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Chapter 1. Introduction

1. Development and application of traditional 2D material

Two-dimensional (2D) materials have been studied theoretically by researchers for over
150 years [1]. Recently, the scientific community has started to experimentally realize the
actual properties of these materials for advanced applications [2]. In 2004, Geim and
Novoselov successfully isolated a stable single-layer allotrope of carbon: graphene [3]. This
fantastic outcome has motivated many researchers to focus on graphene. They have found that
graphene shows many unique properties, which can be applied to several areas like chemistry,
electronics, optics, and many others [4]-[6]. With successful research results on graphene,
researchers also put eyes on other 2D materials. Beyond graphene, a broad spectrum of 2D
materials possesses various electronic properties ranging from insulators to semiconductors to
metals and even superconductors. One of the most studied traditional 2D material families is
transition metal dichalcogenides (TMDC). TMDC materials have a general structure of MX>
where M is a transition metal from group IV, V, or VI and X is a chalcogen atom, like MoS>
and WSe: [7]. Since TMDC materials contain several elements and layer dependent properties,
TMDC materials can present varied electrical, optical, and chemical properties [8]-[10]. Two
distinctive features of TMDCs are strong excitonic effects and valley/spin-dependent
properties. Some TMDCs, like MoS», possess indirect bandgaps for bulk crystals but become
direct-bandgap semiconductors in their atomic layer form [11]. Moreover, the broken in-plane
inversion symmetry in the monolayer limit often gives rise to valley-dependent optical and

electrical properties [12].



Graphene analogues are another important type of 2D material. These include hexagonal
boron nitride (hBN), black phosphorus (BP), and a recent addition, borophene [13]-[16]. hBN
is an insulator with an ultra-flat surface and highly stable structure. It can be used as a substrate
for other 2D materials due to the reduced coulomb scattering and excellent interface properties
as well as a passivation layer to protect the materials from doping, oxidation, and degradation
[17]. Black phosphorus has much stronger layer-to-layer interaction than layered
semiconducting TMDCs, leading to a stronger thickness dependence of its bandgap, from about
0.33 eV in bulk to 2.0 eV in monolayer [18]. It also exhibits higher carrier mobility than many
semiconducting TMDCs. Thin-film BP has shown strong interaction with light making it
promising for various electronic and photonic applications [19], [20]. Borophene is highly
flexible that can be widely used in fabricating flexible nanodevices. Furthermore, the
anisotropic structure in borophene can result in directional magnetic and electronic properties,
which can be used for multiple applications [21]-[23]. Another prominent category of 2D
materials is transition metal oxides, including titania- and perovskite-oxides. Those oxide

nanosheets have exhibited great potential for new capacitors and energy-storage devices [24].

Compared with traditional 3D materials, 2D materials provide an enormous opportunity
to study light absorption and emission in atomic layers. Also, the strong optoelectronic
properties of many 2D materials can contribute to realizing high-performance devices, such as
light-emitting diodes (LEDs), photodetectors, lasers, and optical cavities as well as others [25],
[26]. The first generation of 2D phototransistors demonstrated photo responsivity on the order

of about 120 mA/W despite being severely limited by contact resistance [27]. This issue was



shown to be resolvable through low contact resistance monolayer WSe; phototransistors, which
exhibited photo responsivity as high as ~1.8 x 10° A/W [28]. Finally, when high mobility
graphene was combined with MoS: in hybrid graphene—-MoS: phototransistor, the photo
responsivity was recorded to be even higher at about 5 x 10® A/W under high room temperature
[29]. Other device architectures also exist involving TMDCs. One of these is WSe> p—n
photodiodes with two local bottom gates having different gate dielectrics. This device has
shown photo detection responses up to 320 mA/W, which is comparable to state-of-the-art
commercial silicon photodetectors. Other examples include solar cells or photodetectors,
where significant absorption of large fractions of light is necessary. This can be a concern for
atomically thick materials. To remedy this, simple architectures such as those based on the
“Salisbury screen” concept have been proposed. These consist of placing the 2D material a
quarter wavelength from a reflecting ground plane. Optical cavities can also support a perfect
absorption even for monolayer thicknesses but only in a narrow wavelength band defined by a
Fabry—Perot resonance [30]. More broadband enhancement of light absorption in ultrathin

films is also possible in plasmonic or dielectric gap-mode architectures [31].

In search of other strong photo detection and multifunctional devices, this work focuses
on more exotic materials, such as alloys and those that possess a CDW phase. CDW is a ground
state with a periodic modulation of charge density associated with a periodic distortion of the
crystal lattice [32], [33]. The transition to the CDW state is usually depicted as the consequence
of Fermi surface nesting with a wave vector Q = 2kr and exhibits an energy gap at the Fermi

energy [34]. For instance, a widely studied CDW material is the quasi-1D material NbSe3



which exhibits two CDW transitions. The first transition forms at Tp1 = 145 K and removes
roughly half the total metallic carrier density with ns= 3.8 x 10?! cm™. The second transition
forms at T, = 59 K, leaving a small part of the Fermi surface with ns= 6 x 10'® cm™ ungapped
so that the low-field conduction remains metallic at low temperatures [33]. Alloys such as
layered Janus MoSSe have recently been synthesized and are under investigation. Janus is a
nano- or micro-sized material with two or more distinct surface properties. One of the S layers
within MoS; is replaced by Se atoms at an appropriate temperature. This is accomplished
mainly through a chemical vapor deposition (CVD) method [35]. The alloyed MoSSe not only
inherits some properties of MoS,, but can create other properties like appealing new
mechanisms for light—electricity conversion [36]. Additionally, the material also possesses
advantages over MoS; in terms of interior electric field and tunable selectivity originating from
the Janus structure [37]. The Se atoms in Janus MoSSe will cause different adsorption
behaviors of gas molecules on both sides of Janus MoSSe, which leads to distinct electronic
properties. These properties raised promising prospects for developing new Janus MoSSe-
based ultrahigh-sensitivity devices [38]. Based on the properties of the components, alloyed
materials could show stronger or unique properties which may help nanodevice engineering.
This work focuses on exploring the optical, electrical, and optoelectronic properties of the

alloyed 2D material TaWSe.



Chapter I1. Background

1. Related works of TaSe:2

TaWSe: is the ternary alloy of TaSe; and WSe». As a newly synthesized material, most
properties are unknown. Since alloys of 2D materials may inherit the properties of their
component [39], we review the properties of TaSe, and WSe: here to anticipate the properties

and motivate the study of TaWSe:.

2H tantalum diselenide (2H-TaSe>) is a TMDC that has shown metallic properties and
promise as a contact material for nanoelectronic devices [40], [41]. 2H-TaSe: is a great choice
as a contact material since it exhibits both strong electron-phonon coupling and spin-orbit
coupling, both of which can play a significant role in charge density wave (CDW) transport
properties [42]. The band structure of 2H-TaSe; shows a narrow band around the Fermi energy
with uniquely structured Fermi surfaces. Furthermore, there is a large gap above and below the
bands around the Fermi energy in the normal metal phase. This is expected to have potential
for strong optical properties [43]. With excellent electrical transport and optical properties
coupled with the possibility of wafer-scale growth [44], 2H-TaSe> can be a potential material

for optoelectronic applications.

Hajiyev et al have reported the successful preparation of single and few-layer 2H-TaSe>
by mechanical exfoliation techniques and shown thickness dependent properties [45]. The
number of layers is confirmed by white light contrast spectroscopy and atomic force
microscopy (AFM) in their work. Vibrational properties of the atomically thin layers of 2H-

TaSe; are characterized by micro-Raman spectroscopy. Their Raman data is shown in Fig. 1.
5



2-phonon

’f’:/\ — Bulk

=1 : —35L

= ’ —4L

5 : -
. —I1L
l',lg

120 150 210,225 240
Raman shift (cm')

Figure. 1 Raman spectra of TaSe; layer samples, ranging from single layer to bulk at room temperature,

reprinted with permissions from [45]. Copyright © 2013, Scientific reports

There are three prominent Raman peaks shown in Fig. 1. These are the A1 peak around
235cm’!, Bz peak around 212cm™, and the 2-phonon mode for TaSe, samples ranging from
single layer to bulk. It can be observed from Fig. 1 that the intensity of the Ei; mode increases
with the decreasing number of layers. The Eig peak of the thicker layers does not appear as
clearly as it does in the thinner layers, this could be caused by (i) the second order Raman peak
intensity grows with the number of layers, which may ““suppress” the very weak Ei, peak; (ii)
the interaction of thicker layers and the substrate could be dramatically weaker compared to
the case for very thin layers, this may further weaken the E1, intensity. Analogous to MoS», A1,
and Exg peaks approach each other as the number of layers decreases [10], [11]. From bulk to
single layer, the Ez, mode presents a blue-shift of 6.5 cm™. These shifts are mainly attributed
to: (i) the decrease of the force constant resulted from the weakening of the interlayer Van der
Waals (vdW) force between layers for the A1z mode [46]; (i) the structure changes or long-
range coulombic interlayer interactions for the Eog mode when the number of layers decreases

[47].



2. Related works of WSe:

Tungsten diselenide (WSe») is a semiconductor that exhibits both electron and hole
conduction with relatively high carrier mobility [48], strong optical absorption and high photo-
conversion efficiency [9], [49]. Suppression or enhancement of one of the two conduction
branches can be effectively obtained by exploiting electrostatic doping [50], [51]. This is a
unique property among TMDCs given that they are typically unipolar with dominant electron
conduction. WSe; becomes one of the best choices for the realization of a single material for
optoelectronic applications. When WSe; is scaled down from the bulk to the monolayer form,
it shows strong photoluminescence possibly due to the quantum confinement effect [52].
Furthermore, the internal quantum efficiency of WSe: is more than 70%, which is much higher
than other TMDCs [53]. These properties strongly indicate that WSe> is an ideal material for

optoelectronic devices such as photodetectors and light-emitting diodes [9], [26], [54].

Zeng et al reported optical studies in WSe» multilayers[55]. Fig. 2 presents representative
Raman spectra of WSe; with the layer numbers from 1 to 4 and in bulk. Two dominant peaks
are observed around 250 cm™ in various samples from monolayer to bulk. In their study,
photoluminescence shows that similar to MoS,, WSe, exhibits a transition from indirect
bandgap semiconductor in the bulk and multilayer form to direct bandgap in the monolayers

form [56].
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Figure. 2 Raman spectra of WSe; layer samples, ranging from single layer to bulk at room temperature,

reprinted with permissions from [55]. Copyright © 2013, Scientific reports



Chapter II1. Materials and Methods

1. TaWSe: Synthesis

TaWSe: Crystals were synthesized by the 2D Semiconductors. The crystals used in this
study are layered TaWSe; ternary alloys that have been synthesized at 50%-50% W (tungsten)
to Ta (tantalum) ratios. A flux zone technique was used to produce high-quality crystals with

strong atomic structuring and nearly impurity-free growth with low defect concentrations.

2. TaWSe: device Fabrication

Adhesive tape was used to split TaWSe: bulk crystals. Achieving few-layer samples
typically require multiple exfoliation steps, each producing a slice with fewer layers. Then the

TaWSe; flakes were exfoliated onto a silicon/silicon dioxide wafer.

After obtaining an appropriate flake, the next step is to attach electrodes. First, gold
electrodes were prepared on a sacrificial silicon substrate using standard photolithography and
deposition procedures. The electrodes are then processed with hexamethyldisilazane (HMDS)
and coated with a thick layer of Polymethyl methacrylate (PMMA). Second, a
polydimethylsiloxane (PDMS) stamp is needed to transfer the electrodes. This was created
from a Silicone Elastomer Curing Agent and Silicone Elastomer Base at 1 to 10 ratios. Next,
the electrodes were picked up with the PDMS stamp on a slide. The PDMS stamp with the
electrodes was aligned and slowly placed on the silicon/silicon dioxide wafer surface
containing the flake. After contact is attained, the substrate was heated for 5 minutes to peel

the PDMS stamp off and leave behind the PMMA/gold electrode structure. The electrodes



picked up by the PDMS will be left on the silicon/silicon dioxide wafer. This technique was

developed by Liu et al [57].

Contact pads of the transferred electrodes are opened by electron beam lithography (EBL)
then cut into smaller pieces to fit inside a chip carrier and wire bound. Fig. 3 demonstrates the

optical image of the fabricated TaWSe; device using a 100x objective.

S pm

Figure. 3 Optical micrograph of fabricated TaW Se. phototransistor device.

3. Electrical and Optoelectronic Measurement

An Olympus microscopy setup was used to measure the electrical and optoelectronic
properties of the TaWSe» device. Fig. 4 shows the schematic of the measurement system. A
continuous wave laser beam (NKT Photonics SuperK Supercontinuum Laser) is expanded and
focused with a 40x objective to scan over the device. Current is collected via a DL instrument
current preamplifier. Additionally, photocurrent signals are collected as a function of position
simultaneously with a reflection image by a photodetector. Experiments on the device are

performed in a Janis ST-500 microscopy cryostat under a high vacuum environment.
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Figure. 4 Schematic of the setup used to perform photocurrent measurements, reprinted with permissions from

[58]. Copyright © 2019, Nanoscale
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Chapter IV. Results and Discussion
1. Raman and AFM data of TaWSe: Device

The TaWSe: few-layer device was identified by optical microscopy and characterized
with a Bruker Dimension Icon AFM and a Thermo Scientific DXR Raman 532nm microscope.
The measurements were obtained in the Vanderbilt Institute for Nanoscale Science and
Engineering (VINSE) imaging core and analytical lab. Fig. 5 shows optical images of TaWSe>
flakes under 100x magnification. (Fig. 5a to 5¢), AFM images (Fig. 5d to 5f) and cutline images
of the flakes (Fig. 5g to 51). Cutline images show a similar thickness of the TaWSe> flakes used
for the device, around 85 nm to 90nm.

d.
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Figure. 5 (a to c) Optical images of exfoliated TaWSe; flakes. (d to f) AFM topography images of exfoliated

TaWSe; flakes. The white line indicated the cutline used to extract the flake thickness. (g to i) Height profiles

for the cutline in the AFM topography image.
12



Fig. 6d to 6f present the Raman spectra data of the same TaWSe> flakes. From these
measurements, TaWSe; appears to have three dominant Raman peaks. The first peak is around
104 cm™', the second is around 240 cm™ and the third is around 305 cm™'. As was mentioned in
Chapter I, some alloys of 2D material inherit the properties of its component. We can find that
both WSe; and TaSe; have a Raman peak around 240 cm™!, which may correspond to the
Raman peak of TaWSe,. Furthermore, two unknown peaks around 305 cm™ and 105 cm’!

require further theoretical calculations to identify the nature of these vibrational modes.
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Figure. 6 Optical image of TaWSe; flakes used for measurement (a to ¢) and Raman spectra of the flakes (d to f).
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2. Electrical and Optoelectronic Properties of TaWSe:2 Device

An Olympus microscopy setup is used to perform photocurrent measurement to
characterize the photoresponse properties of the TaWSe: device. Fig. 7 shows the scanning
photocurrent image and the simultaneously recorded reflection image of the TaWSe; device
under 1064nm wavelength illumination. The electrodes and TaW Se> flake are outlined by grey
and red lines, respectively. Photocurrent responses (Ipc = liaser — ldark) are observed in red and
blue. Strong photocurrent responses observed at the TaW Sez-metal junction are possibly due
to the creation of Schottky-like barriers that result in built-in electric fields which can

efficiently separate photo-excited electron-hole pairs (EHPs) [59].

a b.
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Figure. 7 Reflection (a) and scanning (b) photocurrent images of the TaWSe; device with zero drain-source bias

under 1064nm laser. Grey and red lines represent the electrodes and TaWSe, flake.

Furthermore, power dependent measurements are performed on the TaWSe, device. As
shown in Fig. 8a, the photocurrent signals present a nearly linear relationship. Since the number
of incident photons increases with increasing power, there is also an expected increase in the
number of EHPs, which should result in a linear behavior. The observed deviations from the

expected linear behavior may be caused by some defects [60].
14



Moreover, temperature dependent measurements are taken to characterize the phase
transition of the TaWSe» device. Fig. 8b displays temperature dependent resistance
measurements of the TaWSe> device. Temperature dependent resistance measurements can be
used to show phase transitions. In 2H-TaSe; a slight change in slope indicates a phase transition
[40], [61]. Examining these measurements for the TaWSe> device, a slight change in slope can
be seen at around 190K (the fit line below 190K is 0.31 Q/K, the fit line above 190K is 0.65
Q/K). It may present a new phase transition property as the measurements on TaSe, or WSe»
have not performed phase transition at 190K. Further experiments are required to identify the
characteristic. Additionally, the decrease in resistance with temperature suggests a metallic

nature of TaWSe: possibly due to the reduction in scattering from thermally activated carriers

[40], [41].
a. b.
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Figure. 8 (a) Power dependent photocurrent response of TaWSe, device. (b) Output property of TaWSe, device
at different temperatures. The red and black lines in the figure correspond to the fitting lines of the data from 140
K to 190 K and the data from 190 K to 295 K, respectively. The slope of the red line is 0.31 and the slope of the

black line is 0.65.
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Chapter V. Conclusion

In this work, a TaWSe; crystal is exfoliated into few layers and then fabricated into an
optoelectronic device. This new ternary alloy has not been previously investigated in its bulk
or few-layer form. First, optical investigations show that few-layer TaW Se; flakes have similar
Raman signatures to WSez and 2H-TaSe; and may have similar vibrations modes. Second,
through scanning photocurrent microscopy, optoelectronic properties of TaWSe> device reveal
strong photocurrent responses at the TaWSez-metal junction with nearly linear photocurrent-
power dependence. Finally, electrical measurements show temperature dependent resistance
properties of the TaWSe> device suggesting metallic characteristics and potentially a phase
transition. In conclusion, this work presents that TaWSe2 alloys may inherit properties from its

component and show a solid potential for apply alloyed 2D materials in optoelectronic devices.
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