
SnSe heating at 300 °C 90
electron-beam irradiation at 25—400 °C 93
TiS, TiO, heating in air at 300 °C 58
Black Phosphorus
BP PO, 0O, plasma 66,67
exposure to ambient conditions (20 °C and 45% RH) 81
tapping mode conductive AFM with Pt and Au coated tips 82
laser oxidation 83
Metals and Metal Oxides
SnO, SnS, elemental S at 400 °C 99
Cu Cu,Se Se deposition on Cu(111) followed by heating at 200 °C 102
Cu,O Fe,0;, Cr,0;, ZrO,, metal chloride salt is added to Cu,O—oleate complex, dried in vacuum, and heated 137
Sn0,, and Al,0, in air at 300 °C (500 °C for Fe oxide)
Ti TiSe, elemental Se at 650 °C 101
Nb NbSe, elemental Se at 600 °C 101
Pd PdTe, elemental Te at 470 °C 103
Pt PtSe, plasma of N,/H, gas (1:1) carrying Se at 100—250 °C 100
selenium MBE deposition followed by heating at 370 °C 118
MZXenes and MAX Structures
various MAX structures (M = Ti, corresponding TMDCs H,S (for sulfides) or Se (for selenides) at 800—1100 °C 112
Y, Nb, Mo, Ta, W)
2D-Mo,C Mo,N NH, at 600 °C 126
2D-V,C V,N and VN NH, at 600 °C 126
Miscellaneous
Cuy_,Iny, . sP,S4 CulnP,S4 and Ing/3P,Ss  phase separation at 230 °C upon cooling 140
MoS,0, MoS, H,S at 1000 °C 97

CONCLUSIONS AND FUTURE OUTLOOK

In this Review, we have introduced morphotaxy as a synthetic
paradigm, particularly in the context of 2D materials. The
number of layered 2D vdW and nonlayered 2D materials is
rapidly growing, which provides a vast phase space for
interconverting these materials while preserving their shape,
thickness, surface smoothness, and atomically defined

boundaries, as summarized in Table 1. In this final section,

7159

we highlight the most intriguing aspects of morphotaxy and
focus on opportunities for future work (Figure 6).

The ultrathin nature of 2D materials coupled with substrate
effects often favor the formation of unusual or metastable
phases, which are challenging to achieve in bulk materials.
Combined with the morphotaxial conversion approach, 2D
materials, heterostructures, and device geometries become
experimentally feasible for materials that normally do not
exhibit single layer geometry. For example, utilizing control-
lable oxidation, Zhang et al. converted the top layer of polished

https://doi.org/10.1021/acsnano.2c00243
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Figure 6. Future directions for morphotaxy. Heterostructures. The concept of morphotaxy facilitates the formation of lateral or vertical
heterostructures. The extreme scenario enabled by morphotaxy is the formation of Janus heterostructures. Reproduced with permission
from ref 114. Copyright 2020 Wiley. The concept of morphotaxy can be further extended to 1D heterostructures. Adapted with permission
from ref 142. Copyright 2020 AAAS. Synthesis. Many morphotaxial synthetic methods remain to be explored such as dual cation
intercalation (Adapted with permission from ref 145. Copyright 2015 American Chemical Society) and PLD plasma implantation (Adapted
with permission from ref 116. Copyright 2020 American Chemical Society). Composition. Morphotaxy allows compositions that are not
naturally occurring to become accessible such as PtSe (Reproduced with permission from ref 92. Copyright 2019 American Chemical
Society) and Janus structures of TMDCs (Adapted with permission from ref 116. Copyright 2020 American Chemical Society).
Functionality. Among the various functionalities enabled by morphotaxy, Janus structures offer properties that are not available in non-Janus
materials, such as skyrmion states in monolayers of chromium halides (Adapted with permission from ref 147. Copyright 2020 American
Physical Society) and exciton dynamics that are tuned by the built-in dipole moment in MoSSe (Adapted with permission from ref 146.

Copyright 2021 American Chemical Society).

metal substates into metal oxides with vdW layers.'*' The
subsequent transfer onto insulating substrates permitted
characterization of the electronic properties of these layered
metal oxides down to the monolayer limit with crystal
structures distinct from the bulk oxide. Although the vast
majority of morphotaxial transformations of 2D materials are
performed starting from the top surface, the underlying
substrate itself can also act as a platform for chemical
transformations. In particular, this goal can be achieved by
thermally or electrochemically driving dopants from the
substrate into a surface-mounted nanosheet in order to change
the composition and modify the structure. Prepatterning the
substrate allows further spatial control over dopant confine-
ment, enabling fabrication of lateral heterostructures.

One of the most promising aspects enabled by morphotaxy
is the realization of complex vertical and lateral hetero-
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structures with atomically sharp interfaces. In particular,
Trivedi et al. extended beyond traditional heterostructure
examples and prepared lateral and vertical heterostructures of
Janus metal chalcogenides.''* While the formation of lateral
Janus interfaces was achieved by converting lateral MoS,—WS,
heterostructures into Janus MoSSe—WSSe heterostructures,
the preparation of vertical stacks of Janus crystals required
combining the growth with polymer-assisted flake transfer
steps. As the properties of bilayers of S—Mo—Se and S—W—Se
are different from bilayers of Se—Mo—S and S—W-—Se or
bilayers of S—Mo—Se and Se—W—S, one needs to precisely list
the stacking sequence at a level of atomic planes or sublayers.
This complexity creates another level of hierarchy in 2D
materials heterostructures, enabled by morphotaxial prepara-
tion of Janus layers.

https://doi.org/10.1021/acsnano.2c00243
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The concept of morphotaxy can also be extended beyond
two dimensions. Recently, Xiang et al. reported the preparation
of 1D vdW heterostructures of single-walled carbon nanotubes
(SWCNTs) and boron nitride nanotubes (BNNTs), as well as
SWCNT-BNNT—-MoS, heterostructures via CVD using
SWCNTSs as a template for the growth.'*> Due to the p-type
and n-type character of SWCNTs and MoS,, respectively, a
radial semiconductor—insulator—semiconductor heterojunc-
tion was realized in the latter case, which showed diode-like
rectifying transport."*’ The concept of 1D morphotaxy can be
further extended beyond SWCNTs as the growth template to
nanotubes of other vdW materials. For example, Zhao et al.
recently reported rolling of TMDC flakes and their
heterostructures into nanotubes, which further broadens the
number of different 1D templates for 1D morphotaxial
conversions.'**

The development of innovative synthetic approaches is
enabling the realization of materials and device topologies.
Recently, Lin et al. demonstrated the formation of Janus WSSe
layers by low-energy Se implantation into WS, "¢ This
method can potentially be generalized to other TMDCs and
related 2D materials. Furthermore, Chen et al'** demon-
strated intercalation of multiple metal cations into Bi,Se;,
resulting in a library of dual intercalated Bi,Se; nanoribbons.
Sequential intercalation has considerable potential for the fine-
tuning the properties of 2D materials or devices. Since
morphotaxy demonstrations thus far are dominated by metal
chalcogenides, most morphotaxial transformations involve
group 16 elements. However, morphotaxy provides synthetic
pathways beyond oxides and chalcogenides including hal-
ides,"?” nitrides,"*>"**'?° and carbides,''* which often are
nonlayered and therefore challenging to achieve in the
atomically thin limit. Moving into tertiary compounds, such
as oxycarbides, chalcopnictides, and chalcohalides, creates
almost endless opportunities for tuning the composition of 2D
materials.

In addition to expanding the compositional range of 2D
materials, morphotaxial conversions also present opportunities
to alter properties and thus achieve functionalities unobtain-
able through more traditional synthetic techniques. For
example, morphotaxy has enabled the synthesis of high-x 2D
dielectrics®”** and 2D metals'**"** and can be applied to
achieve more exotic and emerging 2D phenomena, such as 2D
magnetism and topological materials. Starting from a non-vdW
Cr,Te; template, Yang et al. synthesized CrGeTe; nanosheets
and demonstrated the existence of long-range ferromagnetic
order."*” In addition, Zheng et al. demonstrated that the Janus
structure MoSSe has a built-in out-of-plane dipole moment
that leads to si§niﬁcantly longer radiative exciton recombina-
tion lifetimes.'** Although experimental realization of Janus
transition metal halides remains challenging, an increasing
number of theoretical studies have predicted their magnetic
properties."*’~">* Recently, Xu et al. calculated that topological
spin textures (eg, helical cycloid phases, skyrmions, and
bimerons) should also be achievable in Janus Cr(I,Cl);.""’
Preparation and control over such nontrivial spin textures are
critical for the development of future memory devices and
other emerging spintronic applications.

Although the concept of morphotaxy strongly relies on the
development of experimental synthetic methods, theoretical
studies will remain essential in guiding experimental efforts. As
an example, the number of theoretical studies of Janus
structures has rapidly grown,'*’”'7® which is helpful in
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identifying promising targets for synthesis. Theoretical studies
are not only essential in describing and predicting properties
but also aid in understanding the mechanisms of morphotaxial
transformations (e.g., defect formation, boundary propagation,
and phase segregation) that can help identify and refine
experimental synthetic efforts.

Inspired by many examples of experimental discoveries
resulting from the principles of morphotaxial design, this
Review has attempted to organize and categorize morphotaxy
as a general synthetic concept. This comprehensive overview
on current work in morphotaxial synthesis also provides a
roadmap for leveraging morphotaxial design principles in
designing next-generation materials. By expanding the scope
and application of an already diverse class of materials, future
work on morphotaxy will push the technological limits of low-
dimensional materials by introducing complex geometries,
compositions, and phenonema. In this manner, morphotaxy is
likely to have broad impact on a diverse range of emerging and
unanticipated fundamental studies and applied technologies.
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a low-dimensional material with an
asymmetric two-faced structure due
to atomic substitutions or function-
alization on one side but not the
other

a material composed of atomically
thin layers with strong covalent in-
plane bonding and weak van der
Waals interlayer bonding, which
allows the material to be exfoliated
via micromechanical or liquid phase
processing

a solid material with a nonlayered
crystal structure that is synthesized in
a two-dimensional form, where the
lateral size of the material far exceeds
that of the thickness

a multilayer stack of different materi-
als, preferably with atomically clean
interfaces as is readily achieved using
van der Waals materials

materials with large dielectric con-
stants that enable strong capacitive
coupling between a gate electrode
and a semiconductor channel in a
field effect transistor

Janus structure

van der Waals material

nonlayered 2D material

heterostructure

high-x dielectric
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