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ABSTRACT OF THE DISSERTATION

Prospects of Two-Dimensional Devices: Electrical and Optical Characterization of
Transition Metal Dichalcogenide Films

by

Velveth Klee

Doctor of Philosophy, Graduate Program in Materials Science and Engineering
University of California, Riverside, December 2016
Dr. Ludwig Bartels, Chairperson

Understanding the electrical and optical properties of 2D materials down to their
monolayer limit is important for establishing their potential for novel applications.
Prominent among 2D materials are transition metal dichalcogenides (TMDs), such as
MoS2 and MoSe,. These materials have attracted attention because of their intriguing
properties, such as a transition from an indirect bandgap for few layers to a direct
bandgap for monolayers. New synthetic routes like chemical vapor deposition (CVD)
allow for high-quality, centimeter-scale growth and tuning of the direct optical gap
continuously between the values of single-layer MoS, (1.87eV) and MoSe, (1.55¢eV).

In the first part of this work, we perform optoelectronic measurements of alloy
devices fabricated on CVD-grown, monolayer MoS,, MoS,,, ,Se,,, and MoSe, islands.
For all alloy compositions there is an unusual superlinear dependence of the photocurrent

on light intensity. We also establish the photoconductive nature of the photoresponse,
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with the photocurrent originating from recombination and field-induced carrier separation
in the channel.

The study of transport characteristics of TMDs is extended to explore the effects
of devices on a piezoelectric substrate as a route towards establishing fabrication
processes suited for industry. In this work, we show that CVD-growth of MoS,
monolayer films onto periodically poled lithium niobate (PPLN) is possible while
maintaining the substrate polarization pattern. Electrical transport measurements indicate
an inversion of the MoS, from n-type to p-type behavior under application of an external
voltage depending on the domain orientation of the ferroelectric substrate. Sensitivity to
ferroelectric substrate polarization opens the possibility for ferroelectric nonvolatile
gating of TMDs in scalable devices fabricated free of exfoliation and transfer.

Optimizing CVD techniques allows for preparation of TMD films in different
phases that are reported to exhibit semiconducting and metallic properties. Here, we show
optical and electronic characterization of few-layer films of MoTe, in three distinct
structural phases: 2H, 1T’ and 1T. Depending on process parameters, either of the phases
can be prepared using MoO; and elemental tellurium precursors. Experimental and
computed Raman spectra are presented for each phase. Transport measurements validate
predictions from DFT-based band structure calculations on the metallic character of the

centrosymmetric 1T phase.
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Chapter 1
Synthesis and Characterization Techniques for 2D Transition Metal

Dichalcogenides

Introduction

In this section I will present two methods for the synthesis of 2D TMDs along
with characterization techniques to validate their mono- and few-layer properties. The
first method presented is based on powder precursors heated in a tube furnace without the
need for temperature control [1]. The second method is based on a liquid injection of
chalcogen precursors that is also carried out in a tube furnace and, unlike the first method
described, is temperature dependent. In this chapter, photoluminescence (PL), atomic
force microscopy (AFM), and scanning electron microscopy (SEM) imaging is provided

to validate the quality of the TMD films [2].

Materials, Methods, and Results

TMD Synthesis: Method 1

In the Bartels lab, MoS, is made via facile CVD techniques that yield growths

found to be uniform in their spectroscopic properties and feature large areas that are of



monolayer thickness. By altering synthesis parameters, this facile method can also
produce few-layer films.

The growth process for MoS, monolayers is based on the solid-source scheme of
Lee et al. [3]. We use two alu- mina crucibles (Aldrich Z561738, 70 mmx14 mmx10
mm) containing MoO3 (Aldrich 99.5%) and sulfur (Alfa 99.5%) powders as our Mo and
S sources, respectively (Fig. 1). These sources are placed in a quartz process tube (2”
diame- ter), which is inserted in a furnace (Mellen TT12), only the center zone of which
is powered. A rapid flow of nitro- gen gas (99.999%) is used to purge the tube (5.0
SCFH, 0.14 Nm3/h)), with subsequent film growth occurring at a reduced nitrogen flow
rate (0.5 SCFH, 0.014 Nm3/h). The crucible containing MoO; is placed at the center of
the heated zone, with the substrate resting directly on it. The crucible containing sulfur is
placed upstream, out- side the zone of the tube furnace that was heated. Our substrate is a
3 x 3 cm piece of a boron-doped Si (110) wafer covered by a 300 nm thick layer of oxide
(SUMCO). The substrate is cleaned immediately prior to growth by a piranha etch
solution, formed as a mixture of 3 parts sulfuric acid and 1 part hydrogen peroxide (30%)
[1].

The position of the sulfur crucible is optimized so during heat-up the sulfur melts

to form a flat, uniform liquid surface at the time that the center section of the process
tubes (where the MoO; crucible is located) reaches ~880 K, as measured by a type-K

thermocouple at the outer surface of the process tube. Growth is achieved by waiting and
continuing to provide power to the center section of the furnace for 3 min after the sulfur

melts. Subsequently, all power to the furnace is switched off and it is left to cool



undisturbed, while the N, flow is continued. Thus, no temperature control of the furnace
is required.

After deposition, the substrates display elongated areas hundreds of microns long
and approximately 100 microns across that are continuously covered by a MoS, film and
islands (Fig. 2). PL measurements (Fig. 3) are performed with laser excitation where a
single emission peak is measured at a photon energy of 1.87 eV. This peak corresponds
to the direct-gap transition of monolayer MoS, [4]. The continuous film and the area
consisting of individual islands show the same photoluminescence characteristics. In Fig.
4, AFM shows that the film and the islands at its edge are homogeneous in height; no
steps in height are found except for a small number of isolated irregular pits. No
dislocation lines or 2D grain boundaries were resolved by AFM. SEM imaging at 2kV
beam energy shows improved resolution of the island perimeters (Fig. 5), which appear

as bright outlines in the images.

TMD Synthesis: Method 2

Our method improves on our previous CVD work by using thiophenol in
methanol and diphenyl-diselenide in tetrahydrofuran as sulfur and selenium precursors,
respectively. Segregration of MoS, and MoSe, into different films (or pure growth of the
thermodynamically more stable MoS,) is prevented by injecting the liquid precursors
during MoO; evaporation in the process region of a tube furnace at 650° C, and apply

hydrogen for carbon removal. MoS,,, Se,, alloy samples are prepared by mixing the



precursor solutions or, for low sulfur contents, by facile sulfur contamination of the
MoSe, growth.

For sample preparation, a tube furnace with a 2” quartz process tube is used with
nitrogen as process gas. Similar to Lee at al, MoO3 is used as a solid Mo source and
300nm SiO2/Si substrates [3]. Growth down to 30nm of oxide thickness is observed,
below which single-layer films become indiscernible in standard optical microscopy.
Inside the process tube, the MoO3 powder is placed on a tray made from Mo sheet and
the substrate is suspended a few mm above this tray angled some 40° to face the nitrogen
flow direction. Once the furnace has reached the deposition temperature, a syringe with a
needle reaching to the direct vicinity of the substrate in the process tube is used to inject a
small quantity (<1ml) of the sulfur/selenium source. Following injection, the tube furnace
is switched off and left to cool. This procedure creates extended layers that are covered
by amorphous carbon, which is visible in Raman spectroscopy, quenches the PL yield
and cannot be removed with oxygen plasma or UV light without destroying the single—
layer MoS, film. To mitigate carbon formation, we change the process gas from nitrogen
to hydrogen directly after injection of the sulfur/selenium source. Sulfur-contamination of
MoSe, growth can occur from sulfur desorption from the Mo source/substrate holder, if it
was used in a prior growth in the presence sulfur. For a MoS1.68Se0.32 sample, a S:Se
mole fraction of 0.7:1 is used reflecting the higher affinity of Mo for S than Se.

For MoS,, nearly a continuous single-layer film covers the entire substrate with
exception of the area where the oxide boat touches. For MoSe, and MoS,, , Se,, we

typically find areas up to a few mm” in size with homogeneous single-layer film bordered



by areas without any growth on one side and multilayer growth on the other. Fig. 3 shows
room-temperature (RT) PL spectra of different compositions of MoS,,  Se,, ranging
from MoS,, with a PL energy of 1.87 eV to MoSe,, with a PL energy of 1.54 eV. The
spectra were acquired using excitation at 532 nm and reveal reasonably sharp and bright
PL features. Also performed AFM imaging of the film of Figs. 4 after Se insertion and

found it to be flat and as smooth as before (Fig. 4)
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Figure 1. CVD-growth is carried out in quartz tube furnaces.
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Figure 2. Single-layer islands of MoS,, MoSe,, and a mid-range alloy.
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Figure 3. Photoluminescence measurements of MoS,, MoSe, and their alloys thereof.



Figure 4. AFM image confirms the island shape and indicates an apparent film height of
~1nm as typically found for CVD MoS, islands.
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Figure 5. SEM imaging at 2kV beam energy allows us to discern the perimeters of the
islands at high fidelity.
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Chapter 2
Transport Characteristics of 2D Transition Metal Dichalcogenides on

Patterned and Non-Patterned substrates

Introduction

This section will present the transport characteristics of several TMD materials
grown by CVD methods (described in Chapter 1) onto patterned and non-patterned
substrates. The attributes of each device structure will be discussed. The first transport
characteristics presented show the n-type behavior of monolayer WS, on a flat Si02/Si
substrate; this work was part of an article published in Applied Physics Letters [1]. The
second transport characteristics presented show the n-type and ambipolar behavior of
monolayer MoS, and Nb-doped MoS,, respectively. In this on-going work, a high-
vacuum CVD method is used to produce monolayer MoS, and Nb-doped MoS, films; the
resulting transport properties validate growth techniques and film properties across
several hundred micrometers. The third transport characteristics presented show the
potential transport behavior of MoS, grown by CVD methods across vertical pillars that
are lithographically patterned onto a SiO,/Si substrate. In this on-going work, CVD
methods are used to grow monolayer MoS, islands and films across nanometer scale
vertical channels as a pathway for mass-producing transistor-like vertical devices with

fewer fabrication steps than traditionally needed.
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Materials, Methods, and Results

1. Transport Characteristics of mono- and few-layer WS, on SiO,/Si Substrates

The following work is taken from an article published in Applied Physics Letters
and is presented here with permission from the American Institute of Physics Publishing.
This collaborative work was done by me and the following students and collaborators.
Iori Tanabe,' Michael Gomez,”> William C. Coley,” Duy Le,’ Elena M. Echeverria, '
Gordon Stecklein,® Viktor Kandyba,” Santosh K. Balijepalli,’ Velveth Klee, > Ariana E.
Nguyen, > Edwin Preciado, > I-Hsi Lu, > Sarah Bobek, > David Barroso,” Dominic
Martinez-Ta,? Alexei Barinov,’ Talat S. Rahman,’ Peter A. Dowben,' Paul A. Crowell*

and Ludwig Bartels

'Department of Physics and Astronomy, Theodore Jorgensen Hall, 855 N 16th,
University of Nebraska, Lincoln, NE 68588-0299, U.S.A.

2 Pierce Hall, University of California - Riverside, Riverside, CA 92521, U.S.A.

*Department of Physics, University of Central Florida, 4000 Central Florida Blvd.,
Orlando, FL 32816, U.S.A.

*School of Physics & Astronomy, University of Minnesota, 116 Church Street S.E.,
Minneapolis, MN 55455, U.S.A.

>Elettra-Sincrotrone Trieste, S.S.14, 163.5 km, 34149 Basovizza, Trieste, Italy

Growth by chemical vapor deposition (CVD) leads to mono- and multi-layer WS,
of very high quality, based on high-resolution angle-resolved photoemission spectroscopy
(ARPES). The WS, samples were grown by CVD, utilizing WO; and elemental sulfur as
precursors. In order to provide sufficient chemical potential of the tungsten precursor

during growth, a high temperature of 1000 C was chosen. Otherwise, the film growth
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followed the procedure for MoS2 outlined in Ref [2]. Films intended for transport
measurements were grown on 300 nm SiO,/Si substrates, whereas samples for angle
resolved photoelectron spectroscopy (ARPES), utilize Si substrates with a very thin (<1
nm) oxide film, so as to allow for reliable charge neutralization during measurements.
Before and after ARPES measurements, the samples were characterized utilizing
photoluminescence and Raman spectroscopy, as well as atomic force microscopy and
optical imaging.

The ARPES experiments were performed at the 3.2 L spectromicroscopy
undulator beamline of the Elettra light source at a temperature of 110 K using a photon
energy of 74 eV. The incident radiation was linearly polarized (along the horizontal
direction) and focused to a ~0.6 wm diameter spot by means of a Schwarzschild objective
[3]. An incident angle of 45° with respect to the sample surface was used to optimize
surface sensitivity. The ARPES data were acquired using a hemispherical electron energy
analyzer with a combined energy resolution of ~50 meV and angular resolution of
+0.33°. The sample was mounted onto a scanning stage, which enabled positioning and
raster imaging with respect to the fixed photon beam. Photoelectron intensity distribution
maps I(kx, ky, E) were taken from microscopic areas of the WS, sample by rotating the
electron energy analyzer with respect to the sample using a two-axis goniometer. This
approach matches the one we used to obtain the band structure of single layer WSe, in
Ref. [4].

Figure 6(a) shows the experimental band structure of multilayer WS,(0001)

obtained from the second-derivative of the ARPES display plots. The valence band
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maximum is located at the Brillouin zone center (I point) and not the zone edge (K~
point), in contrast to the monolayer. This finding agrees with theoretical predictions [5]
and results of our calculated DFT band structure shown in Figure 6(b). We attribute the
shift of the valence band maximum from the K™ point to the I point to the increasing
width or greater interlayer splitting at the I point in multilayer WS,, [5, 6]. Our
measurements find the energy difference between the top of the valence band at the I
point and at the K™ point, AI'—K, to be 380+20 meV.

Simple field-effect transistors (FET) were fabricated using a single platelet of
monolayer WS, grown on SiO,/Si, with the doped substrate functioning as the gate. The
300 nm SiO, layer acted as the gate oxide and source-drain contacts were fabricated with
alumina tunneling barriers. A micrograph of a typical device is shown in the inset of
Figure 7. The source-drain current current-voltage characteristics, shown in Fig. 7 for
many different gate voltages, indicate n-type conduction, as a current is observed only a
for a sufficiently large positive gate voltage. Earlier measurements show similar findings
for multilayer WS, and demonstrates explicitly the absence of appreciable current at
negative gate voltages, similar to literature results for exfoliated WS, transistors.

In summary, we find from angle resolved photoemission that multilayer WS2,
grown by chemical vapor deposition, is robustly n-type. This finding is in agreement with
literature transport measurements on exfoliated material as well as transport
measurements on the same CVD material as reported here. The band structure of CVD-
grown multilayer WS2 demonstrates the material’s high quality and its suitability for any

WS2 application envisioned.
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2. Transport Characteristics of High-Vacuum CVD-grown MoS2 and Nb-doped MoS2

Films on 300nm SiO2/Si Substrates

One focus of on-going work in the Bartels lab is to produce a high vacuum CVD
method for the production of MoS, films with the intent of producing an industrial-scale
approach. Currently, we are able to grow films that cover an entire 2x2 cm’silicon
substrate, see Fig. 8 (size limited solely by size of the vacuum chamber). These films are
of much better quality than traditionally grown CVD films (mentioned in Chapter 1).
These high-vacuum CVD films are much larger and substantially more uniform; there are
no areas of thick bulk material. As they are grown in vacuum, there is also no particulate
matter that would dirty the substrate important for incorporating these films into
industrial applications.

The system (Fig. 9) functions by passing a large amount of current through a
molybdenum wire until it is white hot (~2000°C). Since molybdenum has a melting point
of >2600°C, this temperature is insufficient to evaporate the molybdenum. The base
pressure in my growth chamber is 107 torr, about ten orders of magnitude lower than
atmospheric pressure. A sulfur source, CS,, in introduced into the chamber to a pressure
of about 107, still 8 orders of magnitude less than atmosphere. When CS, molecules
come into contact with the hot molybdenum wire, they dissociate into carbon and sulfur.
The latter forms with molybdenum of the wire as volatile MoS, precursors. These

precipitate on the growth substrate, typically S10,/Si, which is held in place by a heated
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filament to about 700°C (also made of molybdenum, Fig. 9) so as to adjust the substrate’s
temperature for optimal crystalline growth of MoS,.

The most straightforward way to achieve ambipolar FET is doping of TMD films
during growth with suitable elements. The successful high-vacuum CVD growth method
for MoS, is extended to produce a method for the synthesis of p-type MoS, by using
dopants such as niobium. Niobium is similar to molybdenum in size and fits perfectly in
the MoS, hexagonal structure while having one fewer valance electron. MoS, is natively
an n-type semiconductor because it always contains some sulfur vacancies. This means
that there are electrons in the conduction band free to flow when a voltage is applied.
Fig. 10 shows the response of films (grown on 300nm SiO,/Si) to strong gate voltages
applied to the underlying substrate. Transport measurements show that doping with a p-
type material alter the electronic nature of the MoS, from an n-type to p-type

semiconductor creating holes in the valence band which can carry a current.

Transport Characteristics of CVD-grown Monolayer MoS, Islands and Films on

Lithographically Patterned Vertical Devices

Two-dimensional transition metal dichalcogenides are promising new materials to
augment silicon in novel device architectures because of their direct-bandgap and
semiconducting properties at the monolayer limit, combined with pronounced spin-

splitting in the valence band. Through CVD methods, our lab works on the synthesis of
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TMD monolayer single-island as well as continuous films. Unlike many other direct band
gap materials, TMDs grow on SiO,/Si without the need for epitaxial match or epitaxially
precise interfaces, rendering their integration very facile. Their 2D nature opens up the
opportunity for entirely novel manufacturing paradigms: 3D materials like poly-silicon or
oxide can be deposited largely across wafer-scale areas, even if the underlying substrate
is structured; in contrast, for 2D materials like TMDs it only makes sense to deposit
monolayer (or few-layer) material and if the substrate is structured then this film will
grow aligned conformal to the substrate (like a blanket deposition).

This blanket-like deposition is a challenge because it introduces another level of
complexity in the fabrication of devices out of 2D materials. On the other hand, it is a
great opportunity because this style of growth and device fabrication illustrates that if, for
instance, a vertical transistor channel from a TMD material is desired, then it is sufficient
to grow a conformal single-layer TMD film into the vertical substrate region that
supports the channel. There is no need for and no benefit in developing/applying growth
procedures that cover wafer scale substrate with a single-domain TMD film. It is enough
(and also most useful) to come up with methodologies that are capable of growing a
domain-boundary-free nanoscale section of TMD into the desired channel region. Such
self-aligned growth of TMD materials onto pre-patterned substrates will result in a large
array of working nano-sized transistors at a minimal number of fabrication steps.

On-going efforts in the Bartels group are to develop a procedure for the growth of
TMD films on the vertical region between the top and the bottom of micron-scale pillars

lithographically fabricated on a Si0,/Si substrate. (Fig. 11 and 12) In concurrent work,
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research also explores the seeding of TMD films by means of lithographic patterning of
the substrate. These two approaches are combined towards targeted growth of TMD
materials at specific locations on a patterned substrate. Preliminary transport (Fig. 13)
measurements show that self-aligned fabrication of devices is possible. What remains is
to optimize the materials that make up the pillar structure so that en effective under-cut or
continuous SiO, (or any other dielectric) remains to allow for gating of the material

hanging on the side of the pillar.
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Figure 6. (a) The second-derivative image of the experimental band structure of multiple
layers (five or more layers) of WS, obtained by High-resolution ARPES along the I'-K
high symmetry direction and (b) the comparison with theoretical calculations overlaid as
dashed green lines. The photon energy is 74 eV. The splitting due to the spin-orbit
coupling in the valence band near the K point is found to be approximately 420 # 2 meV.
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Figure 7. Local gate control of the WS, monolayer transistor. [, — V, curves recorded
for different values of V, ranges from 0 to 70 V.
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Figure 8. MoS, film grown by high-vacuum CVD.
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Figure 9. Schematic representation of our technique for large-area homogeneous TMD
growth. (right) Preliminary indication of ambipolar response of Nb-doped MoS, films
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Figure 10: First signs of ambipolar behavior of a Nb-doped MoS, film produced. The
very high voltages are required because of back-gating through a thick oxide layer.

24



Raman and PL taken next to Pillar

bottom PL Spectra

Raman Spectroscopy

Energy (eV Raman Shift (cm™')

Raman and PL taken on top of Pillar

Pl Spectra Raman Spectroscopy

- -
@
oo o
. Raman Shift(cm)

A

Intensity (a.u.)
nsity (a

Figure 11. Pillars lithographically patterned and fabricated onto SiO2 substrates. MoS2
is grown by CVD methods and produces characteristic PL. and Raman peaks.
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Figure 12. Schematic of side-view of pillar structure with MoS, growth and metal
contacts. This is a vertical device.
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Figure 13. Preliminary transport measurements of vertical devices with MoS, as the
channel material.
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Chapter 3
Superlinear Composition-Dependent Photocurrent in CVD-Grown

Monolayer MoS,, ,,Se,,

The following is taken from an article published in Nano Letters and is presented here
with kind permission of American Chemical Society Publications. This collaborative
work was performed by me and the following students and collaborators.

Velveth Klee', Edwin Preciado', David Barroso', Ariana Nguyen', Chris Lee', Kristopher
J. Erickson®, Mark Triplett?, Brandon Davis', I-Hsi Lu', Sarah Bobek', Jessica

McKinley',Joseph P. Martinez', John Mann', A. Alec Talin®, Ludwig Bartels' &
Francois Léonard™

'Materials Science & Engineering Program and Departments of Chemistry and
Mechanical Engineering, University of California, Riverside, California 92521, USA

’Sandia National Laboratories, Livermore, California 94551, USA

Introduction

Transition metal dichalcogenides (TMDs) have emerged as a new class of two-
dimensional materials that are promising for electronics and photonics. In this work, we
use spatially resolved photocurrent measurements on devices consisting of CVD-grown
monolayers of TMD alloys spanning MoS, to MoSe, to show the photoconductive nature
of the photoresponse, with the photocurrent dominated by recombination and field-
induced carrier separation in the channel. Time-dependent photoconductivity

measurements show the presence of persistent photoconductivity for the S-rich alloys,
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while photocurrent measurements at fixed wavelength for devices of different alloy
compositions show a systematic decrease of the responsivity with increasing Se content
associated with increased linearity of the current—voltage characteristics. A model based
on the presence of different types of recombination centers is presented to explain the
origin of the superlinear dependence on light intensity, which emerges when the
nonequilibrium occupancy of initially empty fast recombination centers becomes
comparable to that of slow recombination centers. Thermal effects are ruled out by
complementary measurements of thermal transport using infrared imaging.

Initial studies focused primarily on phototransistors based on mechanically
exfoliated single- and few-layer MoS, [7-10] In contrast to our results, these devices
produce a photocurrent that is linearly dependent on laser power at low powers and
becomes sub-linear with increasing power [7, 8]. A recent study on few-layer MoS,
phototransistors also confirms the sub-linear dependence of the photocurrent on laser
power and attributes the dominant photoresponse to a separation of photoexcited carriers
caused by a built-in or external electric field [4,9]. This is contrary to a previous study
that reports photocurrent generation in single-layer MoS, dominated by the
photothermoelectric effect (PTE) [10]. A recent study reports on phototransistors based
on single-layers of MoS, synthesized by chemical vapor deposition (CVD); these results
also show sub-linear dependence of the photocurrent on laser power [11]. An open
question is whether the above results extend to other TMDs, and in particular to the

recently discovered MoS,,_,Se,, alloys grown by CVD [5, 6,12, 13].
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In this work, we address this question through optoelectronic characterization of
alloy devices fabricated on a range of CVD-grown, single-layer MoS,, MoS,, ,Se,,, and
MoSe, islands. We find that for all alloy compositions there is an unusual superlinear
dependence of the photocurrent on light intensity. Through a series of experiments we
establish the photoconductive nature of the photoresponse, with the photocurrent
originating from recombination and field-induced carrier separation in the channel. By
measuring devices across the full range of alloy compositions we report that increasing
Se content systematically decreases the photoresponsivity in conjunction with a transition
from notably non-linear to nearly-linear current-voltage characteristics. Finally, a model
based on different types of recombination centers is presented; it shows the emergence of
superlinearity in the presence of slow and fast recombination pathways through their non-

equilibrium occupancy.

Materials and Methods

Single-layer MoS,,_, Se,, alloys were grown by CVD in a tube furnace at 650°C
on a Si0O,/Si substrate (100 nm thickness of SiO,, heavily doped Si). For MoS,, MoO,
powder and elemental sulfur were used for the metal and chalcogen source, respectively.
For MoSe, and alloys, the chalcogen sources are thiophenol and diphenyl-diselenide; the
amount of each source is varied to adjust the sulfur/selenium ratio, as described in detail
in previous publications [4, 5]. Raman and photoluminescence measurements were used

to characterize the alloys with regards to their optical bandgap and to confirm the
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monolayer nature of the material. The photoluminescence peak varies from 1.55 eV for
MoSe, to 1.85 eV for MoS,, with intermediate values attained for intervening alloy
compositions. A linear variation of bandgap with composition is assumed throughout this
work [5, 12, 13].

Electronic devices were fabricated by patterning PMMA/MMA bilayer resists
using e-beam lithography. Ti/Au (2 nm/ 50 nm) electrodes were deposited by electron
beam evaporation. We verified that device fabrication did not affect the material by
comparing the photoluminescence before and after fabrication. Devices described
throughout this manuscript have channel lengths between 0.5 ym and 5 ym, and they
continuously span the compositional space between MoS, and MoSe,. Dozens of
devices were fabricated, characterized, and measured for this study. All devices
addressed in this manuscript were fabricated on regular triangular single-layer islands
with side lengths around 15 pm, which are typical of single-crystalline material [4]. A
representative optical image of a MoS,, ,Se,, device is shown in the inset of Fig. 14a.
An AFM linescan in the channel area gives a step height of ~0.85 nm going from the
SiO, substrate to the MoS, Se,, island, confirming the monolayer nature of the
material (Supporting Information). On all devices, electrical measurements yield very
little current for source-drain biases up to £2 V, even when the devices were gated with
up to +60 Volts through the heavily doped Si substrate (resistivity 0.005 €2-cm), the
exception being some pure MoS, devices, as shown in the Supporting Information. All

measurements were performed in ambient.
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We use scanning photocurrent microscopy (SPCM) to characterize the
optoelectronic properties of the devices. The beam from a red HeNe laser (633nm) was
fed into a microscope and focused on the devices using a 50X, NA=0.55 objective, and
the current was measured using a DL 1211 current pre-amplifier and a probe station. As
shown in the Supporting Information, the spot diameter at half-maximum is about 1.3
um. Different beam powers (measured by replacing the sample with a Newport 818
photodetector) were realized by appropriate filters placed between the laser source and
the microscope. A computer-controlled stage was used to move the devices in 50 nm
steps with respect to the laser beam while the current was recorded. The intensity of the
reflected light was collected simultaneously to create spatially-resolved reflection images,
in which the metallic electrodes appear bright compared to the moderately reflective
Si0,/Si substrate. In addition to regular optical images, the presence of the MoS,, ,,Se,,
island can readily be discerned from the substrate (see insets in Figs 14a.e) by a drop in

reflected power of ~6%.

Results

Figure 1 shows representative SPCM maps taken at zero bias and at biases of +1
V for two devices consisting of MoS,(Se,, and MoS,,Se,, single-layer islands. We
applied a laser power of 1310 uW in a near diffraction-limited spot resulting in a power
density of ~80 kW/cm’. At zero bias, very small photocurrent spots typically on the order

of hundreds of picoamps are observed which are most often located near the electrodes as
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in Fig. 14a, but are also sometimes seen in the channel (Fig. 14e). These very small
currents could originate from the presence of band-bending at the contacts [9] and/or due
to the photothermoelectric effect [10]. Under bias of either polarity, the photocurrent
increases by several orders of magnitude to hundreds of nanoamps for S-rich
compositions (Fig. 14b,c) and to tens of nanoamps for Se-rich compositions (Fig. 14f,g).
While the laser spot size is comparable to the channel length, it is still possible to see in
these measurements that the maximum photocurrent is observed in the channel, either
closer to the electrode edges (Fig. 14d) or in the middle of the channel (Fig. 14h).
Additional SPCM maps for longer channel devices and for MoS, and MoSe, can be
found in the Supporting Information, and show that for MoS, and sulfur-rich alloy
devices the photocurrent maxima are located near the negatively biased electrode, as
would be expected for a system of back-to-back Schottky diodes with band-bending in
the channel near the electrodes [9].

The SPCM maps of Fig. 14 were acquired left to right (fast scan direction) and
top to bottom (slow scan direction). We observe some apparent photocurrent even when
the excitation beam has passed the area between the electrodes, especially for the S-rich
composition. This artifact is caused by a slow photocurrent response. Fig. 15a shows the
time dependence of the photocurrent for a 5um channel MoS, device for a bias of +1 V
when the laser is focused in the channel near one of the electrodes. The photocurrent
dynamics are exceedingly slow, with rise times (90% of maximum current) and decay
times (10% of maximum current) of 12 min and 10 min, respectively. Introducing

selenium accelerates the photoresponse to a few minutes for MoS, ,Se,,; (Fig. 15b) until

34



the response exceeds the limit of the pre-amplifier (Fig. 15b inset). The bleeding
observed in the SPCM images for the S-rich material originates from the slow
photocurrent decay and is observed in the fast scan direction (see Supporting Information
for detailed discussion). In addition, a photocurrent outside of the area between the
electrodes can originate from fringe fields from the electrodes (experimental results and
simulations are presented in the Supporting Information). Persistent photoconductivity as
in Fig. 15a is well-known to arise due to charge traps [14]. In such systems the

photocurrent decay can be described with a stretched exponential function

1,(0)=1),exp

—(t/ t Y] ; the inset in Fig. 15a shows an excellent fit of this function

to the experimental data, giving an exponent (Note that a simple exponential decay is not
able to describe the photocurrent dynamics.)

The channel length dependence of the photocurrent (Fig. 15¢,d) provides us with
important insight into the photocurrent mechanism: for a photoconductive device, the
photocurrent is expected to decay exponentially with channel length L for channels

longer than the diffusion length L, (where D is the diffusivity and 7 is the recombination
time), /,, =1, exp (—L/ L D) ~From the strong, consistent channel length dependence of
the data in Fig. 15d we obtain by least-squares fitting to an exponential function a
diffusion length of 0.88+0.06 um for the sulfur rich material and of 0.45+0.01 um for the
selenium-rich material (the error bars reflect the fit error only). The shorter diffusion
length for the selenium-rich material is consistent with the faster photocurrent decay

shown in Fig. 15b.
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Figure 16 explores the photoresponse at different excitation intensities for a range
of MoS,,_,,Se,, compositions. The samples proved to be stable under prolonged exposure
even to the highest laser power shown in this set (see Supporting Information and Fig.
15a). Two trends can readily be discerned: 1) there is an overall decrease of photocurrent
as the S content decreases, and 2) the I-V curves become progressively more linear with
increasing Se content. Moreover, we also observe a non-linear dependence of the
photocurrent on the excitation power that will be discussed later on. (Note that at zero
bias, the photocurrent is close to zero in these figures, being due only to the small
currents shown in Fig. 14a.e).

We first discuss the origin of the illumination-dependence of the I-V curves (Fig. 16).
We note that there is practically no photocurrent at zero bias, and an increasing slope
with increasing light intensity. This type of behavior can originate both from
photoconductive or bolometric effects but it is inconsistent with a photothermoelectric
effect which typically involves a photocurrent at zero bias and no change in slope [15]
as the light intensity is increased. A photothermoelectric effect is further ruled out by
the magnitude of the current at 1V bias, which even assuming the largest measured[10]
Seebeck coefficient for MoS,, would require a temperature gradient on the order of 10°
K, an unrealistic value. The spatial location of the photocurrent maxima near the
negative electrodes and the change of this location with inversion of the bias voltage
suggests a photoconductive mechanism due to the presence of electric fields in the
channel[9], in contrast to a bolometric effect. To further rule out the latter, we measured

the temperature dependence of the dark I-V characteristics of a MoS, device as shown in
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Fig. 17a. As expected, the current increases with increasing temperature; however, the
increase in current is small. 400K of equilibrium temperature generates a dark I-V
current of 80 pA compared to greater than 1 pA measured with the largest laser
intensity, i.e. four orders of magnitude difference. An upper bound for the temperature
increase during laser illumination can be obtained by assuming uniform illumination
and balancing the heat input with the heat dissipation to the substrate. Then a

temperature increase results where P is the laser power and G is the heat transfer

coefficient between the TMD material and the substrate. Values of G =~10" W/m’K
have been extracted based on studies of heat dissipation in MoS, transistors, [16] about
an order of magnitude lower than for graphene. Using the lower value, we obtain a
temperature increase of 80K for the largest laser intensity used in this work, where our
equilibrium heating yields less than 10 of the photocurrent. To further support the
claim that the temperature rise is too small to lead to a significant bolometric effect, we
measured the temperature rise during illumination by focusing a red Krypton laser on a
region with extended (mm scale) coverage of single-layer MoS, on Si/Si0O,[4.,5] The
laser was focused on the surface, and the temperature profile was measured with an
Inframetrics 760 infrared camera with 10 um resolution. As shown in Figs. 17b.c, the
focused laser illumination leads to a temperature rise at the point of excitation which
decays over a distance of a few hundred microns. However, the maximum temperature
rise is small, reaching only 4K under illumination with 0.31 W (~2.5 MW/cm?, ie.,
more than thirtyfold of that used for the photocurrent measurements). Because most of

the optical absorption occurs in the Si substrate (we measured about 6% additional
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absorption at the location of single-layer MoS,), the IR camera measures predominantly
the temperature in the Si substrate. As discussed in the Supporting Information, because
of the heat exchange between the Si and the MoS,, the temperature of the MoS, is
directly linked to that in the Si by the thermal resistances of the SiO, and the MoS,/SiO,
interface. At the laser power used for the optoelectronic experiments, we estimate a
temperature rise of about 7 K in the MoS,, much too small to lead to a significant
bolometric effect. Finally, the temperature increase at the laser spot can also be obtained
by analyzing Raman spectra as a function of laser power, which gives a temperature

increase of 16K for the largest laser intensity.

Having established the photoconductive nature of the optoelectronic response, we
now discuss the power dependence. Figure 18 shows the photocurrent measured at a bias
voltage of 2V as a function of the excitation power for three different alloy compositions.
Remarkably, the photocurrent shows a pronounced and unusual superlinear dependence
on the excitation power, a behavior that is also observed for different bias voltages. The
superlinear dependence on laser intensity is in contrast to previously reported results on
exfoliated[8, 9] and CVD-grown[11] MoS, where the behavior was found to be sub-
linear. The difference may be due to the lower optical intensities used in these studies, as
well as the properties of the materials.

Indeed, as discussed above, the sensitivity of a photoconductive device is usually
determined by a combination of carrier excitation, separation, recombination, and
diffusion. Despite all of these processes, the power dependence of the photocurrent is

usually simple: it is linear at small power with a cross-over to sub-linear behavior at
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larger powers. Superlinear photocurrents are relatively rare (see for example Refs [17-
20]), and few theoretical models exist that predict superlinear behavior even in bulk
materials [21-23]. All of these theories require the presence of recombination centers of
different energies and capture cross-sections. A simplified description of the process
involves initially empty and filled intragap states close to the conduction band and
valence band, respectively. At increased laser intensity, the occupancy of these centers
changes due to shifts in the quasi-Fermi-levels, resulting in an increased carrier lifetime.
In our system, the potential origins of the intragap states include different defect types in
CVD-grown TMDCs as shown by recent experimental and theoretical analysis[24,25],
edges in CVD-grown TMDC islands, which give rise to a metallic (potentially magnetic)
edge state that has been discussed in the context of chemical catalysis[24-27], or
interactions with the substrate, which are known to affect the photoluminescence yield
and, thus the exciton dynamics[1, 2].

To illustrate the emergence of superlinear photocurrent, we implemented a model
based, for reason of simplicity, on the presence of three types of recombination centers,
as illustrated in Fig. 19a. This is the simplest model that shows superlinear behavior
without invoking divalent centers. We are not implying that all alloys measured here have
this particular number and energy-distribution of centers; superlinear behavior can also

arise for more general distributions of slow and fast centers, including continuous

distributions[23]. In our model, centers of type 1 (density N, ) are located near the

valence band and have a large hole capture cross-section (0;,), but a small electron
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capture cross-section (0;,) . Centers of type 2 and 3 are considered to have high capture

cross-sections for both holes and electrons, and are located near midgap and near the
conduction band, respectively. In the dark, the Fermi level is located above centers 1 and
2, but below centers 3 (this is consistent with the low conductivity observed in our

devices in the dark). During illumination, the free hole and electron concentrations
increase, and their respective quasi Fermi levels (E7 and E;.) move closer to the valence

and conduction band edges. At high enough intensity, the initially empty centers 3
become partially filled and the recombination rate drops rapidly, signaling the onset of
superlinearity.

The above model was implemented numerically by solving coupled rate equations
for the occupancy of the three types of centers as a function of light intensity, including
optical and thermal generation, as well as recombination. The model is presented in detail
in the Supporting Information. Figure 6b shows the calculated photocurrent as a function

of light intensity for the case N, =N,=N andN,/N =0.01, assuming

0,, =0,, =0,, =0;, =0,, =0 and varying the ratio 0,,/0. When the capture cross-

section for centers 1, 2, and 3 are equal, the photocurrent depends linearly on the light
intensity; however, as the capture cross-section for electrons in center 1 decreases, a
superlinear behavior emerges, which can become quite pronounced. Figures 19¢,d show
the calculated occupancy of the three centers and the recombination rate as a function of
light intensity. For low intensity, centers 3 are mostly empty, while centers 1 and 2 are

mostly occupied, and the recombination rate is dominated by centers 3 (barely visible in
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Fig. 19d, note linear scale). As the light intensity increases, the occupancy of centers 3
increases, while centers 2 become partially empty, and the recombination traffic is mostly
through centers 2. In this region the photocurrent is linear with light intensity. Upon
further increase in intensity, the density of empty centers 1 is comparable to those in
centers 2 and 3, and the recombination rate drops rapidly with intensity, leading to
superlinear photocurrent.

In summary, we report on the optoelectronic characteristics of CVD-grown
monolayer alloys that span the composition range from MoS, to MoSe,. Our
measurements show significant decrease of the photocurrent at fixed wavelength for Se-
rich alloys compared to S-rich ones along with decreased diffusion length of
photogenerated carriers. We find a photoconductive response that is characterized by an
unusual superlinear dependence of the photocurrent on the illumination intensity. In
combination with recent reports of high mobility[28] and high sensitivity of MoS,[8], it
may suggest potential for optoelectronic application of the films under investigation.
Importantly, our results indicate the presence of uncommon non-equilibrium
photophysics in these systems, opening a number of intriguing questions regarding the

nature and control of such phenomena.
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Figure 14. (a-c) Photocurrent images tor a single-layer MoS, (Se, , (E,=1.80 eV) device
at(a) Vu=0V,(b) V,=-1V,and (c) Vi, = +1 V. The bottom insets in (a,e) are optical
images of the devices, and the top ones are the reflection images. The dotted green lines
denote the outline of the TMD island in each plot. The black outlines are the electrode
edges extracted from the reflection images. (e-g) Photocurrent images for a MoS, ,Se, ¢

device (E,=1.62 eV). (d,h) Photocurrent line profiles extracted from the photocurrent
images. Drain and source electrodes are labeled “D” and “S” respectively. In all panels a
red laser is used with a power of 1310 uW, and the voltage is applied to the drain
electrode on the left hand side.

42



40— Channel Length
< ——0.5um
504 £ —— 1um
— g 10 ——2um
E4O _ § 1 ——>5um
00101 1 10
© 30 Time (min
g (min)
3 20+
O
(b) 104
P=1310 uW
O T T T T T T T T M T
0 10 20 30 40 50 60 -2 0 2
Time (min)
b) 14 - ;a (’ A «MoSe2
s < [
C g 06 }\
(O] 2 04 |
= 22 |
S5 0.1+ s v | g
% 51 52 188 189 19.0
) Time (s)
N 0.01
©
E — Mos, ]
—
o —MoS, ,Se,, 0.01+
1E-3 _ 3
< MoSe, Se-rich \
1E-39 p=1310.w L,=0.45um h
0 50 100 150 200 250 300 o 1 2 3 4 5
Time (s) Channel Length (um)

Figure 15. (a) Time-dependence of photocurrent for a MoS, device as a laser focused
near the drain electrode is turned on and off. The inset shows a fit of the photocurrent
decay to a stretched exponential. (b) Comparison of time-dependent response of MoS,,
MoS, ,Se, ;s and MoSe, devices; the inset highlights the fast photocurrent current decrease
for a MoSe, device, which reflects the limit of our electronics. (c) Current-voltage
characteristics under illumination (A=633 nm) for MoS, (Se, , and MoS, ,Se, , (inset) alloy
devices of different channel lengths. (d) Dependence of the photocurrent on channel
length at 1310uW excitation power.
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Figure 16. Current-voltage characteristics at different laser powers (A=633 nm) for five
devices ranging in composition from (a) MoS, (E,=1.85 eV) to (¢) MoSe, (E,=1.55 eV).
Laser power labeling is the same for all panels, and all devices have a channel length of 1
um. The laser position was optimized to give the largest photoresponse at 2V, and kept at
that same position as I-V curves were acquired.
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Figure 17. (a) Dark current-voltage characteristics for a 1 micron channel MoS, device
as a function of temperature. (b) Infrared camera image of a single-layer MoS, film on
Si/Si0, illuminated by a focused red laser at a power of 0.31 W. (c¢) Profiles of
temperature rise extracted from images similar to (b) during laser illumination at different
powers. Inset shows the maximum temperature rise as a function of laser power.
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Figure 18. Photocurrent measured at a source-drain bias of 2 V as a function of laser
power for single-layer MoS, (E,=1.85 eV), MoS, ,Se,, (E;=1.74 ¢V), and MoSe,
(E;=1.55 eV). The superlinear behavior is observed across compositions. The insets show
log-log plots of the photocurrent as a function of laser power. The solid and dashed lines
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Figure 19. Model to explain the origin of superlinear photocurrent. (a) [llustration of the
three different types of recombination centers and their capture cross-sections, as well as
the location of the Fermi level in the dark and the quasi Fermi levels under low- and
high-intensity illumination. (b) Calculated photocurrent as a function of light intensity for
three different values of the ratio of capture cross-sections for centers 1 and 3. (c)
Fraction of empty centers as a function of light intensity. (d) Recombination rate as a
function of light intensity.
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Chapter 4

Toward Ferroelectric Control of Monolayer MoS,

The following is taken from an article published in Nano Letters [REF] and is presented
here with kind permission of Nano Letters (NANO LETT) and American Chemical
Society Publications (ACS). This collaborative work was performed by me and the
following students and collaborators.

Ariana Nguyen', Pankaj Sharma®, Thomas Scott’, Edwin Preciado', Velveth Klee',

Dezheng Sun’, I-Hsi (Daniel) Lu', David Barroso', SukHyun Kim’, Vladimir Ya. Shur?,
Andrey R. Akhmatkhanov*, Alexei Gruverman®, Ludwig Bartels' and Peter A. Dowben’

'Chemistry and Materials Science & Engineering Program, University of California,
Riverside, CA 92521, USA

*Department of Physics and Astronomy, Theodore Jorgensen Hall, 855 North 16th Street,
University of Nebraska-Lincoln, Lincoln, NE 68588-0299, USA

3Columbia University, 3000 Broadway, New York, NY 10027-6941, USA

*Institute of Natural Sciences, Ural Federal University, Ekaterinburg, 620000, Russia

Introduction

Transition metal dichalcogenides MX, (with M = Mo, W and X = S, Se, Te)
monolayers have been fabricated into nanoscale transistors [1-8] that by electrostatic
gating achieve high on-off ratios not shared by the gapless semiconductor graphene.
Ferroelectric gating, similar to what has been reported in graphene-based [9-12] and
MoS, based [13] field effect transistors on various ferroelectrics, are a potential route
towards low power, nonvolatile two-dimensional (2D) metal dichalcogenide conduction

channel transistors. For the development of such a nonvolatile ferroelectric gated
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transistor to have true impact, the fabrication should be scalable — this means fabrication
not by transfer of the 2D film, but rather by growth “in place” that translate to large-scale
manufacturing. One such approach is chemical vapor deposition (CVD) of the 2D
conduction channel material directly onto the ferroelectric, but the growth must preserve
ferroelectricity and the ability to retain a dipole as well as an interface charge. These are
not small challenges as under ambient conditions surface dipoles/interface charges are
typically compensated by accumulation of ionic/dipolar species or through redistribution
of mobile carriers in the bulk [14]. This screening significantly affects the surface charge

distribution/potential and additionally can result in band bending [15].

Materials and Methods

Here, we demonstrate the growth of high-quality single-layer MoS, films directly
onto periodically poled LiNbO,; (PPLN) substrates. We find a significant effect of the
ferroelectric polarization on the growth and transport properties of the MoS, films. The
choice of lithium niobate (LiNbO,) as a ferroelectric substrate for this study was
motivated by the fact that lithium niobate exhibits a ferroelectric transition temperature
well above 1000° C, thus preserving the ferroelectric domain structure during the
deposition of the MoS, film at a temperature of ~ 700° C [16]. Our lithium niobate
substrates were cut perpendicular to the ¢ (polar) axis resulting in a surface of hexagonal

symmetry and perpendicular polarization domains.

52



Chemical vapor deposition (CVD) growth of single-layer MoS, [17-21] has been
demonstrated on SiO, and a few other substrates. The resultant films exhibit optical and
transport properties that rival those of mechanically exfoliated films. Single-layer MoS,,
exfoliated or grown on Si0,/Si, typically shows characteristic n-doped transport [5,6,22-
23]. In most cases, an inversion of the MoS, transport properties to p-type behavior, say
through application of a sufficiently strong electrical field, has not been shown feasible
except by the use of special materials such as ionic liquids [2,24]. MoS, on lithium
niobate appears to be different.

Complete fabrication and characterization details are given in the SI. Briefly, as
substrates we used 5 x 5 x 0.5 mm’ plane-parallel plates of lithium niobate of congruent
composition, with a periodic domain pattern (period of 12~16 um) made by several
approaches. The periodic domain pattern was, in the majority of the samples, prepared by
10 kV voltage application to 3-inch LiNbO, wafer (0.5 mm thick) using liquid electrodes
of saturated aqueous LiCl [25,26]. The c+ polar (Z+) surface was covered by a
lithographic photoresist pattern whereas the c- polar (Z-) surface was contacted by a
continuous liquid electrode, and the photoresist pattern was removed after the poling
process by dimethyl sulfoxide and oxygen-plasma dry etching, leaving behind a bare
ferroelectric surface. As a result, the lithium niobate substrates exhibit periodic domain
stripes of antiparallel 180° ferroelectric domains with spontaneous polarization, oriented
either upward or downward along the surface normal. The characteristic dimensions of
the domain patterns were measured in ambient environment by means of piezoresponse

force microscopy (PFM) [27-31]. The various approaches to the fabrication of the
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periodic domain pattern were seen to affect the surface morphology, but without any
other significant difference in the results reported here. For the transport measurements,
we deposited Ti/Au electrical contacts for transport measurements on the MoS; single-
layer film using electron-beam lithography and a MMA/PMMA stack as a resist. Our
process is optimized to be benign to the MoS, overlayer, as validated by the absence of
significant degradation of the photoluminescence yield.

MoS,(0001) monolayer thin film growth, on the periodically poled lithium
niobate, proceeded as described in Ref. [21]. We used alumina boats containing
elemental sulfur and MoO, powder as sources of sulfur and molybdenum, respectively.
The boats were placed at different positions in a quartz process tube and inserted into a
tube furnace. The comparatively small substrate was supported by means of a
molybdenum mesh on the edge of the MoOs-containing alumina boat. The sulfur vapor
from the upstream sulfur boat passed over the sample, aided by an N, carrier gas. Heating
of the furnace to 650-700° C at the MoO; boat position and slow cool-down yielded films
with a range of MoS, coverages from single-layer films to isolated MoS, islands,
depending on the growth temperature and duration. The growth MoS, overlayers, up to
single-layer films under our conditions, was seen to preserve the ferroelectric domain

pattern of LiNbO; substrate.
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Results

We found enhanced MoS, growth on the domains with polarization oriented “up”
compared to domains with polarization oriented “down”. At low coverages of MoS,
deposition, we find the majority of the resultant MoS, islands on up-domains of the
periodically poled LiNbO, substrate. More deposition led to the formation of a
continuous MoS, film on both up- and down-domains. Under some intermediate
deposition conditions, we observed an almost continuous film on the up-domains and
practically no film growth on the down domains, as illustrated in Figure 1 (up-domains).
Figure 20a shows an optical micrograph of an area where the MoS, single-layer film
(directly visible as brighter areas) follows the periodic polarization domain pattern of the
LiNbO; substrate (indicated at the bottom of Figure 20a): areas with the substrate dipole
moment pointing up out of the surface (up-domains) exhibit MoS, growth, while areas
with down polarization (down-domains) support less or no growth.

The preferential growth of MoS, on the up-domains and absence on the down-
domains is validated by mapping of the photoluminescence (PL) intensity of the A
exciton at 1.86 eV photon energy (Figure 20b). The photoluminescence spectra obtained
at 100 K on the MoS, areas (Figure 20c) show the well known A and B exciton peaks,
confirming the growth of quality MoS,(0001) single-layer materials on this substrate.
Because MoS, is a direct bandgap semiconductor exclusively at the single-layer limit

[32-34], the presence of bilayer or thicker films would result in a significantly reduced
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and spectrally shifted photoluminescence signal [34]. The strong overlap between MoS,
and LiNbO; vibrational modes makes Raman spectroscopy less useful.

While not previously reported for any 2D material, the preferential growth of
MoS, on ferroelectric domains of a particular polarization has considerable precedence.
Enhanced adsorption on one polarization domain of a ferroelectric over the opposite
polarization has been reported previously [31,35-43] for small molecules, viruses, and
metals. The electrically switchable properties of the ferroelectrics can be used to tailor
surface reactivity, yet the physico-chemical mechanism of preferred adsorption on one
polar surface is not conclusively understood. Inspection of the details of the surface
composition of LiNbO; as a function of temperature [44] indicates that the surface
stoichiometry and arrangement of this material differs with polarization under our growth
conditions/temperature. At elevated temperatures, as during MoS, CVD growth, far
greater evaporation of Li and especially oxygen has been observed from the up-domains
than from the down-domains [44], and thus should facilitate reduction of any ambient
compensating charges. This could enhance the existence of free Nb or lithium frontier
orbitals and an oxygen poor surface terminal layer for the up-domain compared to a
down-domain [45,46]. In the computational studies of poled LiNbO, surfaces by both
Levchenko and Rappe [45] and Sanna et al. [46] the up-domains exhibit less oxygen
atoms at the terminal surface layer compared to the down-domain surface thereby
facilitating the adsorption/anchoring and reduction of MoO; during CVD growth.
Preferential growth, on one domain over the other, is be mediated by surface chemistry,

as has been speculated upon elsewhere [41]. In the case of the preferred MoS, growth on
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the up-domain surface, this is likely facilitated by the adsorption/anchoring and reduction
of attachment of MoQO,_,, thereby seeding MoS, and leading to preferential growth on this
domain. Such terminal layer site occupation [45,46] occurs in spite of the overall oxygen
and lithium rich surface region of the up-domains compared to the negative or down-
domain ferroelectric surface, as noted in both experiment [44] and the theory of
Levchenko and Rappe [45] and Sanna et al. [46]. We caution that the surfaces of
ferroelectrics are complicated and a detailed analysis of the surface composition, under
MoS, growth conditions, is experimentally well beyond the scope of this study.

We utilized piezoresponse force microscopy [27-31] to image ferroelectric
domains on LiNbOj; substrates, as seen in Figure 21 and the SI. This method exploits as
contrast mechanism the fact that ferroelectric behavior implies piezoelectricity.
Consequently, mapping the piezoelectric response of a material provides a direct image
of its ferroelectric domain structure. We find that MoS, monolayers preserve the surface
dipoles, as seen in Figure 21. Piezoresponse force microscopy (PFM) and Kelvin probe
force microscopy (KPFM) were conducted on a sample exhibiting isolated MoS; islands,
i.e. a reduced CVD coverage compared to that of Figure 20, with growth on the up- and,
to a lesser degree on the down-domains. At such MoS, coverages, we observe that the
MoS; islands on the up-domain frequently touch the substrate domain boundary but
generally do not span across the ferroelectric domain boundary into the adjacent
ferroelectric polarization domains. The PFM phase image (Figure 21b) indicates the
perodic ferroelectric domain stripes (here, darker contrast corresponds to up-domains and

brighter contrast indicates down-domains). The PFM amplitude image (Figure 21a) of the
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same area shows MoS; islands on ferroelectric up-domains as bright features meaning
that the absolute value of the electric field, which generates the PFM signal at the
MoS,/LiNbO; interface, is greater here than elsewhere. While ambient conditions
generally lead to a suppression of the surface polarization charge, this effect is mitigated
where the MoS; islands cover the up-domains, similar to prior experiments on graphene
[9,10]. In contrast, the PFM amplitude is reduced over the MoS, islands on the down-
domains. We can reconcile these two findings by invoking a chemically-induced charge
transfer from MoS, to the LiNbO; substrate whose direction (but not magnitude) is
irrespective of the substrate polarization, i.e. MoS, donates electron charge to both the
oxygen rich up domain surface and the down domain surface.

Corroborating evidence of the induced MoS,/LiNbO; charge transfer and ensuing
dipole interactions originates from Kelvin probe force microscopy (KPFM) data (Figure
2c,d) [47]. The KPFM image of Figure 21c shows two adjacent opposite (180°)
ferroelectric polarization domains, with the ferroelectric domain boundary running almost
vertically through the image. In each domain, isolated MoS; islands appear as reduction
of the surface potential (i.e. increase of the work function) irrespective of the surface
polarization direction. The cross-sectional profile of the relative surface potential, shown
in Figure 21d, reveals a reduction by ~50 mV over the MoS; islands. This local reduction
in surface potential is consistent with the direction of a surface dipole that originates from
electron transfer from the MoS; islands to the substrate, as suggested by the PFM results

of Figure 21a,b.
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We note that the chemically induced dipole of the MoS; on LiNbO; (independent
of polarization direction) indicates sizeable interaction across the interface. Yet the
remnant surface polarization under the MoS, film offers the possibility for affecting the
overlayer transport properties through substrate polarization.

We performed electrical transport measurements (Figure 22) on up-domains
(positive boundary charge) and down-domains (negative boundary charge). To this end,
we fabricated Ti/Au contacts onto a continuous MoS, film spanning both substrate
polarities. The transport was measured for a channel length between the contacts of 1 um
aligned with the domain stripes (vertical in Figure 22b). The photoluminescence spectra
of Figure 20d were obtained on these ferroelectric domain stripes prior to contact
fabrication, with the red/blue spectrum corresponding to the electrode pair marked in the
same color in Figure 22b.

The current-voltage-measurements were conducted over a source-drain bias (V)
range of +1 V resulting in currents (Iyq) in the sub-nanoampere range consistent with
typical measurements of MoS; in the dark and in the absence of means for alleviating the
impact of Schottky barriers [17]. We applied an additional voltage (Vyo1) of up to £200 V
by means of placing the LiNbO; substrate on top of a biased metal plate. This is far less
than the coercive voltage of the ferroelectric domains, so no domain reversal occurred
and no hysteresis was observed. Figure 22a shows the source-drain currents, Iy, for the
MoS, on both up- and down-domains (measured at Vis= -1 V) as a function of V. The
displayed currents, Iy, were corrected for leakage caused by the finite resistance of our

substrate. The supporting information shows the raw data.
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The remanent surface polarization of the ferroelectric LiNbO; substrate, under the
continuous MoS; film, offers opportunities for affecting the transport properties of the
overlayer. Application of a negative V,,, along the polarization axis, causes the LiNbO;
substrate to accumulate positive charge at its bottom surface and a negative interface
charge at the top surface where the MoS; film resides (schematic diagrams at the top of
Figure 22). For an up-domain, this reduces the positive boundary charge and, thus,
reduces electron transfer from the MoS, to the substrate. On a down-domain, the applied
negative Vo amplifies the negative boundary charge present from the ferroelectric
polarization. This attenuates the electron transfer out of the MoS, film, indicated by the
KPFM measurements. For either substrate polarization domain, i.e. either ferroelectric
domain orientation, the application of a negative V, voltage increases the electron
density remaining in the MoS, and, hence, is likely to enhance the intrinsic n-doped
character. This differs significantly from capacitive gating of a device, while capacitive
effects on the channel are minimized by the thickness of the substrate compared to the
channel length.

The results of Figure 22 reflect the native n-type character of single-layer MoS,.
With increasing magnitude of negative V,, we observe higher currents, I, which is
attributed to enhanced n-type carrier concentrations in the MoS, single-layer conduction
channel (left side of Figure 22a). The result is that higher overall conductivities are
reached on the down-domain (blue), where a negative boundary charge supports higher
electron density in the MoS, film in the first place. In contrast, on an up-domain, the

positive substrate boundary charge counters the effect of the applied V,, voltage and
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reduces overall electron density in the MoS; film, similar to transistors fabricated with an
organic semiconductor on a ferroelectric [48].

More interesting is the application of positive Vo (right side of Figure 22a),
which leads to an increase in positive charge at the top ferroelectric surface, and in turn
amplifies the electron transfer from the MoS; film to the LiNbOj;, induced by the
MoS,/LiNbOj interaction. As the MoS, appears intrinsically n-doped, this reduces the
number of its n-type carriers and, hence, reduces the source-drain current Iy. For the case
of a down-domain, a positive V,, is partially compensated by the domain polarization.
Consequently, we find that positive Vo has little effect on the electrical transport of
MoS, on the down-domain. However, transport between the electrode pair on the up-
domain (red) goes through a minimum as V,, reaches ~80 V and steeply increases for
higher V,,. This reflects inversion of the transport character of the MoS, film from n-
type to p-type caused by the combination of polarization-independent electron transfer
from MoS; to LiNbO; and the surface charge at the LiNbO; positive domain interface,
which is amplified by application of V1.

The change of the MoS, film conductivity by means of substrate polarization and
applied voltage is readily reversible and we observed differences in Iyq for up- and down-
domains by a factor of >2 for a range of static gate voltages. The 2 ym width contacts,
aligned with the domain stripes, are sufficiently narrow to restrict MoS, transport to
material on only one polarization domain, as validated by measurements of the

conductance (diagonally) between electrodes on the up- and down-domains.
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While for technological application a substantial (i.e., larger than x2) difference
between the transport over up- and down-domains in the absence of an applied voltage is
desirable, we wish to point out that in a future nonvolatile transistor based on reversible
ferroelectric polarization of the substrate under the MoS, channel, the ferroelectric
interaction and not the applied “gate” voltages Vi takes the role of the gate. Moreover,
variation of the composition of the transition metal dichalcogenide and the ferroelectric
substrate may lead to a material combination that requires a Vo only for changing the
polarization of the ferroelectric material (write operation) but not for transistor
conductance (read operation). Nonvolatile gating by reversible ferroelectric polarization
has been observed for p-type organic semiconductors on ferroelectrics [48-54]; and MoS,
top gated by the organic ferroelectric polyvinylidene fluoride with trifluoroethylene
(PVDF-TrFE) [13]. The combination of a ferroelectric gate with a suitable metal
dichalcogenides could lead to nonvolatile transistors with appreciably higher mobilities;
mobilities as high as 220 cm*/(V-s), with on/off ratios of up to 10° were shown by Lee

and coworkers for exfoliated MoS; [13].

Our transfer-free approach to ferroelectric gated MoS, transistors utilizes
exclusively scalable processing techniques and, hence, has the potential serve as the
foundation for large scale device development. In this context we note, that while the
coercive voltage in this study is high, much smaller ones are obtained for thin film
ferroelectrics [13,48,55]. Also submicron ferroelectric domains in LiNbOj; are known
[27-29], so that much smaller ferroelectric domain pattering of MoS; device structures

are certainly within the realms of the possible. We hope that our observations will spark
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consideration of transition metal dichalcogenide films on switchable ferroelectric

substrate as active elements in future nonvolatile microelectronic architectures.
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Figures
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Figure 20. a) The optical micrograph shows preferential growth of single-layer MoS, on
LiNbO; domains with a dipole moment pointing up out of the surface, as illustrated in the
bottom; (b) spatial mapping of the photoluminescence (PL) intensity (red) of a portion of
panel a (same length scale) on the left and (c) spectroscopy validates the single-layer
character and quality of the MoS, single layer film. When a continuous MoS, film is
grown on both ferroelectric domains, only a small difference of the PL yield results (d).
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Figure 21. The PFM amplitude (a) and phase (b) images of the same area of the PPLN
substrate covered with isolated single-layer MoS, islands. Bright and dark contrast in (b)
indicates down- and up-domains, respectively. In (a), the MoS, islands enhance the
amplitude of the piezoresponse signal on the up-domains but suppress the force on the
down-domains. (c) Kelvin probe force microscopy (KPFM) reveals a change in surface
potential, by about 48-52 mV, at the location of single-layer MoS, islands (dark spots)
irrespective of the substrate polarization. The dashed line indicates a ferroelectric domain
boundary. d) The cross-sectional profile taken along the red line in (c) indicates a change
in surface potential across a MoS, island.
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Figure 22. (a) Dependence of the corrected source-drain current I ; on an additional
voltage V, applied to the bottom of the ferroelectric substrate. The red and blue traces
correspond to measurement across the 1 pm gaps indicated in panel (b). The approximate
location of the domain boundaries are denoted by blue lines. While the left (red) device
shows moderate response to negative applied voltage (corresponding to extrinsic n-
doping), it can be inverted for positive V ; (extrinsic hole doping) at ~80 V; in contrast
the right (blue) device shows higher current under negative V , but cannot be inverted
effectively below V ,; =200 V. The dashed lines are meant to guide the eye. The
diagrams schematically illustrate the effect of the applied V ,, voltage to the bottom of the
ferroelectric LiNbO; substrate: the left (up) polarization domain corresponds to the left
(red) device and vice versa.
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Chapter 5
Synthesis and Characterization of Mono and Few Layer MoTe, in the

2H, 1T’ and 1T Phase

The following is taken from a manuscript to be submitted for publication. This
collaborative work was performed by me and the following students and collaborators.
Thomas A. Empante, Yao ZhouT, Velveth Klee, Ariana Nguyen, [-His Lu, Edwin
Preciado, Michael Valentin, Ariana Naghibi Alvillar, Adam Berges, Miguel Isarraraz,
Evan Reed’, and Ludwig Bartels

Department of Chemistry and Material Science and Engineering Program, University of

California — Riverside, Riverside, CA 92521 USA

TDepartment of Materials Science, Stanford University, Palo Alto, CA USA

Introduction

Transition metal dichalcogenides, TMDs, are of ongoing interest in the material
science community because they offer a rich spectrum of physical properties in a well-
defined material class. Prepared in the 2H phase with trigonal prismatic symmetry[1]
around the Mo-cores, these molybdenum-based TMDs change from an indirect to a direct
band gap semiconductor when thinned to the monolayer[2]. The latter lacks inversion
symmetry giving rise to spin splitting at the K-point of the Brillouin zone.[3] A number
of reports have shown that MoS, and MoTe, can also be prepared in the 1T phase, in
which one chalcogenide layer is offset with regards to the other so as to form an

octahedral arrangement around the Mo-cores (1T-phase) and followed by a ,, 1
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reconstruction (1T’-phase). Like the 2H-phase, the 1T’ phase lacks inversion symmetry
and offers spin splitting, but - in contrast to the 2H-phase — it is metallic. There are
numerous computational reports about the 1T phase of Mo-based TMDs yet experimental
preparation of few-layer material has been elusive. Computational work predicts a
metallic behavior of 1T:MoTe, but no spin-splitting because of the presence of an
inversion center in the lattice.[4] Here we report on growth parameters that allow the
preparation of all three phases of MoTe, and validation of their properties using a number
of experimental and computational techniques.

Molybdenum-based TMDs consist of a hexagonal transitional metal layer
sandwiched between two chalcogen layers (Fig. 23).[5] In the 2H phase, the chalcogen
layers are in registry with the same hollow sites of the transition metal layer, whereas in
the 1T phase the top and bottom chalcogen layer are in registry with different metal
hollow sites.[6][7] 2H MoTe, is especially interesting as its band gap is in the near
infrared just below that of silicon suggesting a range of Si-based photonic
applications.[8][9][10] The ability to switch MoTe, between semiconducting and metallic
properties suggests exploitation as a phase change material.[11][12] Yet while MoS, and,
to a lesser degree, MoSe, and their MoS,,, Se,, alloys have been investigated intensively,
MoTe, has found significant but less prolific experimental exploration largely because of
its limited stability in air. From the perspective of a field of researchers accustomed to
procedures developed for graphene, this is a severe shortcoming, yet it ought to be
mentioned that the surface of MoTe, is no less oxidation resistant than that of bare

silicon, the premier industrial semiconductor.[13] A number of schemes for the
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passivation of MoTe, surfaces have been proposed. In this work we cover our films either
with a layer of PMMA or by repeated deposition of approx. 1nm of aluminum followed
by brief oxidation in air.

The overwhelming majority (but not all) prior publications on MoTe, have used
exfoliated films often utilizing crystals grown by chemical vapor transport. Such films
can be of very high quality and they lend themselves to a wide range of exploratory
research, yet this procedure lacks a direct pathway to technological realization and
produces films exclusively in the phase adopted by the original crystal.[14] A number of
methods for post-exfoliation phase change have been described utilizing chemical and
physical treatment of the film.[15] In this manuscript we utilize chemical vapor
deposition, CVD, for the preparation of few-layer MoTe, films; CVD is a process well-
established in semiconductor processing, compatible with current tool sets and eminently
scalable. This offers a broad range of potential advantages toward future use of such

films, especially if it is combined with spatial control over film growth.

Materials and Methods

CVD growth proceeds in a 12” long Lindberg clam shell type tube furnace with a
tube diameter of 1 inch. The precursors used are molybdenum (VI) trioxide, MoO;, and
elemental tellurium powder (both from Aldrich) which are placed in 30mm x 8mm x
7mm alumina boats (from Coorstek) We utilize silicon wafer pieces as substrate and

have obtained success not only on our standard substrates covered with 300 nm silicon
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dioxide but also on bare silicon, lithium niobate, quartz, and sapphire substrates. The
substrate is placed on the alumina boat carrying the MoO; powder. The boat containing
the molybdenum oxide and the substrate is placed at the center of the furnace and the
boat containing tellurium is placed 3.5” upstream of the flow from the center so that at
the maximum process temperature the tellurium boat does not reach more than about
450°C. Prior to growth, the tube is purged with argon gas at 0.5 SCFH for 10 minutes;
subsequently the flow is reduced to 0.01 SCFH until the end of the ramp up. The
temperature ramp-up proceeds in two stages of 20 min each with the first stage raising
the temperature from ambient to 500°C at a flow rate of 0.1 SCFH argon gas. The second
stage raises the temperature to 650°C for MoTe, in the 2H phase and 680°C for targeting
MoTe, in the 1T or 1T’ phases. During a subsequent hold stage the temperature is
maintained for 15 minutes while introducing hydrogen gas, H,, at 0.05 SCFH and Ar at
0.05 SCFH.

Cooling of the CVD furnace proceeds in three steps: initially the furnace
temperature is ramped down to 600°C in 10 minutes from the max temperature with
equal flow rates of 0.05 SCFH H,, CO,, and Ar for a total flow rate of 1.5 SCFH. The
second step ramps the furnace down from 600°C to 500°C in 20 min with a flow rate of
0.1 SCFH Ar. After the end of the second step the furnace power is turned off and the
clam shell is allowed to cool naturally. The 2H phase is attained by leaving the clam shell
closed until the furnace is under 100°C. The 1T phase is attained by cooling to 350°C

before the clam shell is opened. Finally, the 1T phase results if the clam shell is already
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opened at 450°C. As soon as we open the clam shell the process tube is directly cooled
by a fan at 250 SCFH flow rate.

Sample characterization utilizes a Horiba LabRam system with a 532nm laser for
imaging and Raman spectroscopy, atomic force microscope (AFM) and probe station
housed in a glove box utilizing a Keithley 2400 source meter and an SRS lock-in

amplifier for DC and AC measurements, respectively.

Results

Fig. 24 shows Raman spectra and optical micrographs on the MoTe, films
observed. We find the growth of MoTe, to nucleate in a circular fashion forming thick
MoTe, film at the center that extends toward the periphery in a film of uniform few-layer
thickness. The MoTe, film does not adopt straight edges, so that the edge shape does not
indicate crystallographic quality or orientation. We attribute the absence of observable
well-defined edges to the reorganization/mass transfer in the course of the phase
transitions that the film undergoes during cooling. We expect the material to have a
multitude of internal grain-boundaries/defects. Larger and well defined crystallite
structures, as we produce molybdenum and tungsten disulfides and diselenides would be
desirable, yet ongoing optimization of the growth process appears to be inherently limited
by competition with phase relaxation toward 2H. The supporting information shows

atomic force measurements of the layer thickness of our MoTe, samples.
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Raman spectroscopy is used to identify and characterize the MoTe, phases.
Samples not quenched during the growth process exhibit Raman peaks at 171cm™ and
233cm’, as shown in panel a. These features agree well with peaks predicted from DFT
calculations at 170cm™ and 230cm™, at a deviation of 0.59% and 1.30%, respectively.
Our values also agree well with results on exfoliated and CVD-grown 2H:MoTe,.

Quenching at approx. 350C leads to a MoTe, film (panel b) that exhibits a number
of Raman features that are typically associated with the 1T” phase of MoTe,. Because of
the expanded supercell and lower symmetry of this structure, the set of phonons is wider.
In particular, we observe pronounced features at 80cm™', 85cm™, 102cm™, 112cm’™,
126cm™, and 162cm™ wavenumbers. These match our DFT predictions within an error of
1.25%,4.49%,2.00%,0.90%, 1.61%, and 3.18%, respectively. The Raman modes
observed in these films also correspond well to literature values on exfoliated and CVD
films.

Quenching the film growth at 450C, we observe a Raman spectrum that is clearly
distinct from the 1T’ phase (panel c). It is significantly simpler consisting of two
prominent modes only. Comparison to our computational work reveals good agreement
of the two experimental Raman modes at 155cm™ and 242cm™ with the Raman modes of
1T:MoTe,, which we predict at 159cm™ and 240 cm™ respectively. Based on this finding,
we assign this phase to be 1T:MoTe,. We are not aware of prior experimental observation
of this phase.

Figure 25 compares the band structure of the three phases of MoTe,: while

2H:MoTe, is a semiconductor, 1T and also 1T are metallic phases. Notably, the 1T
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phase has hexagonal symmetry; the presence of an inversion center prevents spin-
splitting (in contrast to the 2H and 1T’ phases).

We validate the assignment of the 1T phase by electrical transport measurements
on all three phases. For contacts we utilize Ti/Au stacks fabricated using electron-beam
lithography. Fig. 26 shows the results obtained for channel lengths of 0.5 microns. While
2H:MoTe, exhibits the properties of a semiconducting film including comparatively low
conductivity, the 1T and 1T both exhibit metallic behavior and very good conductivity.

The phases stability and transition temperatures''® for each of the phases was
calculated using DFT PBE. The 2H and 1T’ phases utilized a primative hexagonal cell,
whereass the 1T phases has a primative rectagular cell.

Fig. 25 shows the phase stability of the 2H, 1T’, and 1T and the transition
temperatures associated with the highest stability of each phase.

Post CVD and Raman characterization of the films, devices with scandium gold
electrodes were fabricated using electron beam lithography. We report two-terminal
electronic transport measurements for the three phases of MoTe, (2H, 1T, and 1T’). The
measurements were performed at room temperature using a Keithley 2400. I-V
characteristics indicate that the 1T phase is most conductive, followed by 1T and then

2H.
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Figures
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Figure 23. Overview of Preparative Technique: CVD growth of few-layer MoTe,
proceeds in a tube furnace. The temperature at which the growth is quenched determines
the resultant MoTe, phase.
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Figure 24. Shows comparison of the calculated (red) and experimental (black) Raman
spectra for each phase of MoTe, a) 2H film, b) 1T island, and ¢) 1T island.
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Figure 25. Shows the phase stability of the 2H, 1T’, and 1T and the transition
temperatures associated with the highest stability of each phase.
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Figure 26. Shows the electronic transport of the 2H (blue), 1T’ (black), and 1T (green)
phases of MoTe,. The inset shows the lock-in-amplifier data for MoTe, in the 1T (green)
and 1T’ (black).
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