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ABSTRACT OF THE DISSERTATION

Two-dimensional Semiconducting Materials

for Next-generation Electronics and Optoelectronics

by

Chen Wang
Doctor of Philosophy in Material Science and Engineering
University of California, Los Angeles, 2017

Professor Yu Huang, Chair

The discovery of atomically thin graphene has ignited intensive interest in
two-dimensional (2D) layered materials. These two-dimensional materials represent a new
class of nearly ideal 2D material systems for exploring fundamental chemistry and physics at
the limit of monolayer thickness, and have the potential to open up totally new technological
opportunities beyond the reach of existing materials. In general, there are wide range of
two-dimensional materials in which the atomic layers are weakly bonded together by van der
Waals interactions and can be isolated into single or few-layer nanosheets. Among them,
semiconducting two-dimensional materials, including transition metal dichalcogenides or
phosphorene, attract most attention due to broad application of next-generation electronics

and optoelectronics.



My Ph.D research interest is applying standard micro/nano synthesis, fabrication, and
processing equipment to creatively develop next-generation nanoelectronics and
nanophotonics devices by employing two-dimensional (2D) semiconducting materials and
novel device concepts.

In detail, transition metal dichalcogenides (TMDs), such as WS,, WSe,, MoS,, MoSe;,
represent a large family of layered materials, many of which exhibit tunable band gaps that
can transition from an indirect band gap in bulk crystals to direct a band gap in monolayer
nanosheets. Besides, black phosphorus and monolayer phosphorene attracted considerable
recent interest as an alternative layered semiconductor expected to exhibit high carrier
mobility and layer-number tunable electronic properties. An important feature of these
layered materials is the van der Waals interactions between neighboring layers that may
allow much more flexible integration of distinct materials without the limitation of lattice
mismatch, the similar lattice structure but with distinct properties that enable lateral epitaxial
heterogeneous integration, thus opening up vast possibilities to nearly arbitrarily combine and
control different properties at the atomic scale.

My first research project focused on the FETs performance optimization using WSe;, a
new 2D transition metal dichalcogenides (TMDs) (Nano Lett 15, 709-713 (2015)). By tuning
the substrate temperature gradient, carrier gas flow, and relative position of the targeted
substrate in a home-made CVD system, | succeeded in producing high quality and large scale
WSe, flake with controllable layer number, single crystal size, and even stacking mode,
which in turn achieved exceptional transistors performance with record hole mobility of over

350 cm?V's™t and on/off ratio of above 10°. This experience gave me a unique perspective on



the optimization of CVD parameters and device contact engineering.

Driven by this pioneering study of WSe,, | further developed an in situ source-switch
CVD system to synthesize the first atomically thin WSe,/WS, heterostructure with 1D
interface. Based on this specially designed heterostructure, I made the first WSe,/WS;
heterojunction featuring the photovoltaic effect. (Nat. Nanotechnol. 9, 1024 (2014)). My
research with this promising material is an important advance in the development of layered
semiconductor heterostructures and an essential step towards achieving functional 2D
electronics. | also did deep research on the synthesis and electronic properties of the
WS,,Se,.ox alloy nanosheets, which realized the full optical response and electronic properties
tuning of the two-dimensional material. Additionally, our pioneering method realized the
controllable doping of TMDs by the modulation of atomic ratio (Nano Lett. 16, 264 (2016)).

Fascinated by 2D materials, | extended this research by developing a novel intercalation
method to obtain the monolayer phosphorene molecular superlattice (MPMS), based on black
phosphorus (BP), an emerging 2D materials with great electronics application potential. With
this creative method, I can now control BP from few-layer down to monolayer without
properties degradation, and achieve exceptionally high performance with the MPMS
transistors to 10” on/off ratio and a lifetime of 15X than that of BP. | also developed a novel

device concept, BP-MPMS heterojunction with typical p+/p++ junction properties.
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INTRODUCTION

A. Introduction to two-dimensional semiconducting materials

Graphene, a single atomic sheet of carbon atoms arranged in a honeycomb lattice, has taken
the center stage of materials science for both fundamental studies and many potential
applications, ever since its first discovery in 2004. In particular, graphene exhibits many
unique characteristics that make it a highly attractive materials for a new generation
electronics with unprecedented combination of speed and flexibility." For example, graphene
exhibits a highest carrier mobility up to 1,000,000 cm?/Vs (i.e., ~2-3 orders of magnitude

higher than that in silicon) 2°

and the highest carrier saturation velocity of all known
material,® making it a potential channel material for ultra-high-speed transistors.” Additionally,
the single atom thickness represents the ultimate limit for down-scaling,®*® while the large
area two-dimensional structure makes it suitable for large scale integration***® and the
exceptional mechanical strength and elasticity make it desirable for highly robust flexible
electronics.™

However, the lack of an intrinsic band gap in graphene has limited the achievable on/off
ratio in transistors using graphene as the active channel. Considerable efforts have been
devoted to addressing this challenge, including the induction of transport gap in graphene

1728 or bilayer graphene.?*32 The creation of a transport gap in graphene

nanostructures
nanostructures or bilayer graphene can improve the on/off ratio,*"*** but often at a cost of
the electronic performance and the deliverable current density.

To overcome limitation of semimetal nature of graphene, the recent interest is expanding

to other 2D materials, particularly transition metal dichalcogenide (TMDs) with tunable



intrinsic band gap (Fig. 1-1). The transition metal dichalcogenides (TMDs) (e.g., WS;, WSe,)
represent a large family of layered materials, many of which exhibit tunable band gaps that
can transit from an indirect band gap in bulk crystals to direct a band gap in monolayer
nanosheets (Fig. 1-1b). These 2D-TMDs have thus emerged as an exciting class of atomically
thin semiconductors for a new generation of electronic and optoelectronic devices. An
important feature of these 2DLMs is the van der Waals interactions between neighboring
layers that may allow much more flexible integration of distinct materials without the
limitation of lattice mismatch, and thus opening up vast possibilities to nearly arbitrarily
combine and control different properties at the atomic scale (Fig. 1-1a). Recent studies have
shown exciting potential of these atomically thin materials, including the demonstration of
atomically thin transistors, a new design of vertical transistors, as well as new types of
optoelectronic devices, including tunable photovoltaic devices and light emitting devices. In
parallel, there have also been considerable efforts in developing diverse synthetic approaches
for the rational growth of various forms of 2D materials with precisely controlled chemical
composition, physical dimension, and heterostructure interface. To this end, black
phosphorous has recently attracted considerable interest because of its moderate intrinsic
band gap and considerably higher carrier mobility (~ 1000 cm?/V/s) than TMDs.** Black
phosphorus was first synthesized by applying high pressure to red phosphorus and studied in
1914 by P. W. Bridgman.® However, its two dimensional essence was not well studied until
one hundred year later, when it was recognized as perfect materials with balanced mobility
and bandgap, compared with semimetal graphene or low-mobility transition metal

dichalcogenides (TMDs).** Together with all the advantages of 2DLMs,® it was regarded as



one of best electronic and optical material for post-silicon era. However, all recently works
are based on thin black phosphorus, not monolayer phosphorene, because of the great
difficulty to isolate monolayer black phosphorene which is not chemically stable in ambient.
In this thesis, | will present my study about high performance p-type WSe; transistors
(Nano Lett 15, 709-713 (2015), WS,-WSe, heterojunction by lateral epitaxial growth (Nat.
Nanotechnol. 9, 1024 (2014), WS,,Se,.ox alloy with tunable optical and electrical properties
(Nano Lett. 16, 264 (2016) and novel monolayer phosphorene molecular superlattice (MPMS)
with superior electrical and optical properties (submitted). | included four of my first author
publications and assemble them in sequence °3°. My first research project focused on the
FETs performance optimization using WSe;, a member of TMDs. By tuning the substrate
temperature gradient, carrier gas flow, and relative position of the targeted substrate in a
home-made CVD system, we succeeded in producing high quality and large scale WSe, flake
with controllable layer number, single crystal size, and even stacking mode, which in turn
achieved exceptional transistors performance with record monolayer hole mobility of over
100 cm?V?'s™ and on/off ratio of above 10%. By studying the layer number dependent
electrical properties of WSe;,, the highest mobility of the few-layer WSe, FETs can reach up
to 350 cm?V*s™}, which represents the highest value observed in these atomically thin TMDs
at room temperature. This experience gave me a unique perspective on the optimization of
CVD parameters and device contact engineering. Driven by this pioneering study of WSe,,
we further developed an in situ source-switch CVD system to synthesize the first atomically
thin  WSe, /WS, heterostructure with 1D interface. By using Raman mapping,

photoluminescence mapping, EDS mapping, the spatial separation of WSe, and WS, was



confirmed. Furthermore, series ED across interface, whole interface ED and EDS line scan
direct verified the sharp interface with sub-40 nm (limited by TEM electron beam size).
Based on this specially designed heterostructure, the first WSe,/WS, heterojunction featuring
the photovoltaic effect was made. My research with this promising material is an important
advance in the development of layered semiconductor heterostructures and an essential step
towards achieving functional 2D electronics. With quantum confinement in two dimensions
at this interline (one dimensional interface) and the importance of the interface in
semiconductor heterojunctions, the formation of the interline in ultrathin lateral
heterostructures could open up a new door to exotic physics and totally new device concepts .

Based on above projects, | also did deep research on the synthesis of the WS Se,.o« alloy
nanosheets, which realized the continuous fully optical response and electronic properties
tuning of the two-dimensional material from pure WS, to pure WSe,. Additionally, our
pioneering method realized the controllable doping of TMDs by the modulation of atomic
ratio. Fascinated by 2D materials and seeking for better 2D material for next-generation
electronics applications, | extended my research by developing a novel intercalation method
to obtain the monolayer phosphorene molecular superlattice (MPMS), based on black
phosphorus (BP), an emerging 2D materials with great electronics application potential. With
this creative method, 1 can now control BP from few-layer down to monolayer without
properties degradation, and achieve exceptionally high performance with the MPMS
transistors to 10” on/off ratio and a lifetime of 15X than that of BP. I also developed a novel
device concept, BP-MPMS heterojunction with typical p+/p++ junction properties. Our study

thus defines a general strategy to preparing 2D superlattices and opens up a new pathway to



tailoring and taming the electronic properties of 2D materials for functional electronics and

optoelectronics.



B. Figures and Legends
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Figure 1-1. Two-dimensional transition metal dichalcogenides (2D-TMDs). The table
shows common TMDs and their band gap.*®“® a, Schematic illustration of the layered
structure of MoS,. b, Energy dispersion in bulk, quadrilayer (4L), bilayer (2L) and monolayer
(1L) MoS; from left to right. The horizontal dashed line represents the energy of a band
maximum at the K point. The red and blue lines represent the conduction and valence band
edges, respectively. The lowest energy transition increases with decreasing layer and evolve
from indirect to direct (vertical). ¢, Relative valence and conduction band edge of some
common TMDs (monolayer). a, b, ¢ are reproduced with permission from ref. 49 Copyright
2011 Macmillan Publishers Limited, ref. 50 Copyright 2010 American Chemical Society and
ref. 51 Copyright 2013 AIP Publishing LLC, respectively.
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Chapter I: LARGE AREA GROWTH OF P-TYPE WSE2 ATOMIC LAYERS AND

ITS ELECTRICAL PROPERTIES
A. Introduction to p-type TMD: WSe,

Graphene has attracted considerable interest for applications in diverse electronic and
optoelectronic devices due to its unique electronic properties and atomically thin
geometry.’* However, the gapless band structure limits the potential of graphene for digital
electronic devices.>* It has been shown the energy band structure of the transition metal
dichalcogendes (TMD) materials exhibit a unique indirect-to-direct band gap transition as
their layer number is reduced to one.™**® For example, bulk WSe, is a p-type semiconductor
with an indirect band gap of ~1.2 eV, whereas its monolayer exhibits a direct band gap of ~
1.65 eV." The direct band gap of atomically thin TMDs can offer exciting opportunities for
potential applications in both digital electronic and optoelectronic devices.**% For example,
it has been recently reported that exfoliated monolayer WSe, can be used to create a high
performance p-type field-effect transistor (FET).”> However, the size of the monolayer
materials obtained from mechanical exfoliation method is limited in a few to a few tens of
micrometers. It has also been recently reported that a chemical vapor deposition approach can
be used to grow WSe, atomic flakes, but only in separated domains with the domain size on
the order of 10 micrometers.?® ?" Therefore, the preparation of large-area monolayer WSe,

film is essential for practical applications, yet remains a significant challenge.

In this study, a systematic study of chemical vapor deposition approach for the
preparation of large area atomically thin WSe; films directly on SiO,/Si substrates with areal

size of monolayer WSe, film up to 1 cm?was reported. Micro-photoluminescence mapping
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demonstrates distinct layer-number dependent photoluminescence, with the monolayer area
exhibiting much stronger emission than bilayer or multi-layers. The transmission electron
microscopy (TEM) studies reveal excellent crystalline quality of the atomically thin WSe,
and electrical transport studies further demonstrate that the p-type WSe, field-effect
transistors exhibit excellent electronic characteristics with hole carrier mobility up to 100
cm?V s for monolayer and up to 350 cm?V*s™ for few-layer materials, comparable or well
above that of previously reported mobility values or the synthetic WSe, and comparable to

the best exfoliated materials.?® ** %’

B. CVD synthesized methods and morphology control

The growth processes are performed in a home-made tube furnace (Fig. 2-1). Briefly, the
WSe, powders are placed in an alumina boat at the center of a quartz tube inside a one-inch
tube furnace, and the clean SiO,/Si substrates are used as the growth substrate for the
deposition of WSe, atomic layers at the down-stream end with variable substrate temperature.
Argon is continuously supplied through the reactor with designed flow rate as the carrier gas.
In details, to synthesize the layered WS, flakes, the 0.2 g WS, powder (Alfa Aesar, 13084)
was added into an alumina boat as precursor. The blank SiO,/Si substrates (1 cm by 5 cm)
loaded into a home-built vapor deposition system in a horizontal tube furnace (Lindberg/Blue
M) with 1-inch quartz tube (Fig. 2-1). The system was pumped down to a vacuum of 10
mTorr in 10 min, and re-filled with 150 sccm of ultra-high purity argon gas (Airgas, ~
99.9999%) then heated to desired growth temperature within 30 min. After that, the growth
kept at the designed temperature for 30 min, and then terminated by shutoff the power of the

furnace. The sample was naturally cooled down to ambient temperature.
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We have first conducted systematic studies to investigate the effect of substrate
temperature and flow rate of carrier gas with a constant source temperature at 1060 °C (Fig.
2-2). Most of the WSe, domains exhibit a triangular shape as shown by the optical
microscope images in Fig. 2-2b, ¢ and Fig. 2-3a-c, and some of them show a hexagonal shape
as shown in Fig. 2-2g, I. In general, with a fixed source temperature, the lower substrate
temperature typically results in a higher nucleation density (Fig. 2-2m), and a higher flow rate
of the carrier gas produces a similar effect due to higher super-saturation of the precursors
over the substrate surface (Fig. 2-20). On the other hand, the higher substrate temperature

promotes the nucleation of the extra atomic layers to produce multi-layers.

At lower substrate temperature of 750 °C with low flow rate of 100 sccm, there are
apparently no visible WSe, domains observed on the SiO,/Si substrates under optical
microscope. However, after analyzing the same sample by using scanning electron
miscroscopy (SEM), very small nuclei (~ 300 nm of average edge size) were observed with
nucleation density of ~ 4200/mm?. By increasing the substrate temperature to 765 °C, the
monolayer WSe, domains (~ 10 um average edge size) start to appear with a nucleation
density of ~ 1060/mm? (Fig. 2-2b). When the substrate growth temperature reaches 780 °C,
the bilayer WSe, domains (~ 20 um average edge size) start to appear with an overall lower
domain density reduced to ~ 350/mm? (Fig. 2-2c). As the substrate growth temperature is
further increased to 795 °C, even thicker and larger flakes (~ 50 um average edge size)
appear with even lower domain density of ~ 280/mm? (Fig. 2-2d). Overall, higher substrate
growth temperature yields a lower density of thicker WSe, domains with a larger domain size

(Fig. 2-2n). By increasing the flow rate of the carrier gas, both the layer number and the
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domain density of the WSe, are increased (Fig. 2-20). For instance, at substrate growth
temperature of 765 °C, the nucleation density of is ~ 1060/mm? under 100 sccm flow rate of
carrier gas, which increases to ~ 11000/ mm? under 150 sccm, and ~ 23000/ mm? under 200
sccm. All of our observations are consistent with the nucleation model of the vapor phase
deposition developed by W. K. Burton and N. Cabrera, where they predict that the nucleation
probability is proportional to the super saturation and inversely proportional to the substrate

temperature (Fig. 2-2m, 20).”’

In detail, the nucleation of WSe, from vapor phase could be understood by considering
the vapor phase supersaturation. Assuming equilibrium exists at the source temperature and
substrate temperature, there is no gas phase recombination or other gas phase reactions and
no change in the composition in the gas phase. By increasing in the gas phase supersaturation
of WSe, with increasing in the partial pressure of argon with both source temperature
(1060°C) and substrate temperature (765°C) remaining constant, it's observed that from 100
sccm to 200 scem argon gas flow, the nucleation density increase linearly from 1060 mm™ to
23,000 mm™ (Fig. 2-20). It's worthy to note that the WSe, surface will transform from
smooth to rough at very high driving force conditions (high supersaturation), where
adhesive-type growth dominates, instead of birth and spread in the intermediate
supersaturation (Fig. 2-2i). Quantitatively, based on above assumption and classical
heterogenerous nucleation and growth theory,?” the following relevant energetic dominate

nucleation and thin film growth follow the equation showed below:
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where, Np is the nucleation density, R is the rate of molecular impinging, a is a constant, E; is
crystal disintegration energy, Ts is substrate temperature, k is Boltzmann's constant, Epes IS
energetic barrier of desorption, Epi is energetic barrier of diffusion, AG  is the energetic
barrier of crystal formation, Na is Avogadro constant, P is pressure, M is molecular weight, R
is ideal gas constant.
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substrate temperature match this model prediction quantitatively (Fig. 2-2m). Similarly, for
the relationship of carrier gas flow vs nucleation density, from above equation, we can see
Np ~ p* , after we changed the flow rate, the system pressure changed, leading to
nucleation density change. Quantitatively, if we fit the data to this equation, a is around 4.4.
But due to the gas purity of argon is just industrial purity; the impurity from deliver gas may
great increase if the flow was increased. Additionally, the nucleation density itself vs carrier
gas flow relationship may not directly reflect grow mechanism, since at different flow rate,

even fixed all other parameters, the growth at different flow rate will be at quite different

growth stage with different thickness. Due to the 2D semiconductor growth complexity with

17



lateral growth, vertical growth, different stacking mode, high order island growth under
different temperature and pressure, more systematical study is necessary to fully understand

this mechanism.

C. Characterization of p-type WSe;

Based on the above studies, we have identified an optimized condition for the large area
growth of WSe, monolayers at a substrate temperature of 765°C and 100 sccm of carrier gas.
Fig. 2-3a shows the OM images of typical triangular WSe, monolayers after 20 minute
growth with an average edge length approximately 5 pum. With the continued growth, the
monolayer domains starts to merge together at 30 minutes, with bilayer and few-layer
domains occasionally appeared on their first layer (Fig. 2-3b). After 40 min growth, the WSe,
monolayer domains are completely merged together to form a continuous monolayer, with a
few second layer triangular domains seen with different optical contrast (Fig. 2-3c). In this
case, the SiO,/Si substrates are completely covered by the monolayer WSe, domains with
less than 5% areal coverage of the bilayer. The number of WSe, atomic layers is also
determined by AFM measurements (Fig. 2-3d). The AFM step heights of WSe, monolayer on
the SiO, substrate is typically measured between 0.7 — 1.0 nm, and the step heights of the
second layer on monolayer is around ~ 0.7 nm (line scan in Fig. 2-3d), which is consistent
with the published reports of exfoliated WSe,. *** The larger step height observed in the first
layer is commonly seen in graphene or other layered materials such as MoSe,.'® The lateral
size of the resulted continuous monolayer WSe, film is as large as 1 cm?, and is only limited
by the size of the furnace (Fig. 2-3e). The large area monolayer WSe; film can be readily

transferred onto other substrate such as the glass (Fig. 2-3f). We have further investigated the
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layer number dependent morphological and optical properties of the resulting atomically thin
WSe, films. To this end, we have employed the pu-Raman to study the monolayer/bilayer
WSe, domains. The bilayer WSe, domain shows a triangular shape, which prefers to
crystallize from the center of the first layer. The layer number of the WSe, domains is further
confirmed using p-Raman studies. The Raman spectrum of monolayer region show a single
peak at 252 cm™ (green line in Fig. 2-4b), corresponding to the Aag resonance mode of WSe;
and that of bilayer area show an additional small peak at 307 cm™ (red line in Fig. 2-4b),
corresponding to the B,q resonance mode of WSe;. In general, the B,y signature mode only is
active on the bilayer or few-layer region, which could reflect the presence of the additional
interlayer interaction.’**® In contrast, the Raman Ay mode of WSe; is less sensitive to layer
thickness, only with the intensity increasing with reducing atomic layers. The corresponding
Raman map recorded at A;g mode can be further used to determine the layer number of the
WSe; (Fig. 2-4c to f). The darker triangular region on the Raman map of Ai; mode
corresponds to the bilayer or few-layer WSe, domain. The Raman mapping show nearly the
same color contrast throughout the monolayer and bilayer or few-layer area, indicating a

uniform crystal quality.

The optical properties of the monolayer WSe, domains and the continuous WSe; sheets
were further investigated using micro-photoluminescence (u-PL). The WSe,; monodomain
with single layer shows the PL peak located at approximately 767 nm, with
full-width-half-maximum (FWHM) values of 24.8 nm (Fig. 2-5b), which is comparable to the
published data for exfoliated WSe,.***> The corresponding p-PL map of the monolayer WSe,

single crystal domain shows a very uniform contrast (Fig. 2-5c), indicating the high
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crystalline quality and uniformity of the as-grown WSe, atomic layers. We have also
conducted p-PL studies on the continuous WSe, film that are merged together (Fig. 2-5d).
The p-PL spectra taken of the monolayer region show the characteristic peak around 766 nm
(red curve in Fig. 2-5e). The strong light emission from monolayer indicates the high quality
of the continuous WSe, films. The pu-PL spectra taken at bilayer WSe, region (the darker
triangular area on the OM image in Fig. 2-5d) shows a wider peak at ~ 790 nm with
significantly lower intensity (black curve in Fig. 2-5¢). We have further conducted p-PL
mapping studies over a relatively large area (~ 60 x 60 um) to evaluate the overall quality of
the material (Fig. 2-5f). Importantly, the PL mapping shows rather uniform emission across
the entire film, indicating that the film is largely consisted of monolayer crystals. There are a
few darker triangles in the PL mapping image, corresponding to the bilayer region.
Additionally, it is also noted that there are some slightly darker lines, which can be attributed

the grain boundaries between merged monolayer domains.

To further evaluate the atomic structure of the WSe, atomic layers, we have performed
high resolution transmission electron microscopy (HRTEM) and electron diffraction (ED)
studies. To this end, the as-grown WSe; crystals were transferred onto a carbon-coated TEM
grid. Fig. 2-6a is the optical microscopy image. Fig. 2-6b shows a low magnification TEM
image of a typical transferred WSe; triangular crystal, which shows increasing contrast from
the edge to the center, with three distinct regions corresponding to the monolayer, bilayer and
few-layer area. The energy dispersive X-ray studies demonstrate that the atomic ratio
between W and Se is approximately 1:2 (Fig. 2-6¢), consistent with the expected

stoichiometry. We have further conducted HRTEM on different regions of the same WSe,
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flake. Fig. 2-6d to 6f show the HRTEM images of the atomic structure of the WSe,
monolayer, bilayer, and few layers, respectively. These images were taken on the regions
indicated on the Fig. 2-6b by the arrows with blue, red, and dark cyan colors, respectively.
The hexagonal lattice is clearly visible from each atomic resolution image, confirming the
excellent crystalline quality of the atomic layered material. The selected-area electron
diffraction (SAED) is used to characterize the crystal structure of the film. Fig. 2-6g to 6i
show the SAED patterns of the monolayer, bilayer and few-layer WSe, with the zone axis of
[0001]. The single set of diffraction spots with six-fold symmetry demonstrates that the
triangular monolayer is single crystals with hexagonal structures.’® The morphology and
structure of the WSe, were characterized with optical microscope (Olympus BX51), field
emission scanning electron microscope (FESEM, JSM-6701F), high-resolution transmission
electron microscopy (HRTEM, FEI Titan S/TEM at 300 kV), and Raman spectroscopy

(Horiba, 514 nm laser wavelength, 50 x objective).
D. Electrical properties of p-type WSe;

Electrical transport properties of the samples were measured at room temperature in a
Lakeshore probe station (Model PTT4) with a computer-controlled precision source/measure
unit (Agilent B2902A). Single back-gated FETs were fabricated on the monolayer, bilayer,
and few layers WSe; on a silicon substrate with 300 nm SiO; substrates. E-beam lithography
was employed to pattern the contact electrodes. The source/drain electrodes (Au: 100 nm)
were deposited using e-beam evaporation. The back gate voltage was applied by using a high
doped Si back gate with 300nm SiO; as the dielectric. Thus we have further evaluated the

electronic properties of the WSe, atomic layers. To this end, we have fabricated back-gated
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field-effect transistors (FETs) from the synthetic WSe; on the 300 nm SiO,/Si substrates (Fig.
2-7, Fig. 2-8a). The source and drain electrodes (100 nm Au) defined by the electron beam
lithography (EBL) and deposited using thermal evaporation. More than 100 transistors were
fabricated on WSe, monolayer, bilayer, and few-layer monodomains. The standard transistor
measurements were conducted under ambient conditions to obtain the on-currents, carrier
mobility, and on/off ratios for all devices. Fig. 2-8b shows the l4s-Vgs output characteristic of
a monolayer WSe, FETSs at various gate voltages. The linear and symmetric curves suggested
that Ohmic contacts were formed at the source and drain electrodes. The lgs-Vig curve of the
same device was measured at different drain bias from 1 V to 5 V, with the back-gate voltage
sweeping from -100 V to 100 V (Fig. 2-8c). Additionally, the l4s-Vyg curve of the typical
WSe, monolayer, bilayer and few-layer FETs are shown in Fig. 2-7. All these IV curves
show typical p-type semiconductor characteristic, consistent with mechanically exfoliated
WSe, materials. The highest mobility of the monolayer WSe, FETs is 100 cm?V s, The
measured on/off ratio of this device reaches a maximum value above 1 x 10° for gate voltages
swept in the range from -100 V to 100 V with a source-drain bias of 2 V, which is
comparable to the best reported values for exfoliated samples, and greatly higher than
synthetic samples reported previously. After analysis of all the fabricated WSe, FETs, we
have plotted a histogram to show the mobility distribution for all devices (Fig. 2-8d).
Importantly, the highest mobility of the few layers WSe, FETs can reach up 350 cm?v s,
which represent the highest value observed in these atomically thin TMDs at room
temperature,®**%" further highlighting the high crystalline quality of these as-grown

materials.
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E. Discussion and summary

In summary, a systematic investigation on the chemical vapor deposition growth of large
area p-type WSe, atomic layers was reported in this study. By systematically tuning the
synthetic parameters, high quality monolayer WSe; thin film can be prepared over large area
with the lateral dimensions up to ~1 cm® Micro-photoluminescence studies demonstrate
uniform PL emission from the monolayer materials and the transmission electron microscopy
studies confirms the excellent crystalline quality. Electrical transport studies further
demonstrate the p-type WSe, back-gated field-effect transistors exhibit excellent electronic

s and on/off ratio above 10%. The

characteristics with hole mobility over 350 cm?V
availability of high quality large area p-type atomically thin materials offers an important
building block for the design of future van de Waals heterostructures for electronic and
photonic devices. This main ideas of this studied was published in title "Large Area Growth
and Electrical Properties of p-Type WSe, Atomic Layers" at Nano Lett 15, 709-713 (2015)
and it has been cited for more than 78 times. This study had broad impact to 2D
semiconducting materials morphology control, device performance optimization, layer
dependent electrical properties of TMDs, etc. Also, the high-quality p-type WSe; inspire us to

synthesize next step functional devices with epitaxial lateral WSe,-WS, heterostructure,

which will be discussed in the next chapter.
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F. Figures and Legends
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Figure 2-1. Schematic illustration of the growth equipment and recipe. Up: The WSe,
powders are placed in an alumina boat at the center of the quartz tube, and the clean SiO,/Si
substrates designated for growth of WSe, atomic layers are leaved on the down-stream side.
Argon is continuously supplied through the reactor with designed flow rate. Down:
temperature control curve of source during growth.
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Figure 2-2. Reactor-conditions-dependent WSe, growth with varying temperature and
flow rate of argon. Optical microscope images of WSe, samples grown at different
temperature under designed flow rate for 20 min: a, 750 °C, 100 sccm, inset: SEM image of
same size sample, indicating high density but small nucleations (~ 300 to 500 nm), scale bar
of inset: 5um; b, 765 °C, 100 sccm; c, 780 °C, 100 sccm; d, 795 °C, 100 sccm; e, 750 °C, 150
scem; f, 765 °C, 150 scem; g, 780 °C, 150 sccm; h, 795 °C, 150 sccm; i, 750 °C, 200 sccm; j,
765 °C, 200 sccm; k, 780 °C, 200 sccm; I, 795 °C, 200 sccm; All the scale bars are 20 ym. m
and n, substrate temperature effect on nucleation density (m) and average edge size (n). o,
nucleation density vs carrier gas flow relationship.
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Figure 2-3. Time dependent growth of large area monolayer WSe, single crystal
domains. a, A typical optical microscope images of the monolayer WSe, domains taken after
20 min of growth; b, 30 min of growth, and ¢, 40 min of growth. d, Atomic force microscope
image of a WSe, monolayer and bilayer domains and their line scan profile. e, Photograph of
the ~ 1 cm sized monolayer WSe, films obtained with 40 min growth time. Left: blank 300nm
SiO,/Si substrate; Right: fully covered WSe, monolayer on blank 300nm SiO,/Si substrate. f,
Photograph of the ~ 1 cm sized monolayer WSe, films transferred onto a glass template by
chemical etching of SiO, layers. Scale bars of a-d are all 5 ym.
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Figure 2-4. Micro-Raman investigation of the monodomain WSe,. a, Optical microscope
image of a typical monolayer WSe, with bilayer domain on the center. b, The Raman spectra
of the monolayer and bilayer WSe,. ¢ and d, A typical Raman map of the single domain
monolayer (c, center wavenumber: ~ 250 cm™) with bilayer (d, center wavenumber: ~ 307
cm™®) WSe, domain; e, Optical microscope image of large scale monolayer WSe, with
several bilayer or few-layer domain. f, Raman map of the large scale monolayer (center
wavenumber: ~ 250 cm™) WSe, with several bilayer and few-layer domain. Scale bars of
a,c,d are all 5 um; Scale bars of e, f are 10um;
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Figure 2-5. Optical properties of the single domain and fully covered WSe, monolayers.
a, Optical microscope image of a typical monolayer WSe,. Scale bar is 5 um. b, PL spectra of
the monolayer WSe, and Raman map (c), of WSe; single domain showed in (a). d, Optical
microscope image of the full covered monolayer WSe, with some bilayer domains. Scale bar
is 10 ym. e, PL spectra of the monolayer and bilayer WSe.,. f, Corresponding PL intensity
map of the same region taken at panel D, Scale bar is 10 um.
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Figure 2-6. Crystalline structure characterization. a, Dark field optical microscope image
of a typical monolayer WSe, with domain of few layers on the center. Scale bar is 10 um. b,
Low magnification bright field TEM image of a typical transferred WSe, triangular crystal; c,
energy dispersive X-ray spectra showing the ratio between W and Se obtained from the
integrated peak area is approximately 1:2. d-f, HRTEM images of the atomic structure of the
WSe, monolayer d, bilayer e, and few layers. These images were taken on the regions
indicated on the Figure 5b by the arrows with blue, red, and dark cyan colors, respectively.
Scale bar is 5 nm d,e and 2nm f. g-i, SAED pattern of the monolayer g, bilayer h and
few-layer i WSe, with the zone axis of [0001], the six-fold symmetry in the position of the
diffraction spots demonstrates that the triangular monolayer is predominantly single crystal
with hexagonal structures.
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Figure 2-7. Electrical characteristics of the WSe, monodomains. Optical microscope
image of a monolayer WSe; transistor (dashed line highlighted), b bilayer WSe, transistor,
and c few-layer WSe, transistor, respectively. Is4-Vq transfer characteristics plotted in d, e,
and f of the device shown in panels a, b, and ¢ at V¢4 = 0.1, 0.2, 0.3, 0.4, and 0.5 V,
respectively. All scale bars are 5 ym.
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Figure 2-8. Electronic properties of WSe, atomic layers. a Optical microscope image of a
monolayer WSe, transistor, Scale bar is 2 ym. b, ls4-Vsq Output characteristics of the WSe,
transistor shown in panel A. ¢, Iss-V, transfer characteristics of the device shown in A at Vg =
0.1,0.2,0.3,0.4, and 0.5 V. d, A summary of the mobility values obtained in WSe, field effect
transistors with different number of atomic layers, demonstrating a mobility range of 10 — 350
cm?V's™ and maximum on/off ratio over 10°,
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Chapter I1: LATERAL EPITAXIAL GROWTH OF TWO-DIMENSIONAL
LAYERED SEMICONDUCTOR WS,-WSE; HETEROJUNCTIONS

A. Introduction to lateral TMD heterostructure

Inspired by the recent advancements in graphene, the layered transition metal
dichalcogenides (TMDs) (e.g. WS, and WSe;) have attracted considerable attention as
two-dimensional (2D) semiconductors with unique layer-number dependent electronic and
optical properties’™. To explore the full potential of these layered semiconductors requires
precise spatial modulation of the chemical, structural and electronic properties in these 2D
atomic crystals to create well-defined heterostructures, much like the traditional
semiconductor heterostructures that have essentially defined the foundation of all modern
electronic and  optoelectronic  devices, including transistors, p-n  diodes,
photovoltaic/photodetection devices, light-emitting diodes and laser diodes. Although the
graphene-boron nitride (BN) based 2D lateral heterostructures has been reported'®?®, the
growth of TMD lateral heterostructures is of considerable challenge and has not been realized

to date, despite the increasing efforts on the growth of diverse TMD nanosheets'®%,

Here the compositionally modulated WS,-WSe; lateral heterostructures can be prepared
by in situ modulating the vapor phase reactants during growth of these 2D crystals was
demonstrated. Raman and photoluminescence mapping studies demonstrate the resulting
heterostructure nanosheets exhibit clear structural and optical modulation. Transmission
electron microscopy and electron diffraction studies reveal a single crystalline structure, and

the energy dispersive (X-ray) elemental mapping confirms spatial modulation of chemical
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compositions in the heterostructure nanosheets. Electrical transport studies demonstrate that
the WSe,-WS; heterojunctions can form lateral p-n diodes with excellent current rectification
behaviour and photocurrent generation characteristics, and can be used to create

complementary metal-oxide semiconductor (CMQOS) inverters with high voltage gain up to 24.
B. Lateral epitaxial growth strategy

It has been recently shown that a wide range of TMD material (e.g. MoS,, MoSe;, WS;,
WSe,) can be directly grown on silicon oxide substrate in the form of single or few-layer
well-faceted triangular or hexagonal domains or nearly continuous nanosheets®’*°. The
synthetic process usually involves a thermal chemical vapor deposition (CVD) process, in
which the vapor phase reactants are generated by thermally evaporating the selected solid
source material. With this approach, a lateral heterostructure can in principle be produced
through successive growth of a second material (e.g., WSe;) at the edge of an existing
domain of a first material (e.g., WS;). With a relatively small lattice mismatch (less than 4 %)
between WS, and WSe,, it is possible to produce coherent WS,-WSe, heterostructures
through a lateral epitaxial process. Although conceptually simple, the growth of TMD lateral
heterostructures is of considerable challenge and has not been realized to date. Our studies
indicate simple sequential growth often failed to produce the desired heterostructures because:
(1) the edge growth front can be easily passivated after the termination of the first growth and
exposure to ambient conditions, and cannot function as the effective nucleation sites for
subsequent lateral epitaxial growth after transferred into a second growth chamber; and (2)
the atomically thin TMD nanosheets are usually too delicate (e.g., far more volatile than

graphene or BN) to withstand significant changes in growth temperature or conditions** that
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are often necessary for the sequential growth of a second material to form the desired

heterostructures.

To grow lateral heterostructures, it is therefore essential to design similar synthetic
conditions applicable for both materials of interest and to retain a fresh, un-passivated edge
growth front for successive lateral epitaxial growth. To this end, we have designed a thermal
CVD process (Fig. 3-1) that can allow in situ switch of the vapor phase reactants to enable
lateral epitaxial growth of single or few-layer TMD lateral heterostructures. The synthesis of
WS,-WSe; lateral heterostructures was carried in a home built CVD system that can allow in
situ switch of solid chemical sources (Fig. 3-1). Two quartz boats with 0.4 g WS, powder
(Alfa Aesar, 99.8%) or 0.6 g WSe, powder (Alfa Aesar, 99.8%) were loaded into a horizontal
tube furnace with 1-inch quartz tube. A clean Si/SiO, substrate (~1x5 cm) was placed at
downstream end of the furnace as the growth substrate. The system was pump-purged with
ultra-high purity argon (Ar) gas (Rizhen, ~99.999%) then ramped to the desired growth
temperature for the growth of WS, nanosheets at 1057 °C for 20 minutes under ambient
pressure and a constant flow of 70 sccm Ar as the carrier gas. The furnace was then cooled
down to 800 °C, and the boat with WS, powder was pushed out of the hot zone without
breaking the vacuum, while the boat with WSe, powder was simultaneously pushed into the
hot zone of the tube in situ. The temperature was then ramped to 1190 °C for the lateral
epitaxial growth of WSe, for about 20 minutes under 5000 sccm Ar flow. Then the growth
was terminated by shutting off the power of the furnace, and the sample was naturally cooled
down to ambient temperature under 50 sccm Ar flow. For example, to produce a WS,-WSe;

heterostructure (Fig. 3-2), the WS, domains are first grown using a CVD process by
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thermally evaporating a solid WS; source at the (center) hot zone of 1-inch tube furnace in an
argon atmosphere (Fig. 3-1). The peripheral edges of the triangular domains feature
unsaturated dangling bonds that function as the active growth front for the continued addition
and incorporation of precursor atoms to extend the two-dimensional crystal in the lateral
direction. By in situ moving WS, solid source out of the hot zone and WSe; solid source
into the hot zone without exposing to the ambient conditions, the chemical vapor source is
switched from WS, to WSe, in the middle of the growth to enable lateral hetero-epitaxial
growth of WSe, at the peripheral active growth front to produce WS,-WSe, lateral

heterostructures.
C. Characterization of WS,-WSe, lateral heterostructures

The resulting WS,-WSe, lateral heterostructure domains mostly exhibit a well-faceted
equilateral triangular geometry (e.g., Fig. 3-3a and inset) with some truncated triangles or
hexagons. Atomic force microscopy (AFM) studies show these 2D domains typically have a
thickness of one to a few nanometers (e.g., Fig. 3-3a), with a small number of thicker
domains up to 10-50 nm in thickness. To probe the spatial structural and optical modulation
in  WS,-WSe,  heterostructures, we  have  conducted micro-Raman  and
micro-photoluminescence (micro-PL) studies using a confocal Raman microscope.
Importantly, the Raman spectra (excited by 514 nm laser at 50 uW) taken from the centre and
the peripheral regions of a triangular domain clearly show distinct features. The Raman
spectrum from the centre region show two prominent peaks at 419.3 cm™ and 355.4 cm™

(blue line in Fig. 3-3b), corresponding to the A4 and E',4 resonance modes of WS, > * ;

while the Raman spectrum from the peripheral region show a single peak at 256.1 cm™ (green

39



line in Fig. 3-3b), in agreement of the A4 resonance mode of WSe; # These micro-Raman
studies demonstrate the co-existence of two distinct materials within the same triangular
domain. The Raman mapping studies can further reveal the spatial modulation within the
triangular domain, with the central part consisting a smaller triangular domain of WS, (Fig.
3-3d), and the peripheral region made of WSe, (Fig. 3-3e). A composite Raman mapping
image shows seamless lateral integration of WS, and WSe; in the heterostructure domain
(Fig. 3-3f). Similarly, micro-PL studies also show highly distinct PL peaks at ~665 nm for the
centre part and ~775 nm for the peripheral part (Fig. 3-3c), consistent with the near band edge
emission from WS, and WSe,, respectively?****. The PL mapping studies (Figs. 3-3g to 3i)
show similar features to that of Raman mapping studies, further confirming the formation of
WS,-WSe, lateral heterostructures. Importantly, these Raman and PL mapping studies
indicate that there is no apparent overlap or gap between WS, signal and WSe, signal (within
the limit of optical resolution), suggesting that WS, inner triangle and WSe, surrounding
areas are laterally connected, although the sharpness of the lateral heterostructures can not be

accurately determined based on these optical studies.

To investigate the crystalline and microstructure modulation within the WS,-WSe; lateral
heterostructures, we have conducted transmission electron microscopy (TEM) and electron
diffraction studies. For TEM studies, we have focused on smaller heterostructure domains for
complete analysis of the entire domain. A low resolution TEM image of a multilayer
triangular domain does not show obvious heterostructure interface (Fig. 3-4a). To better
determine the lateral heterostructure interface, we have used high-angle annular dark-field

(HAADF) TEM to image the triangular heterostructure domain (Fig. 3-4b). The HAADF
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TEM is sensitive to the atomic number and shows a more clearly differentiable contrast in the
triangular domain, with the slightly darker inner triangle corresponding to the WS, region,
and the outer brighter region corresponding to WSe,. The selected area electron diffraction
(SAED) pattern taken across the heterostructure interface (Fig. 3-4c) shows apparently a
single set of hexagonal arrangement of diffraction spots that can be indexed to the hexagonal
symmetry of the [001] zone plane of WS, or WSe; lattice structures. The observation of
single set of diffraction pattern suggesting the WS, or WSe, regions in the triangular
heterostructure domain exhibit nearly the same lattice structure and the same lattice
orientation. A magnified view of the diffraction spots reveal that each diffraction spot
consists a pair of diffraction peaks. A careful analysis of these diffraction peaks yields (100)
lattice plane spacing of 2.70 A and 2.81 A, in agreement with the values for both WS, and
WSe, within the instrumental error®. A lattice resolved TEM image around the interface also
further confirms the single crystalline structure. Importantly, the lattice fringes appear to be
continuous across WS, region to WSe, region, indicating the heterostructure is nearly

coherent (Fig. 3-4d).

To further unambiguously determine the chemical modulation across the lateral
heterostructure interface, we have conducted elemental mapping of the triangular domain
using energy dispersive X-ray spectroscopy (EDS). These elemental maps (mapping, same as
before) show that tungsten (W) is nearly uniformly distributed throughout the entire
triangular domain (Fig. 3-4e), while sulfur (S) and selenium (Se) show obvious modulation
within the heterostructure domain, with S localized in the centre and Se localized in the

peripheral area (Fig. 3-4f, 4g), respectively. A composite EDS mapping image of the S and
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Se atoms further confirms seamless lateral integration of WS, and WSe; in the
heterostructure domain (Fig. 3-4h). The EDS line scan profiles of the elemental distribution
across the junction show clearly the opposite modulation of S and Se across the interface (Fig.
3-4i). It is noted that the junction is not atomically abrupt, but rather makes the transition
from WS, to WSe, phases over a length scale of 355 nm. This gradual interface might be
attributed to a relatively slow switching of the vapor phase reactants in the thermal CVD
process and/or the ion diffusion across the interface during the high temperature synthetic
process. It's noted the sub-40 nm transition region determined by EDS line scan is still
limited by the TEM beam size and instrument limitation. Further study in similar system

revealed that the transition region can be of an atomically sharp interline.*’
D. Electronic characterizations and heterostructure devices

The above discussions clearly demonstrate the successful growth of lateral
heterostructures of 2D layered TMDs. The formation of such 2D heterostructures with well
defined composition or electronic modulation can open up exciting opportunities for the
creation of a series of functional electronic and optoelectronic devices. Before constructing
the functional devices across the heterostructure interface, we have first characterized the
basic electrical transport properties of WS, and WSe,, respectively. To this end, the WS, and
WSe, field-effect transistors (FETs) were fabricated on Si/SiO, substrate, with Ti/Au thin
film as the source-drain contacts for WS,, and Au thin film as the contacts for WSe,, and the
silicon substrate as the back gate electrode. To electrically access the inner WS, triangle
without being shorted to the peripheral WSe,, a 50-nm thick Al,O3 thin film was deposited on

part of the peripheral WSe, to insulate it from the contact electrodes to centre WS,. Fig. 3-5a
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and 3-5b show the lgs-Vgs characteristics at varying back gate voltage for WS, and WSe;,
respectively. A linear lg-Vgs relationship is clearly observed for both WS, and WSe,,
indicating the metal contact barrier does not significantly affect the intrinsic device behavior.
The formation of low-barrier contacts for both WS, and WSe; is very important for probing
the intrinsic electronic and optoelectronic characteristics of the lateral heterojunction devices.
The lgs-Vgs plots at varying back gate voltages show that the current increases with increasing
positive gate voltage for WS, (Fig. 3-5a), indicating an n-type semiconductor behavior. On
the contrary, the current increases with increasing negative gate voltage for WSe, (Fig. 3-5b),
demonstrating a p-type behavior. It is also noted that n-type WS; is in the normally “off”
state at zero gate with a relatively large positive turn-on voltage (~40V), indicating a low
intrinsic electron doping; while the p-type WSe; is normally “on”, suggesting a relatively
high hole-doping concentration. We have also evaluated the carrier mobility in these
synthetic materials based FET measurements. The electron mobility in WS, is in the range
10-20 cm?/Vs, and the hole mobility in WSe; is in the range of 30-100 cm?/Vs, both of which

are comparable to best values for the respective synthetic materials reported to date.

With well-defined p-type characteristics in WSe; and n-type characteristics in WS,, the
WSe,-WS; lateral heterostructure forms a natural heterojunction p-n diode (Fig. 3-5c, inset).
Electrical transport studies across a heterojunction device show obvious current rectification
behavior in the 14s-Vgs plot (Fig. 3-5¢), with current only being able to pass through the device
when the p-type WSe, is positively biased. The observation of current rectification clearly
demonstrates a p-n diode is formed within the WSe,-WS, lateral heterostructure. The

ultrathin nature of the heterojunction allows gate tunability of the diode characteristics. The
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diode output characteristics (lgs-Vgs) under different back gate voltage show that the output
current increases with increasing positive gate voltage, suggesting that the n-type WS, is
partly limiting the charge transport in the device. This is consistent with the electrical
transport properties of WS, and WSe,, in which WS, is much lower doped and therefore

dominates the charge transport across the lateral heterojunction p-n diode.

The p-n diodes form the fundamental basis for many functional devices, including
photodiodes. To this end, we have also investigated the photocurrent response of our lateral
heterojunction p-n diodes as photodiodes. The Ilg-Vgs measurements of a multilayer
heterojunction p-n diode with and without laser illumination (514 nm, 30 nW) show clear
photovoltaic effect with an open-circuit voltage of ~0.47 V and a short-circuit current of ~ 1.2
nA (Fig. 3-5d). In general, the photoresponse exhibits a rapid temporal response beyond our
experimental time resolution of 100 ps (Fig. 3-5d, inset), demonstrating that the
photoresponse is indeed originated from photocarrier generation and separation rather than
any other extrinsic effects. Based on the photocurrent response and total input laser power,
we can determine the external quantum efficiency (EQE) of the photon to electron conversion
to be ~9.9 %. After determining the optical absorption of the multilayer heterostructure
device (~23%), we can estimate an internal quantum efficiency of ~43%. Lastly, the
photocurrent mapping clearly shows that the photocurrent response is localized to the lightly
doped WS, and WS,-WSe; interface region near the centre of the triangular domain (Fig.
3-5e), confirming that the depletion layer is largely localized to the lightly doped WS, in the

lateral heterojunction diodes.
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The preparation of WS,-WSe, lateral heterostuctures with both p- and n-type
characteristics can also allow us to construct many other functional devices. For example, a
CMOS inverter (a logic NOT gate) can be constructed by integrating a p-channel WSe; and
an n-channel WS, transistors in series across the heterojunction interface (Fig. 3-5f, insets).
To reduce the required gate voltage, the CMOS inverter was fabricated by using 20 nm HfO,
as the gate dielectrics. The output—input (Vou—Vin) voltage response of the inverter shows
constant high voltage output at low input (black curve in Fig. 3-5f). When the input is
increased to about 1.5 V, the output voltage is quickly switched to nearly 0 V and maintains a
low state at higher input voltages. Significantly, the CMOS inverter can readily exhibit a high
voltage gain. Differentiation of the measured Vo.—Vin relation reveals a voltage gain as large
as 24 (red curve in Fig. 3-5f). Such a large gain can be particularly beneficial for
interconnection of arrays of logic circuits for functional electronic applications without the

need for signal restoration at each stage.

E. Discussion and summary

In summary, we have successfully demonstrated the growth of lateral heterojunctions of
2D layered semiconductors through a lateral hetero-epitaxial approach. Although the lateral
heterojunctions between h-BN and graphene (or between intrinsic and substitutionally doped

graphene) have been reported previously? 266

, they usually exhibit limited functions due to
the semimetal nature of graphene and insulator nature of h-BN. The realization of lateral
heterojunction in the 2D layered semiconductors can open up exciting opportunities for

creating a wide range of functional devices, ranging from the complementary logic circuits,

photovoltaics, photo-detectors, to light-emitting diodes and laser diodes.
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Beyond the typical 2D layered semiconductors, this approach may be extended for the
creation of heterojunctions among many other 2D materials with diverse physical properties,
including superconducting (e.g. NbSe;), magnetic (e.g. CrSe;) and topologically insulating
(e.g. BiySes, Bi;Tes) materials. It thus has the potential to enable seamless integration of these
highly distinct physical properties, creating well-defined spatial modulation of chemical
compositions and electronic properties in these 2D atomic crystals. With further development
in future studies, the lateral epitaxial approach may be extended for the growth of superlattice
structures of two or more 2D layered materials for further complexity and functions, and the
size of the lateral “interface” in such atomically thin heterostructures may be eventually
reduced to a single atomic line between two distinct 2D materials to form an “interline”. With
the quantum confinement in two dimensions at the “interline” and the importance of interface
in semiconductor heterojunctions and topological insulators, the formation of the “interline”
in the ultrathin lateral heterostructures could open up a new door to exotic physics and/or

totally new device concepts.

The main idea of this study was published in title "Lateral epitaxial growth of
two-dimensional layered semiconductor heterojunctions™ at Nature Nanotechnology 9,
1024-1030 (2014) and this publication have been cited for more than 223 times with broad
impact of 2D lateral heterojunction epitaxial growth, lateral heterojunction demonstration,
further lateral superlattice structure and device development. One interesting thing is that two
similar studies was published in Nature Materials at the same week, indicating the urgency
and significance of those demonstration and also the beauty to probe the border of human

knowledge with the whole community endeavour.*® % Furthermore, the electrical properties
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of TMDs can be well controlled by tuning the chemical composition ratio of n-type WS, and

p-type WSe,, which will be discussed in next chapter.

F. Method Summary

Synthesis. The syntheses of lateral heterostructures were conducted in home-built-CVD
systems using thermally evaporated vapor phase reactants from solid source materials at
atmospheric pressure. The CVD systems are designed to allow for in situ switch of chemical
vapour sources by mechanically shifting the selected solid source materials into and out of
the hot zone, which is essential for retaining the active growth front for the sequential
hetero-epitaxial growth. For the growth of WS,-WSe,, WS, and WSe, powders were directly

used the solid source;

Characterizations. The microstructures and morphologies of the nanostructures are
characterized by optical microscope, atomic force microscope (AFM), and transmission
electron microscope (TEM). The micro-Raman and micro-PL studies were conducted using a
Horiba LabRAM HR Evolution confocal Raman system with an Ar ion laser (514 nm)
excitation. The WS,-WSe, heterojunction devices were fabricated using electron-beam
lithography followed by electron-beam deposition of metal thin films. Ti/Au (5/50 nm) was
used as the contact electrodes for WS, and Au (50 nm) for WSe,. The electrical transport
measurements were conducted in a Lakeshore probe station, with a computer-controlled
analogue-to-digital converter and a low noise current pre-amplifier. The scanning photocurrent
measurements were conducted with the same Horiba confocal Raman system combined with

the same electrical measurement system.
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Microscopic, optical, electrical and optoelectrical characterizations. The microstructures
and morphologies of the heterostructures are characterized by an optical microscope, JEOL
6700 SEM, and an FEI TEM, STEM (line scan: beam size 3 nm and step size 7 nm). The
confocal micro-PL and micro-Raman measurements were conducted using a Horiba LabRAM
HR Evolution confocal Raman system with 1800 g/mm grating, 50x diffraction-limited
objective (N.A.=0.75), with an Ar ion laser (514 nm) excitation. To fabricate WS,-WSe,
heterojunction device, the metal electrodes (for probe contact or wire bonding purposes) were
patterned using electron-beam lithography followed by electron-beam deposition of metal thin
films. Ti/Au (5/50 nm) was used as the contact electrodes for WS, and Au (50 nm) for WSe,.
The D.C. electrical transport measurements were conducted in a Lakeshore probe station
(Model TTP4), with a computer-controlled analogue-to-digital converter (National
Instruments model 6030E) and a low noise current pre-amplifier (Stanford Research Systems
SR570). The scanning photocurrent measurements were conducted with the same Horiba
LabRAM HR Evolution confocal Raman system combined with the same electrical

measurement system.
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G. Figures and Legends
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Figure 3-1. Schematic illustration of the home-built CVD system for the growth of
WS,-WSe, lateral heterostructures. The WS, powder and WSe, powder was directly used
as the solid source. Two magnets (one inside the CVD chamber and one outside) was used
to mechanically push the WS, solid source out of and WSe, solid source into the centre hot
zone without breaking vacuum. This in situ switch of chemical source is essential for retaining
the active edge growth front for sequential epitaxial growth of WS,-WSe, lateral
heterostructures.
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Figure 3-2. Schematic illustration of lateral epitaxial growth WS,-WSe,
heterostructures. A triangular domain of WS, is first grown using a chemical vapor
deposition process. The peripheral edges of the triangular domain features unsaturated
dangling bonds that function as the active growth front for the continued addition and
incorporation of precursor atoms to extend the two-dimensional crystal in the lateral direction.
With an in situ switch of the chemical vapor source for WSe, during the middle of the growth,
lateral hetero-epitaxial growth can occur at the peripheral active growth front to form

WS,-WSe, lateral heterostructures.
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Figure 3-3. The AFM, Raman and photoluminescence (PL) characterizations of
WS,-WSe, lateral heterostructures. a, AFM image of a triangular domain with a thickness
of 1.2 nm. The inset shows an optical image of a triangular domain. The scale bars equal to 5
pm. b, The Raman spectra of a heterostructures domain. The blue curve is obtained from the
centre region, showing the characteristic Raman peak of WS,; the green curve is obtained
from the peripheral region, showing the characteristic Raman peak of WSe,. ¢, The PL
spectra of a heterostructures domain. The orange curve is obtained from the centre region
with the characteristic PL peak of WS,, and the red curve is obtained from the peripheral
region with the characteristic PL peak of WSe,. d, Raman mapping at 419 cm™ (WS, A
signal) demonstrates that WS, is localized to the centre region of triangular domain. The
scale bar is 5 pm. e, Raman mapping at 256 cm™ (WSe, Aqq signal) demonstrates WSe; is
located in the peripheral region of triangular domain. f, A composite image consisting of the
Raman mapping at 255 cm™ and 417 cm™ shows no apparent overlap or gap between the
WS, signal and WSe, signal, demonstrating that WS, inner triangle and WSe, peripheral
areas are laterally connected. g,h, PL mapping images at 665 nm and 775nm show
characteristic PL emission of WS, and WSe; in the centre and peripheral region of the
triangular domain. The scale bar is 5 um. i, A composite image consisting of the PL mapping
at 665 nm and 775 nm demonstrates the formation of WS,-WSe, lateral heterostructures,
consistent with Raman mapping studies.
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Figure 3-4. Structural and chemical modulation in WS,-WSe; lateral heterostructures. a,
TEM image of a triangular domain of WS,-WSe, lateral heterostructure. The scale bar is 200
nm. b, High-angle annular dark-field (HAADF) TEM image of the heterostructure domain
shows the slightly darker inner triangle corresponding to the WS, region, and the slightly
brighter outer region corresponding to WSe,. The scale bar is 200 nm. c¢, The electron
diffraction pattern taken across the heterostructure interface, with each diffraction spot
consisting of a pair diffraction peaks (see insets for the magnified view), with the indexed
lattice spacing of 2.70 A for WS, and 2.78 A for WSe,, respectively. d, High-resolution TEM
image show highly crystalline structure with continuous lattice fringes across the WS,-WSe,
heterostructure interface. The scale bar is 5 nm. e, f, g, Energy dispersive X-ray
spectroscopy (EDS) elemental (mapping) of W, S and Se atoms show relative uniform
distribution of W, and clear modulation of S and Se in the triangular domain. h, Composite
EDS mapping image of S and Se atoms shows seamless lateral integration of WS, and WSe,
in the heterostructure domain. The scale bars in e-h are 200 nm. i, The EDS line scan
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profiles of Se and S distribution show opposite modulation (Se counts increased as S counts
is decreasing) across the heterostructure interface.
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Figure 3-5. Electrical characterizations and functional devices from WS,-WSe, lateral
heterojunctions. a, The lg-Vgs output characteristics of WS, FET at various back gate
voltages (indicated in the plot) show increasing current with increasing positive gate voltage,
demonstrating n-type behaviour. b, The lg-Vgs Output characteristics of WSe, FET at various
back gate voltages (indicated in the plot) show decreasing current with increasing positive
gate voltage, demonstrating p-type behaviour. ¢, Gate-tunable output characteristics of a
lateral WSe,-WS, heterojunction p-n diode. The gate voltage varies from 80 to 20 V in the
steps of 10 V as indicated in the plot. The inset shows an optical image of a heterojunction
p-n diode device. The orange dashed line outlines the triangular heterostructure domain, and
the white dashed line outlines the 50-nm Al,O3; deposited on WSe, for insulation with the WS,
contact electrodes. The scale bar is 2 um. d, Experimental output (l4s-Vgs) Characteristics of
the lateral WSe,-WS, heterojunction p-n diode in the dark (black) and under illumination
(wavelength: 514 nm; power, 30 nW). Inset, temporal photocurrent response under periodic
on/off laser illumination through a mechanical chopper. e, Scanning photocurrent map of the
lateral WSe,-WS, heterojunction p-n diode show photo-response is localized to the
WSe,-WS, interface and the lower doped WS, region near the centre of the triangular domain.
The orange dashed line outlines the triangular heterostructure domain. The golden solid line
outlines the gold electrodes. The scale bar is 2 um. f, A CMOS inverter obtained by
integrating a p-type WSe, and an n-type WS, FET shows the expected inverter function with
a voltage gain as large 24. The black curve is the output-input curve and the red curve
indicates the voltage gain. The inset shows the image and circuit diagram of the WSe,-WS,
CMOS inverter. The scale bar is 2 pm.
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Chapter 11l: SYNTHESIS OF WS2XSE2-2X ALLOY NANOSHEETS WITH

COMPOSITION TUNABLE ELECTRONIC PROPERTIES

A. Introduction to semiconductor TMD alloy

The two-dimensional layered materials (2DLMSs) are emerging as an exciting class of
material system that has the potential to enable breakthroughs in fundamental materials
science and create totally new technologies.’™® In general, a large family of layered materials
(e.g., MoS,, WS,, NbSe, and Bi,Tes) in which the atomic layers are weakly bonded together
by van der Waals (vdW) interactions, can be isolated into single or few-layer nanosheets,
allowing to access a wide range of physical properties at the atomic scale, such as metallic,
semimetallic, semiconducting, insulating, topological insulating, superconducting and
thermoelectric properties.”>**? In particular, the layered transition metal dichalcogenides
(TMDs) (e.g., MoS,, WSe,) represent a large family of layered materials, many of which
exhibit a tunable band gap that transits from an indirect band gap in bulk crystals to a direct
band gap in monolayer nanosheets.>*"?*?2 These 2D nanosheets typically have well-defined
crystalline structure with few surface dangling bonds that traditionally plaque conventional
semiconductor nanostructures. These 2D-TMDs have thus emerged as an exciting class of
atomically thin semiconductors for a new generation of electronic, optoelectronic and

valleytronic devices, as well as ultra sensitive sensors.*>172343

Recent studies have demonstrated the exciting potentials of these 2D semiconductors,

including the creation of atomically thin transistors that function in the gigahertz regime and

23,24,27,28,31,32,36,

entirely new types of heterostructure devices. 3744 However, the studies to date
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are largely based on small flakes obtained from mechanical exfoliation. Rational chemical
synthesis of 2D-TMDs and their heterostructures represents a significant challenge and has
motivated considerable efforts worldwide 241625284554 T4 explore the full potential of
2D-TMDs requires a precise control of their chemical compositions, physical dimensions and
hence the electronic and optical properties. For example, to design optoelectronic devices
with desired spectral responses requires semiconductors with tunable band gaps.?**"303
Creating semiconductor alloys with variable chemical compositions is an effective strategy
for the band gap engineering of bulk or thin film semiconductors. Using a similar strategy, a
series of 2D-TMD alloy nanosheets have been recently prepared with tunable band gaps and

optical properties.****>® The electronic properties of such alloy nanosheets are, however,

rarely systematically explored to date.

In addition to band gap engineering, intentionally introducing a controllable number of
impurity elements (~10'°-10*/cm®) into the bulk semiconductor lattice represents another key
strategy to control the electronic properties of semiconductors. The impurity doping largely
dictates the charge carrier type and carrier concentration in traditional semiconductors, and is
central for creating functional electronic and optoelectronic devices. However, the
controllable impurity doping in atomically thin 2D-TMD crystals represents a considerable
challenge and the systematic control of charge carrier type and concentration has not been
achieved to date.®”"* Recent studies indicate that the naturally grown WS, nanosheets on
SiO,/Si substrate mainly exhibit n-type semiconductor characteristics, while naturally grown
WSe, nanosheets on SiO-/Si substrate are mostly p-type semiconductors.®?>"? Therefore, it

offers a plausible pathway to control the carrier type and electronic properties of such 2D
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nanosheets by creating a mixing alloy of WS, and WSe, with tunable chemical compositions.
Here, for the first time, the synthesis of WSxSe,.ox alloy nanosheets with fully tunable

chemical compositions, optical and electronic properties was reported.

B. Dual source CVD growth of WS,,Se,.ox alloy

The chemical vapor deposition (CVD) process has been recently developed for the growth of
atomically thin 2D-TMDs on different substrate including SiO,/Si, in which the target TMD
vapor is generated by thermally evaporating the selected solid source.*****® This approach is
rather versatile and has been applied for the synthesis of diverse 2D-TMD nanosheets (e.g.,
MoS,, WS,, MoSe,, WSe;) by simply switching the solid source. Additionally, it is also
possible to produce the TMD alloy nanosheets by introducing multiple solid sources and

mixing different TMD vapor phase reactants in the aforementioned process.”**’

In this study, to synthesize WS,,Se,ox nanosheets, the WS, and WSe, vapor phase
reactants are created and by placing the respective solid material at different temperature in a
home built CVD system (Fig. 4-1). The resulting vapor phase reactants were mixed and
transported downstream in argon carrier gas to produce WS, Se,-ox nanosheets on the SiO,/Si
substrates placed at the downstream end of the CVVD system. The equilibrium partial pressure
of WS, and WSe, and their ratio can be precisely controlled by systematically varying the
temperature of WS, and WSe, source to produce WS,,Se;.ox nanosheets with fully tunable

chemical compositions.

In details, the synthesis was carried out in a home built CVD system (Fig. 4-1). Two

quartz boats with 0.8 g WS, powder (Alfa Aesar, 99.8%) and 0.6 g WSe, powder (Alfa Aesar,
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99.98%) were loaded at variable locations inside a 1-inch quartz tube in a horizontal tube
furnace. A clean Si/SiO, substrate (~1 cm x 5 cm) was placed at downstream end of the
furnace as the growth substrate. The system was purged with ultra-high purity argon (Ar) gas
(Rizhen, ~99.999%) and then raised to the desired growth temperature. The WS, source and
WSe, source were placed at different locations in the quartz tube with an intrinsic
temperature gradient inside the tube furnace. The ultra-high purity Ar gas is used as the
carrier gas and the overall pressure inside the growth chamber is kept at 1 bar. To grow
WS,,Se,.ox nanosheets with increasing S atomic ratio, the temperature of WS, source is
gradually increased from 1155 °C to 1194 °C, while WSe, source is reduced from 1194 °C to
1100 °C by controlling their exact locations inside the tube furnace, producing systematically
tunable vapour pressure of WS, and WSe, and their relative ratio. Monolayer or few-layer
WS,,Se,.ox alloy nanosheets with different compositions can thus be synthesized by

controlling the equilibrium partial pressure ratio of WS, and WSe..

C. Characterization of WS,,Se;.o« alloy

By systematically varying the growth parameters, we have produced a series of
WS,,Se,.ox hanosheets with continuously tunable alloy compositions on the 300 nm SiO,/Si
substrate. The resulting alloy nanosheets are typically monolayers with a well-defined
triangular shape, as identified by optical contrast and atomic force microscopy studies (Fig.
4-2a and Fig. 4-6). To investigate the band gap modulation in the resulting alloy nanosheets,
micro-photoluminescence (u-PL) spectra were taken using a micro-Raman microscope and
spectrometer excited by a 488 nm argon ion laser (power: 5uW) in ambient condition.

Photoluminescence studies demonstrate that all the monolayer samples display prominent
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emission with a single sharp peak with full width at half maximum (FWHM) about 25 nm.
The PL spectral peak positions are continuously tunable from 626.6 nm (nearly pure WS5) to
751.9 nm (nearly pure WSe,) depending on the exact synthetic conditions (Fig. 4-2b). A
spatially resolved mapping of the PL peak positions of an alloy nanosheet shows a rather
small variation of the peak positions (<3 nm, which may be corresponding to 2% composition
difference if we think the reason for peak shift is just from composition, but for the peak
variation in same sample, the main difference come from center to edge due to interaction
with substrate. Compared with 8% composition difference of neighboring sample in Fig. 4-2b
and spectra taken from center, the 3nm variation is a good indicator of alloy uniformity )
across the entire triangular domain (Fig. 4-2c), suggesting the spatially uniform chemical
composition in the resulting nanosheets. Furthermore, the spatially resolved mapping of the
PL intensity also shows a highly uniform contrast (Fig. 4-2d), demonstrating highly uniform
optical properties and crystalline quality. To correlate the band gap energy with the
composition of the alloy nanosheets, we have approximated the band gap (Eg) using the PL
emission peak (Eq=hc/A, where h is Planck constant, ¢ is the speed of light, and A is the
wavelength of PL peak) and determined the composition using energy dispersive X-ray
spectroscopy (EDS) elemental analysis. The plot of the band gap vs. composition shows an
apparent linear relationship (Fig. 4-2e), as expected for the ternary semiconductor alloys:
Eq(X) = XEgqwszH(1-X)Equwse2, Where x is the S/(S+Se) ratio.’® These studies clearly
demonstrate that the band gap of the alloy nanosheets can be fully tuned all the way from

pure WS, to pure WSe; by systematically controlling the growth conditions. This band-gap
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tunability in WS,,Se,o« alloy system can greatly enrich 2D material family and enable

spectral tunability for selected optoelectronic applications.

To further investigate the structural evolution in the WS,Se,.o« alloy nanosheets, we
have collected the Raman spectra from the same sample series used for PL studies. In general,
the Raman spectra display five main modes for most WS,,Se;.ox hanosheets (Fig. 4-3a),
which can be assigned to Aqs.w) mode (398.5 cm™—419.7 -), Ayq (se.w) mode (251.6 — 266.5
cm™), Ayg s-w.sey Mode (379.0 — 385.2 cm™), Exq s.w) mode (~354.7-355.9 cm™) and the Ex,
sw)-LA s:w+Ag sew)-LA (sew) mode (135.2 — 172.5 cm™). The normalized Raman spectra
of the WS,,Se,.ox nanosheets with modulated compositions show a clear peak position shift
and relative intensity evolution for the A;y mode (Fig. 4-3e). The Ay (s-w)y mode shows a
strong resonance at 398.5 cm™ for WSe, rich phase, that systematically shifts to the higher
frequency (up to 419.7 cm™) with increasing intensity as the S ratio is cumulative; Similarly,
the Ayy (Se-W) mode follows the same trend and changes from a strong resonance at 251.6
cm™ in pure WSe, phase to 266.5 cm™ in WSy-rich phase. The Ezgsw)-LAswy+ALg
se-w)-LAe-wy mode, the superposition of Epg sow)-LAsw) and Aig se-w)-LAsew)  also
showed a systematic shift from 135.2 cm™ in WSe, rich phase to 172.5 cm™ in WS; rich
phase, which matches well with the individual peak evolution of Ezys.w) and Ajgse-w) and is
unique for WSySe.ox alloy nanosheets; Additionally, another extra alloy peak, the Aig (s-w-se)
mode can also be observed in the WSxSe,.ox alloy nanosheets, with the resonance frequency
shifting from 379.0 cm™ in WSe, rich phase to 385.2 cm™ in WS, rich phase. It is also
interesting to note that Exqs-wy mode remains at nearly the same frequency, with less than 1.2

cm™ difference across the entire composition modulation range. There appears to be little
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contribution from the Ezgse-wy) mode, which could be attributed to very weak Ejgse-wy mode
and its weak coupling with the strong Eaqs-w) mode. The systematic Raman shifts further
confirm the expected structural and compositional evolution in the WS,,Se,ox alloy

nanosheets.

To further probe the microstructure of WS, WSe,.o« alloy nanosheets, transmission
electron microscopy (TEM) studies, including energy dispersive X-ray spectroscopy (EDS),
high-resolution TEM (HRTEM) image and selected area electron diffraction (SAED) (Fig.
4-4) were employed for crystal structure and composition analysis. Fig. 4-4a shows a low
magnification high-angle annular dark field (HAADF) image of a WS,,Se,.ox nanosheet. The
spatially resolved EDS elemental mapping of the S, Se and W elements show relative
uniform distribution across the entire triangular domain, indicating composition uniformity
throughout the entire nanosheet (Fig. 4-4b to 4d). The HRTEM image showed the
well-resolved lattice fringe along (100) plane with no obvious defects, confirming the high
crystalline quality of the alloy nanosheets (Fig. 4-4e). The selected-area electron diffraction
(SAED) taken along the [0001] zone axis displays a single set of diffraction spots with 6-fold
symmetry, further confirming the single crystal quality of the alloy nanosheets (Fig. 4-4f). A
systematic analysis of a series of SAED patterns of a series selected alloy samples shows that
the lattice constant can be continuously tuned from 2.8361 A in near pure WSe; to 2.7202 A

in nearly pure WS, (Fig. 4-7), further confirming the successful alloy formation.

D. Electrical properties of WS,,Se;.o« alloy
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To probe the composition modulation of the electronic properties of the WS,,Se,.ox alloy
nanosheets, we have studied the electrical transport properties of WS,,Se,.ox nanosheets using
the back-gated field effect transistors (FETs). The back-gated nanosheet FETs are fabricated
on 300 nm SiO,/Si substrate (Fig. 4-5a). In general, a single triangular domain is used as the
transistor channel with a channel length around 5um. The source and drain electrodes are
defined by using electron beam lithography and metalized by using electron beam
evaporation (10-nm-Ti/50-nm-Au for S-rich alloys; and 50-nm-Au for Se-rich alloys). The
Si0O,/Si substrate is used as the back gate with the 300 nm SiO; as the gate dielectrics. The
standard transistor measurements were conducted under ambient condition to derive the
conductivity, on-off ratio, threshold voltage and carrier type and mobility. To ensure the
consistency, five to ten devices are fabricated from each sample to evaluate their electrical

properties.

The output characteristics (the source-drain current (lsg) vs. source-drain voltage (Vsq)
at varying back gate voltages) of a typical WS,,Se;.ox hanosheet (x=0.813) FET show nearly
linear relationship (Fig. 4-5b), indicating an Ohmic contact was achieved at the source-drain
contacts. The current amplitude increases with increasingly positive gate voltage, suggesting
an n-type semiconductor behavior. The transfer characteristics (source-drain current (lsg) vs.
gate voltage (Vg)) show an on-off ratio of 10°to 108 can be achieved for most devices (Fig.
4-5c and inset, Fig. 4-8). The electrical transport studies of the nanosheet devices with
different alloy compositions show a systematic shift in carrier type, from p-type behavior in
WSe,-rich phase, and to n-type semiconductors in WS,-rich phase, and a consistent shift of

the threshold voltages as the composition is changed (Fig. 4-9).
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The evolution of electrical properties and FET threshold voltages can be more clearly

seen from lg'?

-V, plot under a source-drain bias of 3 V for the nanosheets with increasing
sulfur atomic ratio from nearly pure WSe, (brown curve) to nearly pure WS, (black curve)
(Fig. 4-5d). For the WSey-rich alloys (~ 0-0.55 of sulfur atomic ratio), the FETs
predominantly display p-type semiconductor properties, whereas for the WS,-rich alloys (~
0.55-1 of sulfur atomic ratio), the n-type semiconductor properties are mainly observed.
Additionally, it is noted that, for the intermediate alloy region (0.40-0.65 of S atomic ratio),
several devices showed weak ambipolar behavior (Fig. 4-8). For WSe,-rich alloys, the
devices are normally “on” with a highest threshold voltage (Vi) of +33 V observed in the
nearly pure WSe;, nanosheets, suggesting relatively high hole-concentration. The extracted
average positive threshold voltage of the alloy samples decreases with the decreasing
selenium ratio, suggesting a reducing number of holes in the nanosheets transistors; Similarly
for the WS,-rich alloys, a Vi, of -50 V is observed for the nearly pure WS, sample, indicating
the intrinsically n-type doping behavior. The negative threshold voltage also decreases with
the decreasing sulfur ratio, signifying the decreasing electron carriers in the nanosheets with
lower S-ratio (Fig. 4-5e). Overall, the WSe,-rich alloys show highly p-type behavior, which
gradually shifts to the lightly doped p-type semiconductors as the Se ratio is decreased, and
then switches to an n-type semiconductor character as the Se ratio is further decreased in the
WS, rich alloys. The derived hole-mobility dropped from 68.2 cm®V s to 5.3 cm?Vs™ as
the Se-ratio is decreased in Se-rich side. The electron mobility in S-rich alloys shows a

similar trend, starting from a relatively high value of 11.8 cm?V's™ in the nearly pure WS,

and decreasing to 0.9 cm?V's™ in the increasingly alloying samples (Fig. 4-5f). The mobility
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values achieved in the Se-rich and S-rich end sample are comparable to the best-reported
mobility values for pure WSe, and WS, samples. The relative low mobility for intermediate
alloyed WSySe;.ox hanosheets (0.30<x<0.80) may be partly attributed to higher contact
resistance due to lower doping concentration, and partly to the increased ionized impurity
scattering and alloy scattering in the alloy sample, which is commonly observed in group
111-V alloy semiconductors.” It's noted that lowest mobility of alloy was observed at about 60%
S concentration, which may be due to slight chemical difference of S or Se, the atomic
structure of the alloy and measurement limitation discussed below. Our electrical transport
studies clearly demonstrate the carrier type and threshold voltages of the alloy nanosheet
transistors can be systematically tuned by varying the alloy composition. We recognize that
both the intrinsic doping (dominated by impurities, vacancies) and contact doping (dominated
by band alignments) could affect the electrical transport characteristics of the alloy nanosheet
transistors, and a complete decouple of these two doping effects is difficult. Further
investigation of the electronic property evolution in the alloy nanosheets would be an

interesting topic in future studies.

E. Discussion and summary

In summary, we have shown that WS,,Se,.o« alloy nanosheets with fully tunable chemical
compositions can be successfully grown on SiO,/Si substrate by controlling the relative ratio
of WS, and WSe;, vapor in a home-built CVD system. Micro-photoluminescence and
micro-Raman studies showed a systematic shift of PL peak position and the Raman resonance

frequencies, indicating successful chemical, structural modulation and band gap engineering.
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TEM studies confirm single crystalline structure with uniform alloy. Electrical transport
studies further reveal a systematic modulation of the electronic properties, including the
carrier type, threshold voltage and mobility, as the alloy composition is changed. The
successful growth of WS,,Se,.,x hanosheets with tunable band gaps and electrical properties
will greatly enrich the TMD material family, and could empower a great deal flexibility in
designing atomically thin electronics and optoelectronics with tailored device characteristics.
The main idea of this study was published at the title of "Synthesis of WSxSez.ox Alloy
Nanosheets with Composition-Tunable Electronic Properties” at Nano Letters, 16, 264-269.

(2016)
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F. Figures and Legends
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Figure 4-1. Schematic illustration of the home-built CVD system. Two sources, WS, and
WSe, power were placed in the heater zone, but with tuned distance to heater center, which
leading to different temperature of each source, i.e. different ratio of vapor pressure of WS,
and WSe,, enabling the alloy growth with tunable composition.
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Figure 4-2. Bandgap engineering of WS,,WSe,,, nanosheets. a, Optical microscopy
image of typical WS,,Se,.», hanosheets (x=0.454). Scale bar: 20 um; b, Photoluminescence
nanosheets; c,
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Figure 4-3. The evolution of Raman spectra in the WS,,Se,,, monolayer nanosheets as
a function of chemical composition. a, Full range Raman spectra, b, Exqs.w)-LAsw)
+Asgse-w) -LAse-wy mode of the WS,,Se,.,c nanosheets, ¢, A;g of Se-W mode and d, E,4 of
S-W mode, A;40f S-W-Se mode and A;40f S-W; e, The Raman spectra peak position shift
with increasing S atomic ratio for the five Raman modes.
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Figure 4-4. Composition and crystal structure analysis of the alloy nanosheet by TEM.
a, HAADF image of a small WS,,Se,.,, domain (x=0.573, scale bar: 500 nm); EDS mapping
of the same nanosheet for S-K line b, Se-K line ¢ and W-L line d; e, High-resolution TEM
image of a typical WS,,Se,.,, hanosheet (x= 0.796; scale bar: 1nm); f, SAED pattern of a
WS, Se, o« nanosheet along the zone axis of [0001].
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Figure 4-5. Electrical transport properties of WS,Se,. alloy nanosheets. a, Optical
microscopy image of a typical back gated field effect transistor made of a WS,Ses o
nanosheet (scale bar: 5 um); b, Output characteristics of a WS,,Se,.», nanosheet transistor
(x=0.813, gate voltage changing from 0 - 80 V in 20 V steps); ¢, Transfer characteristics of
the same transistor (source-drain bias changing from 0.5 V to 3.0 V in 0.5 V steps); inset: log
plot of lg-Vy curve; d, Transfer characteristics (Idl’z—vg plot) of WS,Se,,, nanosheet
transistors with different S atomic ratio from nearly pure WSe, (brown curve) to nearly pure
WS, (black curve); e, The alloy nanosheet transistor threshold voltage (Vi) vs. S atomic ratio,
with the blue dots highlighting the n-type behavior in WS,-rich alloys and red dots highlighting
p-type behavior in WSe,-rich alloys; f, Field-effect mobility vs. S atomic ratio relationship in
WS, Ses.o alloy hanosheets, with the blue dots representing the electron mobility in WS,-rich
alloys and red dots representing hole mobility in WSe,-rich alloys.
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Figure 4-6. Typical AFM image of WS,,Se,.,, nanosheets (x=0.668) with thickness 0.86
nm. Scale bar: 5 um.
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Figure 4-7. Relationship between the lattice constants derived from SAED studies and
the alloy composition.
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Figure 4-8. Transfer characteristics of WS,,Se,.o, (x=0.515) transistors (source-drain bias
changing from 0.5 V to 3V in 0.5 V steps); inset: log plot of I4-V, curve. For the intermediate
alloy region (0.40-0.65 of S atomic ratio), several devices showed weak ambipolar behavior.
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Figure 4-9. Transfer characteristics of WS,,Se,.,, nanosheet transistors with different S
atomic ratio from nearly pure WSe, (brown curve) to nearly pure WS, (black curve).
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Chapter IV: MONOLAYER PHOSPHORENE MOLECULAR SUPERLATTICES
A. Black phosphorus and phosphorene electronics

Black phosphorus (BP) was first synthesized by applying high pressure to red phosphorus
and studied by P. W. Bridgman in 1914 *. However, its two-dimensional nature was not fully
explored until 100 years later, when the thin BP transistor was fabricated, showing high
current modulation up to five orders of magnitude and a respectable carrier mobility up to
1,000 cm? Vst 2, The rediscovery of BP and phosphorene (monolayer BP) introduced the
second important elemental two-dimensional layered material (2DLM) with balanced carrier
mobility and bandgap, in contrast with semi-metallic graphene and semiconducting transition
metal dichalcogenides (TMDs), yet retaining all the merits of 2DLMs. This includes the
ultimate limit for electronic scaling, versatile lateral and vertical integration, along with

exceptional mechanical strength and elasticity for highly robust flexible electronics.

Combining high mobility, suitable direct bandgap, and highly anisotropic properties,
phosphorene represents an attractive atomically thin semiconductor for next generation
electronics and optoelectronics, including transistors *, broadband photo-detectors °, and
diverse van der Waals heterojunction devices °. However, the difficulty in isolating and
stabilizing monolayer phosphorene "° has limited most studies to date to multi-layer BP
flakes rather than monolayer phosphorene. Demonstration of fundamental properties and
devices from monolayer phosphorene has been severely limited by its intrinsic instability in
ambient conditions. The much expected intrinsic properties including large direct bandgap or
high mobility of monolayer phosphorene has been difficult to reach with traditional 2DLM

processing and fabrication methods %%,
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B. Intercalation of thin black phosphorus

Here electrochemical intercalation of BP with cetyltrimethylammonium bromide
((C16H33)N(CH3)3Br, abbreviated as CTAB to form a monolayer phosphorene molecular
superlattice (MPMS) with stable monolayer phosphorene characteristics was reported. Using
a home-built in situ electro-chemical-optical measurement (IS-ECOM) system, we conducted
systematic investigations of the dynamic intercalation process and the evolution of its
structure and properties. The evolution of electrochemical current and photoluminescence
spectra during the MPMS formation suggests a stepwise reaction mechanism.
Photoluminescence studies of the intercalation product shows a strong photoluminescence
signal centered at 548 nm (2.26 eV), suggesting a monolayer with a strain-induced blue shift
from the theoretically predicted band gap of ~2 eV 2. Atomic force microscopy (AFM) and
X-ray diffraction (XRD) studies clearly demonstrate interlayer distance expansion from 5.23
A in BP to 11.27 A in MPMS, indicating the insertion of well-ordered molecular layers.
Cross-sectional transmission electron microscopy (TEM) studies confirmed the highly
ordered superlattice structure with alternative layers of monolayer phosphorene and
self-assembled molecular (SAM) layers. Planar TEM studies reveal a significant expansion
(by ~ 3%) of the phosphorene in the armchair direction, which is further confirmed by Raman
spectroscopic studies. Electrical transport studies based on MPMS field effect transistors
(FETs) demonstrate the highest on/off ratio (>107) reported in BP to date, yet with a
respectable mobility (328 cm?V?'s?). Sandwiched between molecular layers, the MPMS
exhibits excellent stability in ambient conductions with >10 times longer lifetime than

pristine BP devices with similar starting current. DFT calculations using the Vienna ab-initio
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Simulation Package (VASP) with projector augmented wave (PAW) pseudopotentials gave
the most probable atomic configuration of MPMS with the predicted interlayer distance,
armchair strain, and widened bandgap matching well with experimental observations. Lastly,
we show that a lateral BP-MPMS heterojunction device can be created with diode
characteristics. Our studies demonstrate the preparation of ambient-stable high-quality
monolayer phosphorene for the first time. We expect that formation of MPMS could open up
new opportunities in phosphorene electronics and photonics **°. To the best of our
knowledge, this unique MPMS system is one and only platform that can demonstrate all key
intrinsic properties of monolayer phosphorene to date, including the highest mobility of

few-layer phosphorene, highest on/off ratio, largest optical bandgap and high stability.
C. Electrochemical intercalation dynamics

The intercalation of 2DLMs with selected molecules or ions can considerably modulate
their electronic properties. Examples include phase transitions in MoS, or TaS, due to Li
intercalation *"°. However, the most typical intercalation of alkaline metals is usually
unstable under ambient conditions. Here we report a systematic investigation of intercalation
of BP with organic molecules (CTAB) to produce stable intercalation compounds. We
constructed a home-designed electrochemical-optical measurement platform for in situ
monitoring the evolution of electronic and optical properties during the intercalation process
(Fig. 5-1a, 2b). In a typical experiment, a standard back-gated BP FET was fabricated on a
300-nm-SiO,/Si substrate (see methods for details) and immersed in a polydimethylsiloxane
(PDMS)  reservoir  filled with supersaturated CTAB solution dissolved in

N-Methyl-2-pyrrolidone (NMP) to facilitate the intercalation process after proper
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configuration of Pt counter electrode and Ag/AgCI reference electrode. This intercalation
device can be placed under a Raman/photoluminescence microscope during the intercalation
process. With this setup, the electrochemical current from the Pt counter electrode, the drain
current from the metal drain electrode, and Raman/photoluminescence spectra can be

simultaneously monitored while the BP is being intercalated.

The molecular intercalation process involves the insertion of CTAB into the BP
interlayer gaps through edges during the electrochemical reaction. The electrochemical

reaction consists of two half-reactions:

Br —1/2 Br, + ¢ Q)
and
BP + X(CH3)3NC15H33+ + Xe’ —>(BP)X_[(CH3)3NC15H33+]X 2

The electrochemical current was monitored in situ from the Pt counter electrode (electrolyte
gate) as the voltage was swept from 0 V up to ~ 3 V. Careful analysis of the electrochemical
current curve (leg in Fig. 5-2A) and its first derivative (Fig. 5-8) shows apparent stepwise
reactions, which may be attributed to the strong layer-number dependent bandgap and
electronic properties of the BP (see Supplementary Text 1 and 2 for more detailed
discussions). The stepwise reaction can be partitioned into six regions based on minimum

points of the first derivative of the electrochemical current (Fig. 5-8):

e 0-1.0V:no obvious intercalation (due to over-potential for Br" sub-reaction, see more
details in Supplementary Text 1),

e 1.0-1.4V:major bulk intercalation occurring,
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o 14-2.0V: few-layer (~ 4-10 layers) BP formation,

e 2.0-2.5V: trilayer BP formation,

e 2.5-3.0 V: bilayer BP formation and

e Dbeyond 3.0 V: monolayer phosphorene formation (Fig. 5-2a).

Fig. 5-2b shows the corresponding source-drain current of first scan (black) and last scan (red)
in a multi-scan intercalation process, demonstrating relative small on/off ratio before
intercalation and strong gate effects with ~ 10° current modulation (limited by precise

off-current measurement with the electrolyte gate) in the final fully intercalated materials.

An in situ monitor of the photoluminescence evolution in BP during the intercalation
process reveals clearly the evolution from the absence of apparent photoluminescence in the
visible-NIR regime in bulk BP (Fig. 5-9) to prominent emission at ~898 nm (1.38 eV), then ~
710 nm (1.75 eV) and eventually ~ 548 nm (2.26 eV) as the intercalation process progresses
(Fig. 5-2c). These emission peaks correspond roughly to near band edge emission from
trilayer, bilayer and monolayer phosphorene. Interestingly, the bandgap and the onset
intercalation electrochemical potential exhibit a highly similar relationship with the layer
number, suggesting a close correlation between electrochemical potential and the measured
bandgap (Fig. 5-2d). To the best of our knowledge, the photoluminescence emission at 548
nm (2.26 eV) is the highest optical bandgap observed in phosphorene or thin BP based

structures (values from 1.45-1.84 eV were observed previously) "%

, suggesting that we
may have formed the true monolayer material. The observed optical bandgap of 2.26 eV is

slightly higher than theoretical limit of ideal phosphorene (~ 2 eV) 2!, which may be

attributed to the strain induced bandgap expansion and will be further discussed in TEM
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analysis section and explained by DFT calculations . Photoluminescence map (at 550 nm)
of MPMS flake show highly uniform contrast (Fig. 5-2¢), indicating the relative structure

uniformity of the resulting MPMS.
D. Structural characterizations of MPMS

Compared with pristine BP (Fig. 5-2f), AFM studies show the thickness of the fully
intercalated MPMS (Fig. 5-29) is increased by about 130 %. Importantly, X-ray diffraction
(XRD) studies show clearly the minimum interlayer distance is expanded from 5.23 A
(16.93°) in BP to 11.27 A (7.84°) in of MPMS with about 115 % increase in the interlayer
distance (Fig. 5-2h), which is consistent with AFM measurements. Second order peak of
pristine BP at 2.62 A (34.20°) as well as the high order peaks of MPMS at 5.65 A (15.67°)
and 3.76 A (23.61°) further confirm the expansion of the interlayer distance. Besides the final
MPMS structure, most intermediate structures before reaching complete intercalation show

mixed phases with variable number of BP layers (Fig. 5-10).

We have next conducted high resolution-transmission electron microscopy (HR-TEM)
studies to further probe the MPMS structure, (Fig. 5-3). The cross sectional TEM images
clearly show the distinct structure between layered BP (Fig. 5-3a) and MPMS superlattice
(Fig. 5-3d) with strikingly different interlayer distance. Electron diffractions (ED) patterns
(insets of Fig. 5-3a, 3d) clearly reveal the increased interlayer distance from 5.24 A in BP to
11.21 A in MPMS, which is further verified by direct measurement in the magnified cross
sectional images (Fig. 5-3b, 3e). This directly observed expansion of interlayer distance is
consistent with AFM thickness measurement and XRD analysis (Fig. 5-2f to 2h). The ~ 6 A

interlayer distance increase corresponds roughly to the end to end distance between the
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CTAB methyl-methyl substituent 2. Planar TEM studies reveal ~ 3% lattice expansion from
2.17 A of pristine BP (Fig. 5-3c) to 2.24 A of MPMS (Fig. 5-3f) in the armchair direction
(200) with negligible change in the zigzag direction (1.66 A for (020) in both BP and MPMS).
ED patterns of the corresponding samples further confirmed the lattice expansion in (200)
(insets of Fig. 5-3c, 3f). This distinct ~3% expansion in the armchair direction is also
consistent with the observed photoluminescence blue shift in the monolayer due to strain
induced bandgap expansion *°. Elemental analysis based energy dispersive X-ray (EDX)
spectra gives an atomic ratio of P:N:Br ~33.2:1.2:1.0 (Fig. 5-11), suggesting Br are also
intercalated into the final superlattice structure. Although free Br, is produced and not
intercalated into BP during the electrochemical intercalation process (see Equ. 1 & 2), the
produced Br, during intercalation process may back-react with phosphorene’CTA™ layers
again after the release of electrochemical potential, in which process the Br ions are
intercalated into the final MPMS structure to form phosphorene/CTAB superlattices

(Supplementary Text 1 for more details).
E. DFT calculation of molecular structure and electronic structure

To understand the formation MPMS and the molecular structure of the resulting MPMS,

we conducted density functional theory (DFT) calculations using the Vienna ab-initio

24,25 26,27

simulation package (VASP) with projector augmented wave (PAW) pseudopotentials
Based on average atomic ratio analysis from EDX analysis, the MPMS structure is modeled
by a close-packing configuration, with 32 P atoms and 1 CTAB molecule in the supercell, as

shown in Fig. 5-3g and 3h. The reciprocal space was sampled by I'-centered Monkhorst-Pack

scheme % with 7x1x3 k-points. Both the cell parameters and the internal atomic coordinates
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are fully relaxed using Perdew—Burke—Ernzerhof (PBE) exchange-correlation functional %°.
Significantly, the relaxed structure gives an interlayer distance of 11.41 A, matching well
with the 11.27 A value determined by XRD and cross sectional TEM. Furthermore, the
relaxed structure also shows a 2.9 % expansion in the armchair direction compared with that
of BP calculated using the same method and negligible lattice parameter change in the zigzag
direction, consistent with our planar TEM observations (Supplementary Text 3 for more
details). We attribute the strain to the repulsion between CTAB molecules, which leads to the

expansion of BP lattice, similar to the strain observed in alkali-metal intercalated graphite .

The PBE calculations also show a bandgap expansion of 0.24 eV from monolayer
phosphorene to MPMS, consistent with the increase of optical band gap. For accurate
evaluation of the electronic structure, we used B3PW91 functional as implemented in the
CRYSTAL14 package **, and all-electron 6-31G(d) basis sets of double-¢ quality were used
for H, C, N, O, P and Br. An extra-large grid, consisting of 75 radial points and 974 angular
points, was used for accurate integration, and the reciprocal space was sampled by I"-centered
Monkhorst-Pack scheme with a 7x1x3 grid. As show in Fig. 5-4a and 4b, MPMS have
enlarged bandgap at 2.13 eV with 0.19 eV increment compared with monolayer phosphorene
at 1.94 eV, which is in agreement with experimental observed bandgap of 2.26 eV in MPMS,
compared with monolayer BP bandgap at around 2 eV 2L In addition, there are additional
bands within the band gap of MPMS in Fig. 5-4b that are marked in gray dotted line, which
are mainly composed of Br atomic p orbitals (ranging from 24% to 56%, larger than the
averaged contribution of 8%~4% from black phosphorus unit (P4)), while the orange VBM-0

bands are with contributions from P dominating over from Br (less than 10%). Our
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calculations of the frequency dependent dielectric matrix (at the PBE level) indicate that in
the isolated monolayer BP, the VBM-1 (Fig. 5-4e) band and VBM-0 (Fig. 5-4d) have
symmetrically equivalent charge density distributions, and thus they are very close to each
other in energy, and they both contribute to the first absorption peak (Fig. 5-4a), as they both
have significant overlap with the CBM band state (Fig. 5-4c). However, for MPMS, only the
VBM-1 (Fig. 5-4h) has largest overlap with CBM (Fig. 5-4f) and contributed significantly to
the transition from VBM-1 to CBM. For VBM-0 (Fig. 5-4g) and CBM (Fig. 5-4f), due to
small states overlap with each other, the transition between them is very limited. So the
optical transition bandgap of MPMS was determined by the transition from VBM-1 (Fig.
5-4h, green band in Fig. 5-4b) to CBM (Fig. 5-4f, red band in Fig. 5-4b), which matched well

with our experimental observation of enlarged bandgap in MPMS.

F. Raman spectroscopic studies

We have also used Raman spectroscopic studies to probe the structural evolution from
BP to MPMS. Raman studies show that all three characteristic BP Raman modes remain after
intercalation, yet with considerable intensity wakening (by ~ 40 times) (Fig. 5-5a). A close
analysis reveals considerable peak broadening and apparent peak position shifts. The Agl
mode is slightly red shifted from BP 360.93 cm™ to MPMS 359.77 cm™ (Fig. 5-5b), whereas
B,y and A,” modes are blue shift from 437.98 cm™ in BP to 438.21 cm™ in MPMS (Fig. 5-5c)
and 465.45 cm™ in BP to 465.96 cm™in MPMS (Fig. 5-5d), respectively. As depicted as
atomic motions of three lattice vibrational modes in the insets of Fig. 5-5b to 5d, these peak
shifts can be qualitatively understood as a consequence of ~3% armchair direction strain as

observed in the TEM analysis and in the simulated structure *. Basically, the armchair
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expansion originates from CTAB repulsion each other. Thus, the molecular orienting in
zigzag direction exerts tiny external force along armchair direction to separate slightly two
non-bonded but neighboring phosphorus atoms, which will contribute positively to projected
components of Agl, but negative for projected motion of Agz. This leads to the red shift for
A4' and the blue shift for A,%. Though atomic motions associated with B,® occur mostly along
the zigzag direction, the armchair expansion will harden the zigzag direction atomic motions
indirectly, resulting in a very small blue shift of Bgz. Therefore, the energy spacing between
Ag' and B, or between At and A,” modes increases under armchair stretching **. Raman
studies of MPMS also reveal a new peak around 1460.1 cm™ in MPMS (Fig. 5-12), which
corresponds to CHj antisym deformation or CH; scissors vibration, further confirming

successful intercalated CTAB inside BP monolayers.
G. Electrical properties and stability analysis

Due to its intrinsic instability, monolayer phosphorene has been difficult to access and its
intrinsic properties are insufficiently explored to date. With the successful preparation of
MPMS, we have further explored their electronic properties in depth. To reveal the electrical
properties change before and after the intercalation process for same BP nanosheet, back gate
BP and MPMS transistors were studied. In general, the output characteristics (source drain
current vs. source drain voltage: lsg-Vsg) for both BP and MPMS show linear relationships
(insets of Fig. 5-6a, 6b), suggesting the absence of an obvious contact barrier and an
acceptable Ohmic contact. Back gate transfer characteristics of pristine BP show the typical
p-type behavior with an on/off ratio <10 and mobility up to 721 cm?V''s™ (Fig. 5-6a). The

MPMS device retains p-type properties with a respectable mobility of 328 cm?V™'s™ (Fig.
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5-6b), which outperformed the best few-layer BP devices and show comparable mobility but
much higher on/off ratio than thin BP devices (see Fig. 5-13 for a statistical analysis of the
electrical properties of six MPMS devices and their comparison with few-layer and thin BP
devices from other recent studies) and close to its theoretical limit (250 to 400 cm?V*s™) 343¢,
Significantly, the MPMS device can be completely switched off with a greatly increased
current on/off ratio. For example, a current modulation up to 10" is achieved in MPMS
structure at Vg of 0.01 V (Fig. 5-6¢), in contrast to an on/off ratio <10 for the same BP before

intercalation. This on/off ratio of >10 represents the highest on/off ratio ever achieved in

phosphorene or thin BP nanodevices 2.

To further understand the electrical properties of MPMS, we have also explored the
transport properties of MPMS FETs at various temperatures from 1.9 K to 300 K (Fig. 5-6d,
6e). In general, the linear output characteristics are retained at low temperature down to 1.9 K,
suggesting good Ohmic contact of the device. With the decreasing temperature, the
on-current more than doubled from 1.74 pA at 300 K to 3.85pA at 1.9 K (Fig. 5-6d and inset).
In addition, the field-effect mobility extracted from the transfer characteristics increased to
599 cm?V'stat 1.9 K, compared with initial mobility of 289 cm?v*s? at 300 K. In the
phonon limited temperature range (100—300 K), the mobility best fits the expression p ~ T 7
with the exponent y around 0.73 for MPMS. A power law dependence with a positive
exponent is indicative of a phonon scattering mechanism, which is consistent with other

studies of thin BP that show band-like transport .

Importantly, with the sandwiching and encapsulation of monolayer phosphorene between

molecular monolayers, the environmental stability of the material is greatly increased. For
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example, comparing a BP device and a MPMS device with similar on-current, the MPMS
show no significant electrical degradation for as long as 300 hours exposure in ambient
condition; this contrasts with the BP device that shows serious degradation after 20-30 hours
exposure (Fig. 5-6f). We attribute this greatly improved stability of MPMS to the special
superlattice structure, in which each phosphorene monolayer is sandwiched/encapsulated by
the molecular layers, which considerably slows the oxygen and water diffusion believed to be

the main cause of BP degradation ®38%, It is

important note that electrical stability of MPMS
compares favorably with those of BN-encapsulated/passivated or Al,O3 passivated few-layer
BP devices reported recently. Furthermore, the intercalation process of MPMS does not
involve any complex fabrication steps and prevents the potential fabrication-induced

performance degradation or unavoidable exposure to ambient atmosphere (table 1) 8374041,

H. Lateral BP-MPMS heterojunctions

Lateral integration of 2D materials by using either the same material with different

42,43 44,45

dopants at two ends or two different materials with opposite doping type is an
exciting topic for creating functional nanodevices. However, lateral integration of
phosphorene based structure has not been sufficiently studied due to the difficulty in
controllable and selective doping and the complexity in fabricating such devices. Inspired by
superior electrical properties of MPMS, Fermi level mismatch between BP and MPMS as
well as high controllability of intercalation process, we fabricated lateral BP-MPMS
heterojunctions by partial interaction of a BP flake. Since the insertion of CTAB into BP

occurs through the edges, partial intercalation can be achieved by selectively opening an

intercalation window on a PMMA-covered BP and controlling the diffusion-limited
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intercalation time. The exposed edges underwent electrochemical reactions, forming a lateral
junction between the intercalated MPMS and the passivated BP. Photoluminescence spectra
mapping of a typical lateral BP-MPMS heterostructure show clear PL signal in the MPMS
region and the absence of PL signal in the BP part (Fig. 5-7a). Similarly, corresponding
Raman spectra mapping centering at 438 cm™ showed considerably stronger signal in the BP
region than that in the MPMS region (Fig. 5-7b). After standard electron beam lithography
and metal deposition process to contact the BP region and MPMS region separately, we
obtained a BP-MPMS heterojunction device (Fig. 5-7c¢ and inset of 7f), which is
schematically illustrated in the inset of Fig. 5-7d. Considering the large bandgap difference
between monolayer phosphorene (MPMS) and BP, we expect a diode-like rectification from
the band diagram (Fig. 5-7¢) and indeed we observed it (Fig. 5-7f) *°. This demonstration of a
unique lateral BP-MPMS heterojunction diode represents an essential step towards functional

phosphorene electronics and optoelectronics.
I. Discussion and summary

With a unique two-dimensional geometry, a relatively high mobility, a suitable
layer-number dependent direct bandgaps, phosphorene provides an alternative atomically thin
semiconductor for a new generation of electronic and optoelectronic devices. The formation
of MPMS structure with superior current modulation, intrinsic optical bandgap, outstanding
stability, and the demonstration MPMS transistors with high mobility and record-high on/off
ratio and lateral BP-MPMS heterojunction diodes represents exciting advancements for
phosphorene electronics both fundamentally and technically. This MPMS transistor and

lateral BP-MPMS can be applied directly to functional phosphorene electronics devices, such
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as high performance radio frequency (RF) transistors or MPMS/MoS; vertical heterojunction
transistors, further opening up exciting opportunities for creation of a wide variety of
integrated devices, ranging from complementary logic devices, photovoltaics, photodetectors
to light emitting devices. In addition to the intercalation dynamics study of BP, our in situ
electro-chemical-optical measurement (IS-ECOM) platform provides a general means to
study diverse 2DLMs such as MoS; and graphene to produce a wide array of 2D superlattices
with tunable electronics and optoelectronic properties, as already demonstrated in our
preliminary studies. By varying the size and functional group of the molecules, it is also
possible to further tune the intercalation parameters, leading to superlattices with variable
interlayer distances, controllable doping and tunable electronic properties. Our study thus
defines a general strategy to preparing 2D superlattices and opens up a new pathway to
tailoring and taming the electronic properties of 2D materials for functional electronics and

optoelectronics. This main idea of this study was submitted for potential publication.

J. Materials and Methods

BP FET fabrication.

BP was synthesized under a constant pressure of 10 kbar by heating red phosphorus
(99.999 %) to 1,000 °C and slowly cooling to 600 °C at a cooling rate of 100 °C per hour.
Standard mechanical exfoliation method was employed to isolate thin BP on 300nm SiO,/Si
substrate in N, filled glove-box. The thin BP transistors were fabricated using electron-beam

lithography (EBL) followed by electron-beam deposition of 10/80 nm Cr/Au metal thin films.

Structural characterizations.
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SEM characterization was performed by FEI Nova Nano 230 at 15kV voltage. TEM
cross section sample of BP was made through FIB cutting from thin BP. TEM cross section
sample of MPMS was made though sonication of thick intercalated BP flakes to make MPMS
nanoprism, then dipped the MPMS nanoprism onto TEM grid for imaging. Planar TEM
sample was made by directly transferring mechanical exfoliated thin BP on TEM grid for the
BP characterization; then using TEM grid with thin BP on top for intercalation process, then
imaging the same intercalated sample. TEM characterization was performed by FEI Titan at
300kV accelerating voltage. XRD samples were prepared by transferring mechanical
exfoliated thin BP to 300nm SiO,/Si substrate with a 50/50 nm Ti/Au film on top. The whole
metal covered substrate with thin BP was directly used for intercalation process, and then
characterized by PANalytical XPert Pro power X-ray diffractometer with 45 kV voltage, 40
mA emission current and 1/4° beam slit. The micro-Raman and micro-PL studies were
conducted using a Horiba Lab RAM HR Evolution confocal Raman system with Ar ion laser

(488 nm and 633nm) excitation.

K. Supplementary Text

1. Intercalation chemistry of BP

The basic of this electrochemical reaction dictate that electrons are transferred from the
HOMO level of the cathode/reducing agent towards the LUMO of the oxidizing agent on the
anode. On the cathode, two bromide ions acts as the reducing agent each losing an electron to
form Br, requiring around 1 V of electrochemical potential. On the anode side, electrons are
pumped into the BP conduction band. The additional electron causes BP to be negatively

charged. To stabilize the additional electron, (CH3)sNCi¢Ha3™ molecules insert itself between
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the BP layers gap through edges acting as a counter ion.

The start of the major reaction observed at ~ 1 V can be explained by its HOMO/valence
band and LUMO/conduction band difference around 0.35 eV and ~ 1 eV Br- sub-reaction
electrochemical potential. The first insertion of (CH3)sNCisH33" does not require high applied
potential due to the low (~0.35 eV) band gap of the bulk BP. As the intercalation continuing,
the HOMO/LUMO gap of BP/substrate increases, hence causing it to become harder for the
next reaction to occur. The intercalation decouples the neighboring BP layers and reduces the
effective layer thickness, leading to blue shift of the photoluminescence peak wavelength,
and a final peak was recorded at ~2.26 eV for MPMS, representing the highest observed

optical gap.

During reaction, it's clear that Br, was formed at cathode with the emergence of the
darker yellow Br;, solution. However, after the electrochemical potential was withdrawn, due
to high activity of Brs, it will re-react with phosphorene'CTA" layers quickly to form final
phosphorene/CTAB layered superlattice structure, which is consistent with the TEM EDX

analysis and the DFT simulated structure.

2. Stepwise reaction mechanism

Due to strong layer-number dependent bandgap of black phosphorus, stepwise reaction
mechanism is proposed mainly based on the characteristic stepwise electrochemical current
curve*” and the corresponding photoluminescence spectra of bulk, few-layer, trilayer, bilayer
and monolayer phosphorene as described in the main text. In addition, XRD spectra taken at

different intercalation stage on a small Au/SiO,/Si substrate with couple of BP flakes or bulk
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sample was observed with peak around ~16.34 A, ~ 26.41 A due to bilayer or trilayer
structure (Supplementary Fig. 3). The properties of CTA" with one positive charge and
relative large molecular size was expected to stepwisely intercalated based on modeling

study.*®

In addition, for each region labeled with specific structure, like bilayer region, it means
the majority of structure is bilayer, but it also included other structure, like trilayer, which can
be explained from the bilayer PL spectra, where weak trilayer shoulder peak was observed as
well. Even for the monolayer structure, from its XRD spectrum, tiny pristine BP peak can be
observed as well. So for most intermediate structures, including few-layer, trilayer, bilayer,
it's a mixed phase at some extent. Very careful scan times, scan step, scan duration and stop
voltage should be adjusted to for relatively pure structure. Since monolayer structure is the

final step, it's relatively easier to reach compared with those intermediate states.

The intercalation scan times, scan step, step duration and stop voltage have large effect on
the final structure as well. Due to the diffusion limited intercalation progress, the structure
may not form within one fast scan. To better control the intercalated process, the multi-scan
method was employed in this study. In addition, too large scan step may lead to sample
cracking at higher voltage. Too short step duration time are the reason for incomplete
intercalation as limited by CTAB molecular supply or CTAB diffusion inside BP. Incorrect
stop voltage will lead to strongly mixed phase, especially in the intermediate states. Stop
voltage above 3V for long time will result in sample cracking.*® Sometimes, multi-scan with
different parameters may be employed to slowly tune the structure from mixed phase to

relative pure phase by increasing the intercalation degree in small ratio. Those parameters
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setting are related to sample size, thickness, shape (sharp or rough edges) and expected
structure. More systematic study with precise intermediate structure control may be isolated

in future work.

3. Simulated MPMS structure parameters and bandgap

According to DFT calculations using the VASP with PAW pseudopotentials, lattice parameter
in armchair direction changed from 4.62 A of BP to 4.75 A of MPMS with 2.9 % increment.
For the zigzag direction, the change is negligible comparing 3.30 A of BP with 3.28 A of
MPMS. For the bandgap of MPMS, we also calculate a bandgap of 1.14 eV with 0.24 eV
increment by using PBE compared to 0.90 eV for monolayer phosphorene. It is noted that
PBE underestimates band gaps but leads to bandgap increment of 0.24 eV of MPMS

compared with monolayer phosphorene.
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L. Figure and Legends

a Raman Laser b Raman Laser
Ag/AgCI b Pt Ag/AgCl 4 Pt
| |
|

\

Electrochemical
Intercalation

—

Figure 5-1. in situ electrochemical-optical measurement (IS-ECOM) platform to monitor
electrochemical intercalation in real time. a and b, schematics of the IS-ECOM platform
for the BP intercalation process from BP (a) to MPMS (b). The IS-ECOM system can allow to
simultaneously  monitor  electrochemical current,  source-drain  current, and
photoluminescence/Raman spectra during the electrochemical intercalation process.
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Figure 5-2. Structural and property evolution from BP to MPMS during the dynamic
electrochemical intercalation process. a, Electrochemical current as a function of the
applied electrochemical potential from 0 V to ~ 3V, showing stepwise reactions with 6 distinct
regions during the BP intercalation with CTAB. Inset: false-color SEM image of MPMS
transistors. Scale bar: 5 um. b, ionic gate transfer characteristics of the first scan (black, BP)
and the last scan (red, MPMS) monitored simultaneously by applying the same
electrochemical potential during MPMS formation at 0.01 V source-drain bias. c,
photoluminescence signals observed at 898 nm (1.38eV), 710 nm (1.75eV) and 548 nm
(2.26 eV) during different stages of intercalation, roughly corresponding to band edge
emission from trilayer, bilayer and monolayer phosphorene. d, The bandgap/electrochemical
potential vs. layer number relationship showing a good correlation between electrochemical
potential and the corresponding bandgap at bulk, bi, tri and monolayer regions. e,
Photoluminescence mapping centering at 550.0 nm with similar intensity demonstrating the
relatively uniformity of the resulting MPMS. Inset: the corresponding SEM image of
photoluminescence mapping sample; scale bar: 3 um. f and g, AFM images of a BP flake (f)
and the resulting MPMS (g) after CTAB intercalation, demonstrating the overall thickness
increase by about 130 %. Scale bar: 300 nm. h, X-ray diffraction spectra of BP and MPMS
verifying the interlayer distance expansion from 5.23 A (16.93°) of BP (black) to 11.27 A
(7.84°) of MPMS (red).
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Figure 5-3. TEM characterization of structure evolution from BP to MPMS. a and d TEM
cross section image comparison between BP (a) and MPMS (d) to show well-ordered
intercalation of CTAB layer into BP monolayers. Scale bar: 3 nm; Insets are the
corresponding electron diffraction to verify the increased interlayer distance. Scale bar: 2
1/nm. b and e are magnified high-resolution cross sectional TEM images to further
demonstrating the insertion of CTAB layer between BP layers to form MPMS with the
interlayer distance increasing from 5.24 A in BP (b) to 11.21 A in MPMS (e). Scale bar: 1 nm;
c and f, Planar TEM images of BP ¢ and MPMS f showing the lattice parameter expansion in
armchair direction from 2.17 A in pristine BP to 2.24 A in MPMS and negligible change in
zigzag direction (1.66 A for both BP and MPMS). Scale bar: 2 nm; Insets: electron diffraction
of the corresponding TEM images to confirm the lattice parameter change in (200) and (020)
and directions; Scale bar: 5 1/nm. g and h, three-dimensional (g) and cross sectional (h)
atomic structure view of simulated structure of MPMS, verifying the 11. 41 A interlayer
distance and 2.9 % expansion in armchair direction.
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Figure 5-4. The calculated electronic band structure evolution from BP to MPMS. a and
b, electronic structure of BP (a) and MPMS (b), demonstrating the enlarged bandgap from
1.94 eV in BP to 2.13 eV in MPMS as determined by the transition from first VBM-1 (green)
and CBM (red). The newly introduced bands of MPMS marked as gray dotted lines are
mainly from Br atomic p orbitals and the orange VBM-0 band mainly (~ 90% ) from P, but
almost didn't contribute to the optical transition due to its very small overlap with CBM. c, d
and e, monolayer phosphorene charge density distribution of CBM (red in a), VBM-0 (orange
in a) and VBM-1 (green in a), showing the transition bandgap determined by CBM and
VMB-0/VMB-1 (energy very close); f, g and h, MPMS charge density distribution of CBM (red
in b), VBM-0 (orange in b) and VBM-1 (green in b), showing the transition bandgap
determined by VBM-1 and CBM due to large overlap of charge density.
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Figure 5-5. Raman spectra characterization of BP and MPMS. a, Raman spectra to
compare the relative peak intensity and FWHM evolution from pristine BP (black) to MPMS
(red). The MPMS spectrum is multiplied by 20 times for easy comparison. b-d, A,", B,, and
A mode comparison between pristine BP and MPMS to show red shift, blue shift and blue

shift after MPMS formation, respectively. Insets: schematic illustration of atomic motion of
each vibration modes.
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Figure 5-6. Electrical properties evolution from BP to MPMS and stability comparison.
a and b, back gate transfer characteristics of pristine BP and MPMS as the source-drain bias
is stepped from 0.1 V (black curve) to 0.5 V (green curve) bias with 0.1 V step; insets: output
characteristics of BP (a) and the corresponding MPMS (b) after CTAB intercalation, showing
the absence of obvious contact barrier and acceptable Ohmic contact. ¢, comparison of
typical transfer characteristics between BP (black) and MPMS (red) at a source drain bias of
0.01 V, demonstrating an on/off ratio >10” in MPMS vs. <10 in BP. d, output characteristics of
MPMS at various temperature from 1.9 K (black) to 300 K (violet). Inset: on-current vs
temperature of MPMS. e, transfer characteristics of MPMS at various temperature from 1.9 K
(black) to 300 K (violet). Inset is the temperature dependence of mobility. f, Comparison of
electrical stability between three MPMS (star marked) and three BP (triangle marked) devices
with similar starting on-current, highlighting exceptional stability of MPMS without obvious
electrical degradation for as long as 300 hours, which is more than 10-15 times longer lifetime
than pristine BP.
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Figure 5-7. Lateral BP-MPMS heterojunction. a, Photoluminescence (at 553 nm) mapping
of a lateral BP-MPMS heterostructure to emphasize the MPMS part. Scale bar: 3 um. The
signal in the electrode area is due to a scattering induced background. b, The corresponding
Raman spectral mapping centered at 438 cm™ to show the main BP region with stronger
Raman signal. Scale bar: 3 um. ¢, SEM image to show the lateral BP-MPMS heterojunction
device. Scale bar: 3 um. d, Schematic illustration of a lateral BP-MPMS heterojunction. e,
Band diagram of the BP-MPMS heterojunction. f, The typical diode characteristics of a lateral
BP-MPMS heterojunction; inset: optical microscope image of the corresponding BP-MPMS
heterojunction. Scale bar: 3 pm.
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Figure 5-8. Stepwise reaction mechanism and its partition map. First derivative of
electrochemical current in Fig. 2a. By analyzing original current curve and local minimum of
first derivative, the stepwise reaction can be clearly identified, i.e. no major intercalation for
0-1.0 V (over-potential for Br  sub-reaction),1.0-1.4 V for few-layer structure formation,
1.4-2.0 V for few-layer BP formation, 2.0-2.5 V for trilayer BP formation, 2.5-3.0 V for bilayer
BP formation and beyond 3.0 V for MPMS formation, which is also consistent with bandgap
evolution from bulk, few, tri, bi and monolayer phosphorene.
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Figure 5-9. Photoluminescence spectrum of bulk black phosphorus.
Photoluminescence spectra of pristine thick BP sample taken from the bulk region in Fig.
5-2a, just showing the strong Raman peak, but no any observable PL peak at same range in
Fig. 5-2c.
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Figure 5-10. XRD of mixed few-layer phosphorene molecular superstructure. XRD peak
with interlayer distance at 32.76 A (five-layer phosphorene-molecular structure or mixed
structure), 26.41 A (four-layer phosphorene-molecular structure or mixed structure) and
16.34 A (bilayer phosphorene-molecular structure), indicating the mixed structure during
transition region. It's noted that peak with 5.23 A is originated from non-intercalated BP. It is
noted that small peak are high order peak of mixed structure.

a __BP b __BP
— MPMS N — MPMS
3 YA o
s Br &
= 2Fc
)] h
S 5 o si
|

E E Cu

[ » [ [ § [ ['] ['] [l ['] [ [l

' I Il Il ' Il Il Il Il Il Il Il ' Il Il Il Il
0 2 4 6 8 10 12 14 0.3 06 0.9 1.2 15 1.8
keV keV

Figure 5-11. TEM EDX spectra of BP and MPMS. a and b showed the TEM EDX spectra at
different range from same cross sectional TEM samples, showing the existence of Br and N
after intercalation. Three average spectra gave atomic ratio of P: N : Bris 33.2:1.2: 1.0.
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Figure 5-12. Raman peak of CH; antisym deformation or CH, scissors vibration from
CTAB. Raman peak around 1460.1 cm™ indicating the existing of CH; antisym deformation or
CH, scissors vibration and successful intercalation of CTAB inside BP monolayers.

T
10 MPMS
&
o 10 4 7@ 44
"E 10° TS i
£ 10° « wsw
9 .
E 10° m10 12m W3 m?sr%:-:zqz m24
10° b 14ms 24
10’ w9
M 2 2 2 aaaal M s 2 s asaanl
10 100 1000

mobility (cm*V’'s™)

Figure 5-13. Statistical analysis of six MPMS devices performance compared with
few-layer and thin BP devices of recent other studies. Six MPMS devices (red star) show
average mobility of 270 cm? V* s and averaged on/off ratio of 8.6*10°. As comparison, we
listed recent studies of few-layer (less than 5 nm, marked as blue triangle) and thin BP (5 nm
to 15 nm, marked as black square). It's clear that MPMS devices outperformed the best
few-layer BP devices as for the mobility and on/off ratio and show comparable mobility but
much higher on/off ratio of thin BP devices. Data points indexed are adapted: data 1 from Ref.
0 data 2 from Ref. **, data 3 from Ref. **, data 4 from Ref.*?, data 5 from Ref. *°, data 6 from
Ref. *!, data 7 from Ref. ¥, data 8 from Ref. ™, data 9 from Ref. **, data 10 from Ref. *3, data
11 from Ref. **, data 12 from Ref. >, data 13 from Ref. *°, data 14 from Ref. *’, data 15 from
Ref. *8 data 16 from Ref. ** data 17 from Ref. 8 data 18 from Ref. **, data 19 from Ref. *,
data 20 from Ref. ®°, data 21 from Ref. ?, data 22 from Ref. ®, data 23 from Ref. %, data 24
from Ref. , data 25 from Ref. ?, data 26 from Ref. ¥

112



Table 1. Device key characteristics compassion between MPMS and other recent studies

Ref.: BP thickness, passivation mobility electrical
approach, (cm?/V/s) stability (hour)
This work (MPMS) 2.26 328 1.9E7 300+

Ref. 8: 10 nm, aryl diazonium passivation n.a. ~ 100 1E6 83+

Ref 20: 5 mm, BN passivated in inertair  n.a. 118 (200K) 1E5 48+

Ref. 3Z: 8 nm, BN encapsulated n.a. n.a. 2E5 150+

Ref - 4.5 nm, BN passivated: n.a. 63 100 n.a.

Ref. 28: monolayer 1.73 na. na. na.

Ref. 10: 5 nm, not passivated 1.45 286 1E5 n.a.

Ref. Z: Monolayer, ALD AI203 1.84 n.a. n.a. 144 + (PL)
passivated;

Ref. 33: 8.9 nm, ALD AlO, passivated n. a. 74 le3 175

Notes: Compared with key improvements of few-layer (less than 5 nm) phosphorene in past
three years, this study represented a fundamental advance of few-layer and monolayer
phosphorene intrinsic properties demonstration including highest optical bandgap, highest

few-layer mobility, highest on/off ratio and extraordinary stability.
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