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Abstract

Recent remarkable advances in two-dimensional (2D) materials have spurred studies
examining thermoelectric (TE) applications, especially thin and flexible TE transducers.
Among them, 2D MoS; has become the candidate for TE materials because it has not only
high power factor but also unique properties for TE devices, such as high mechanical
flexibility and in-plane mechanical stiffness. The large power factor of n-type MoS; ultrathin
layers has been obtained by using the field effect transistor (FET) structure. However, the
usage of an external back-gate to modulate the carrier concentration in pristine MoS;
produces a complicated technique for device fabrication and creates difficulty for practical
application for thermoelectrics. Moreover, the TE properties of the p-type doped MoS,
ultrathin layers, which are fundamentally necessary for TE devices that consist of n-type and
p-type TE elements, have not been studied even though the p-type Nb-doped MoS; have been
synthesized in which Mo is substituted by Nb.

In this research, I aim to investigate the TE properties of p-type Nb-doped MoS, ultrathin
layers. The effects of Nb on TE transport properties will be assessed in relation to the
behavior of electrical resistivity and the Seebeck coefficient depending on the temperature,
and first principles calculations of the density of states (DOS).

To carry out the research, I first synthesized the single crystals by using the chemical vapor
transport method. Then I designed and fabricated the devices of these ultrathin layers that
were mechanically exfoliated from my synthesized crystals. The reliability of fabricated
devices was supported by the evaluation of the contact resistance and the simulation of the
temperature profile by using finite element-method software Flow 3D. Finally, electrical
resistivity and the Seebeck coefficient measured in the temperature range from 300 K to 450
K are analyzed and compared with first principles calculations of the DOS.

The experimentally obtained results and density functional theory calculations indicate the
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p-type degenerate semiconducting behavior of ultrathin layers. The enhancement of electrical
resistivity compared to the bulk Nb-doped MoS, results from weak localization and carrier
scattering of the conduction carriers by random potential originated from stacking faults
or/and edge roughness. This picture is consistent with the decrease in electrical resistivity
with rising temperature. Moreover, the lack of change of the Seebeck coefficient by layer
thickness suggests that the modulation of spectral conductivity X(E, T) is cancelled even in
the localization condition. The experimental results are also consistent with first principles
calculations for the density of states of pristine MoS, and Nb-doped MoS, monolayers.

By analyzing the physical mechanism of the influence of the Nb dopants on TE transport
properties of Nb-doped MoS,; ultrathin layer, this research contributes partly to the field of 2D
TE materials. This research also offers a potential trend for next-generation flexible 2D TE

materials which are applied in TE nanodevices.

KEYWORDS: MoS,, thermoelectric properties, ultrathin layer, weak localization, first-

principles calculations.
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Chapter 1

Introduction

1.1 Thermoelectric materials

Thermoelectric (TE) technology, which is based on Seebeck effect and Peltier effect [1],
directly converts waste heat into electrical energy and vice versa, by utilizing power
generators and Peltier coolers, respectively. This environmentally friendly technology has
been attracting a lot of attention for decades because of the fact that, more than 60% of
energy, mostly in the form of waste heat, as illustrated in figure 1.1 [2], is lost in useless
worldwide. Although these TE devices present many benefits such as solid-state operation,
high reliability, and good stability [1, 3, 4], they remain limited to niche application because
of their low power conversion efficiency [5, 6]. For instance, the TE heat pumps are used in
the back and bottom cushions (figure 1.2) [6], in which the conditioned air moves from the

TE system through channels to the occupant, supplying on-demand cooling or heating.

Automobile  \wacte Incinerator A
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Primary / Fosary

e.g. Glass, Al

Nuclear Power Plant

— Energy Ppa—
Thermal Power Plant
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Energy Loss/Waste Heat :
Retrieval
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Thermoelectric —" Energy

Figure 1.1 Energy Statistics and potential TE Generators [2].

The low power conversion efficiency of TE devices is related directly to the low

conversion efficiency of the TE materials, which can be evaluated by power factor PF = $°p’"



and the dimensionless figure of merit as below
ZT = (S*T)/(pK) (1-1)

where S is the Seebeck coefficient, p represents electrical resistivity, x denotes thermal
conductivity, and 7 is temperature [7]. The quantity PF is the key to achieving high ZT. Large
PF is equivalent to large generation of the voltage and current. Thermal conductivity x = & +
K. consists of the contribution from lattice vibrations xj, called lattice thermal conductivity,
and from carrier k., called carrier thermal conductivity. In fact, the intrinsically compromised
behavior between S, p and x causes a challenging issue for the enhancement of efficiency [8].
For example, large S concomitantly results in large p and low . Typically, good TE materials
belong to degenerate semiconductors [9, 10] that have the carrier concentrations within the

region of 10"-10?' cm™, as shown in figure 1.3 [9].

TE module

Figure 1.2 Automotive Climate Control Seat developed by Gentherm [6].

Thermoelectricity was discovered since the bird of the Seebeck effect in 1821 by the
German scientist T. J. Seebeck (figure 1.4(a)) [11, 12]. When a temperature difference AT is
applied to a TE couple consisting of n-type (electrons are majority carriers) and p-type (holes
are majority carriers) elements, the mobile charge carriers will diffuse from the hot side to the
cold side, generating an electrostatic potential AV. The ratio of - AV/AT is related to an

intrinsic property of the materials called the Seebeck coefficient S, or thermopower, as shown



in figure 1.4(b). Conversely, when a current is applied to a TE couple, heat is absorbed in one
junction and released at the other. This effect was discovered in 1834 by French physicist J. C.

A. Peltier (figure 1.4(d)) known as the Peltier effect, as displayed in figure 1.4(e) [13].
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Figure 1.3 Good TE materials are typically heavily doped semiconductors (carrier

concentration between 10" and 10*' carriers per cm’) [9].

For power generation using the Seebeck effect, the TE efficiency 1, is determined by the

relationship between Carnot efficiency ([ 7y -7¢]/Ty) and ZT as following equation [14, 15],

_ Th=Tc | 1+ZTaye -1 )
o =7, 1/1+ZTave+Tc/Th] (1-2)

where ZT,y. is the average value per leg (n-type and p-type legs) and is averaged over the ZT
curve depending on temperature between 7j and T¢, that are the hot and cold sides of the

temperature in sequence.

ZToye = f ZTdT (1-3)

Th—Te

Figure 1.4(c) shows that the conversion efficiency becomes larger at higher Z7,,. and
larger temperature difference.

For refrigeration based on the Peltier effect, the TE cooling efficiency 7. can be evaluated

by equation (1-4) [14, 15],

JI+ZTaye - Th/TC] (1-4)

Ne T Tho TC[ J1+ZT,ye+1
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As illustrated in Fig 1.4(f), similar to the TE power generation, a larger ZT,,. value will

produce a higher TE cooling efficiency 7.
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Figure 1.4 The Seebeck and Peltier effects: (a) The German physicist, T. J. Seebeck,
(b) power generation produced by applying a temperature difference to make charge
carriers to diffuse from the hot end to the cold end, (c) power generation efficiency in
relation to ZT,.; (d) the French physicist, J. C. A. Peltier, (e) active refrigeration
produced by absorbing heat at the lower junction and releasing heat at the higher
junction when applying a current through the circuit, (f) cooling efficiency in relation to

ZTye. High ZT,,. corresponds to high TE power generation and cooling efficiency [11].

1.2 History of methodology for improving Z7T

As mentioned above, the desire for producing TE materials having high Z7 have faced with
big challenges because power factor PF and thermal conductivity x determined by the
electronic structure and scatting of charge carriers (electrons or holes) are not independently

controllable [8, 11]. In the 1950s, the attempts eventually confirmed that the alloyed
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semiconductors with high carrier concentration are the most efficient bulk TE materials.
Many experiments showed that Bi,Te; and alloys like Bi,Sb,., Tes, and PbTe and alloys like
PbTe—PbSe display high ZT up to 1 [16, 17]. The reason is that these alloyed semiconductors
suppress the transport of phonons (quantized lattice vibrations carrying heat), resulting in a
reduction of x meanwhile maintaining high carrier concentration for good electrical
conductivity o. In addition, the usage of heavy elements with low sound velocities, such as
Bi, Te, and Pb, results in the further reduction of xj [8]. However, the increase in o by rising
carrier concentrations also depresses S and enhances x. = LoT proposed by Wiedemann—
Franz, where L stands for the Lorenz number. Therefore, the choice for reduction of the
electronic component of x of TE materials is impossible because it will negatively influence
on o leading to no improvement to Z7. These compromised trends are illustrated in figure 1.3
and prevent the ability to improve Z7. That why over the following three decades, from 1960
to 1990, there was no significant progress in improving Z7, and the (Bi;.,Sb,)»(Se;.,Te,); alloy
family remained the best material with maximal value ZT ~ 1 [17].

In the 1990s, TE community was motivated by the advances in TE materials with the novel
discoveries for improving the TE performance. There have been two different approaches for
the next generation of TE materials by utilizing new groups of bulk TE materials with
complicated crystal structures and low-dimensional TE materials. The first approach called
the ““phonon glass electron crystal” (PGEC) approach [18] supposes that the best TE
materials should combine the thermal properties of glass-like materials and electrical
properties of crystal-like materials. This approach is successful for materials having complex
crystal structures, in which the voids caused by vacancies and rattlers caused by heavy
element atoms located in the voids could display as effective phonon scattering centers and
result in the significant reduction of xj [19]. The second approach is based on the idea of

Hicks and Dresselhaus [20-23], who proposed that low-dimensional TE materials could



increase Z7 via the enhancement of S due to quantum confinement, and/or the decrease of xj
due to the increase of surface scattering. Firstly, because of size-quantization effects, S in
low-dimensional systems becomes significantly larger than that of 3D systems. According to
the Mott relation, in systems with degenerate Fermi statistics, such as degenerate

semiconductors and metals, S is given by [24]

_ @k, o (din@@)] _
N

where, o(E) is electrical conductivity and satisfies,
o(E) = qn(E)(E) (1-6)

where, n(E) denotes the carrier concentration, w«(E) is the mobility. It is clear from equation
(1-5) that, the enhancement of the energy-dependence of electrical conductivity do(E)/dE will
increase S. From equation (1-6), the enhancement of do(E)/dE is equivalent to the
enhancement of dn(E)/dE and/or du(E)/dE. The increase in dn(E)/dE can be gained by
improving the dependence of density of states (DOS) on energy. As shown in figure 1.5, the
size-quantization effect in low-dimensional structures leads to the increase in dn(E)/dE.
Secondly, low-dimensional systems lead to the reduction of & without too much loosing on
mobility x because the phonon mode structure is influenced by the low dimensionality, or the

electron mean free path is less than the phonon mean free path.

1.3 Current researches on two dimensional TE materials

The idea of Hicks and Dresselhaus combining with the recent remarkable advances in two-
dimensional (2D) materials [25], after the bird of graphene, has enticed researchers to be
interested in TE application of 2D materials, for example, planar Peltier cooling [26]. With
many unique properties that are best suitable for electronic and optoelectronic applications,
transition metal dichalcogenides [27, 28] are attracting much attention. Among them, 2D

molybdenum disulfide (MoS,) is the candidate for TE investigation due to its unique
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properties for electronic devices [29-32], such as large band gap [33] high mechanical

flexibility [34] and in-plane mechanical stiffness [35].

ol w1 oA o
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Figure 1.5 Electronic DOS for (a) 3D crystalline semiconductor, (b) 2D quantum well, (c) 1D

nanowire or nanotube, and (d) 0D quantum dot [23].

j—
a b

Figure 1.6 Supercell and crystal structure of bulk MoS,.

Structurally, the Nb-doped MoS; single crystal is similar to pristine MoS,. Bulk MoS, is a
semiconductor with a band gap of 1.2 eV [36]. It has the layered structure consisting of a
stack of individual layers in which each layer composed of a single atomic triangular plane of
molybdenum (Mo) is sandwiched between two triangular planes of sulfur (S), all bonded by
strong covalent bonding (figure 1.6) [37]. The individual layers of 0.65 nm, held together by
weak van der Waals forces [38], enable us to extract the ultrathin layers using
micromechanical exfoliation [39].

TE properties of 2D MoS, have been studied by both experimentally [40, 41] and

theoretically [42, 43]. Experimentally, using scanning photocurrent spectroscopy of MoS,;



transistors, Buscema et al. demonstrated that the Seebeck coefficient S of single-layer MoS,
can be up to be - 10° pVK™' [40], in which the carrier concentration can be tuned by an
external electric field. Similarly, Jing Wu et al. [41] recently obtained the large S about -30
mV/K in MoS, monolayer in insulating regime applied by a negative back gate voltage
(figure 1.7). Compared to value of S of other recently studied low-dimensional materials, such
as graphene (= 100 pV/K) [44], BixTes (= 200 uV/K) [45, 46] semiconducting carbon
nanotubes (- 300 pV/K) [47], Ge—Si core—shell nanowires (400 puV/K) [48] and InAs
nanowires (- 5 mV/K) [49], this value is remarkably larger. However, ZT value of MoS,, in

this case, is predicted rather low due to large electrical resistivity o [41].
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Figure 1.7 Large Seebeck coefficient of single layer MoS; as a

function of back gate voltage at different temperatures [41].

Recently, Kayyalha et al. carried out a systematic investigation of the thickness
dependence of the electrical and TE properties of the MoS, ultrathin layers [50]. They
discovered that by increasing the positive back-gate voltage to shift the Fermi level (Ef) of

sample to enhance the carrier concentration, a large power factor PF about 30 pWem™ K2 in



the bilayer was obtained as illustrated in figurel.8. This result was also confirmed by K.
Hippalgaonkar et al. [51] when obtaining the large power factor of monolayer, bilayer, and
trilayer of MoS, when investigating the metallic regime by applying a positive back gate.
Even though the magnitude of S decreases when the Fermi level is shifted closer to the
conduction band minimum (CBM) due to the enhancement of electron concentration, the
increase in electrical conductivity leads to improvement of the measured power factor So.
This ultrathin layer n-type MoS, with high power factors are promising TE applications.
However, the usage of external back-gate to modulate the carrier concentration in pristine
MoS; results in complicated technique for device fabrication and difficulty for practical

application.
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Figure 1.8 Power factor of thin layer MoS; as a function of the V¢ [50].

Another method published recently is the substitution, in which molybdenum (Mo) is
replaced by niobium (Nb). Until now, stable p-type single crystals of MoS, by substitutional
Nb doping were synthesized by using chemical vapour transport (CVT) method [52, 53]. This
is proved by using density-functional energetics/formation energies calculations that Nb
(4d*5s") which has one less valence electron than Mo (4d°5s') is theoretically proposed as the
most suitable substitutional acceptor [54]. Using CVT method, J. Suh ef al. [52] synthesized
the stable p-type conduction in MoS; by substitutional 0.5% Nb doping resulting in a

degenerate hole density of ~3 x 10" cm” that belong to the optimal region for achieving the
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high efficiency of TE material. In contrast to n-type behavior in FET of pristine MoS,, the
Nb-doped MoS; ultrathin layers have been theoretically and experimentally demonstrated to
be the degenerate p-type semiconductors [52-55], which are critical needs for TE devices
which consist of n-type and p-type TE elements [9]. To my knowledge, no report of the
relevant literature has described p-type TE ultrathin layers. Moreover, the effects of the Nb

dopants on the TE properties of Nb-doped MoS, ultrathin layers have not been considered.

1.4 Research objective and dissertation outline

The objective of this dissertation is the fabrication of the devices of the p-type degenerate
ultrathin layers of Nb-doped MoS, and the measurement of their TE properties. To achieve
this goal, I first synthesize the crystallinity of single crystals of Mo ¢7Nbg ¢3S, by using CVT
method. Then I apply the micromechanical exfoliation to extract the ultrathin layers from
synthesized bulk materials. Next, the devices of ultrathin layers are fabricated based on the
design. After that, electrical resistivity o and the Seebeck coefficient S over the temperature
range from 300 K to 450 K are measured. Finally, the experimental results are compared with
that of density functional theory (DFT) calculations for DOS of pristine MoS, and Nb-doped
MoS, monolayer.

In this research, my purpose is to investigate the TE properties of Nb-doped MoS, ultrathin
layers and the effects of the Nb dopants on their TE transport properties in relation to the
behavior of S, p, and DOS. This dissertation consists of five chapters described as follows.

In chapter 1, the general introduction of the research is introduced together with the
organization of the thesis. The process for synthesizing the single crystals of MoS,,
Mo0¢ 99Nbg 01S2, M0g.9gNbg 02S2, and Mo o7Nbg 3S, is presented in detail in chapter 2. This
chapter also describes the analysis of X-ray powder diffraction (XRD) for getting the lattice
parameters. The XRD patterns and the mechanical exfoliation technique suggest the success
of the synthesis of single crystals by using CVT method. The fabrication of the devices is

10



presented step by step in chapter 3. It consists of the preparation of the suitable substrate, pre-
markers, electron beam lithography (EBL), thermal deposition, transferring system, and
annealing. Furthermore, the device of the Si substrate is fabricated for determining its
Seebeck coefficient. The reliability of the fabricated devices is also testified by the
temperature profile simulated by wusing finite-element-method software Flow 3D
(http://www.flow3d.co.jp/). The experimental measurement of TE properties is carried out
and analyzed in chapter 4. The effects of Nb substitution on TE properties as well as DFT

calculations are carefully discussed. Chapter 5 highlights the work and future study.
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Chapter 2
Synthesis of Mo,,Nb,S, single crystals
2.1 Introduction

Because the aim of this research is to fabricate and investigate TE properties of the devices of
ultrathin layers Nb-doped MoS,, the quality of these ultrathin layers becomes crucial. To
synthesize the single crystals of Nb-doped MoS; with high purity and crystallinity, I use the
CVT method, a technique proposed by Schifer [56, 57]. The CVT method summarizes
heterogeneous chemical reaction which is based on the principle that a condensed phase,
generally a solid, is able to be volatilized and deposited elsewhere in the form of crystals in
the presence of a gaseous reactant. Then micromechanical exfoliation [58, 33] is applied to
extract the ultrathin layers. In my synthesis, in order to get the large and high-quality single
crystals, a series of parameters consisting of temperature of the chamber, the temperature
difference between the hot and cold side, the size of the ampoule, and the growth time are
optimized. These optimized parameters also meet the demand for growth of single crystals
that were proposed by Nitsche ef al. [59-61].

This chapter presents the optimal procedure to synthesize single crystals of MoS,,
Mo00.99Nb 01S2, M0gogNbg02S2, and Moy 97Nbg ¢3S2. The XRD analysis combining with
micromechanical exfoliation of ultrathin layers suggest the successful synthesis of the single

crystals and the fabrication of ultrathin layers of Nb-doped MoS,.

2.2 Synthesis of Mo, ,Nb,S, single crystals

2.2.1 Preparation of clean quartz ampoules

All my quartz tubes used for the CVT growth of single crystals typically have the inner
diameter of 8.8 mm and the wall thickness of about 1 mm. Firstly, the diamond saw cut the

quartz tube into shorter ones with 50 cm in length. Then the heater (oxy - acetylene flame)

12



was used to melt the center of the tube and cut it into two equal ones with 25 cm in length. At
the distance of 10 cm from the opposite open-ended side of the tubes, the diameter was made
narrower into 3 mm as shown in figure 2.1. All contaminants inside and outer of quartz

ampoules were removed by burning around the ampoules with the flame.

Figure 2.1 Quartz ampoules used for the CVT growth of single crystals.
2.2.2 Introduction of the powdered materials and transport agent into quart; tubes

To synthesize single crystals of MoS,, Moy 99Nby 01S2, M0 9sNbg 02S2, and Moy 97Nbg 03S,, the
stoichiometric amount of powder materials of Mo, Nb, S and I, as a transport agent having the
following purities (%) Mo 99.99, Nb 99.9, S 99.99 and I, 99.9 as shown in Table 2.1 were
introduced into the ampoule by using the scale (BP 210 D Sartorius) with high accuracy. For
safety, 400 mg of S was chosen. In my synthesis, the molt ratio nS/(sMo + nNb) = 2.05/1 is
best. A slightly excess amount of S was introduced into the ampoule to compensate for the
evaporation of S (0.05) due to the heating. This does not influence the Nb substitution
because the stability calculation has revealed that the substituted Nb atoms are stable at the
Mo sites but unstable at the S sites [54]. The concentration of the transporter I, was chosen
about 10 mg/ml of the ampoule’s volume for all compositions.

Furthermore, to minimize the evaporation of I, and S during heating, the powders were
poured into the ampoule following the order: I, S, Mo and Nb (figure 2.2). After introducing
the powders, again the oxy-acetylene flame was used to make narrower the narrow-necked

part of ampoule down to Imm in diameter as seen in figure 2.3.

13



Table 2.1 Amount of powder materials for synthesis by using CVT method

Composition
MoS;
Mo0g.99Nbo.01 So
Mo0g.98Nbo.02 So
M0o.97Nbo 03 S2

Mo (mg)
583.86
577.95
572.18
566.27

S(mg) Nb(mg) Ampoule’svolume (ml) I,(mg)

400
400
400
400

5.65
11.31
16.96

8.7 87

8.71 87.1
8.71 87.1
8.73 87.3

Figure 2.2 Powders were introduced into ampoule

following the order: I,, S, Mo, Nb.

2.2.3 Sealing off the ampoules

\.J
v

11Figure 2.3 Narrow-necked part of

ampoule.

The prepared ampoule was soon connected vertically to the gauge port of the vacuum system

and waited for high vacuum reaching to 3.10°Torr. When the vacuum reached to 10 Torr,

liquid nitrogen was used for cooling down the ampoule to prevent the sublimation or

vaporization of the iodine. When the evacuation was sufficient, the ampoule was melted

slowly and sealed uniformly at the narrow neck by the oxy- acetylene flame. After sealing off,

the uniform of the ampoule thickness was checked by optical microscopy to avoid the

explosion when putting it into the electric furnace at high temperature.
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Before putting the evacuated ampoule into the electric furnace, the ultrasonic was used

about 15 minutes to make the uniform mixture of powders inside the ampoule (figure 2.4).

Figure 2.4 Uniform mixture inside the evacuated ampoule.

2.2.4 Synthesis

The sealed quartz ampoule was then put in an electric furnace for growth. The heater power
of the electric furnace generated a gradient temperature in order to provide the CVT reaction
inside the ampoule. The suitable temperature difference between the hotter and the colder
ends was pre-measured by using a thermocouple. The temperature distribution inside the
furnace tube in my experiment was measured by thermometer when the maximum

temperature reaching up to 1050 °C as shown in figure 2.5.

1050

1000 |

w

[4]]

o
-

w
o
(=]

Temperature (°C)

850 | .

1010 PRSP  TS  S S  S
40 35 30 25 20 15 10 5 0

Distance from the center (cm)

Figure 2.5 Temperature distribution inside the furnace tube.

To avoid any explosion because of the strongly exothermic reaction and the high volatility

of S, the evacuated ampoule was slowly heated with the rate about 1°C per min, from room
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temperature to 1050 °C for 19.5h. The heating period for synthesizing the single crystals was
about two weeks. In my experiment, the condition for synthesis was listed in table 2.2.

The time dependence of temperature inside the furnace tube was controlled as figured out
in figure 2.6. At high-temperature region Ty, the powders and transport agent were volatilized
in the form of a chemically intermediate phase. The intermediate phase then diffused or
converted to the lower temperature region Ti. Finally, that phase decomposed and deposited

single-crystals according to the following equations:

Mo + I, — Mol, T

At region Tp: 2Mol, + S4T—> 2MoS,| 21,
S—>s, 7T

At region Ty: {

Table 2.2 The condition for synthesis

Composition Tu (°C) T.(°C)
MoS, 1045 1000
Mo0o.99Nbo 01 S2 1045 1000
Mo0o.9sNbo 02 S2 1045 985
Mo0g.97Nbo o3 S2 1045 985
(°C) M Temp
1050} « oo
64K/h :. i
475 |- mmmm e I'.
s | |
5| A |
70k/m,"; | , | i
0  2:00 2:30 830 10:30 19:30 380:00 Time (ﬁ)

Figure 2.6 The period for synthesis of single crystals.

2.3 Results and discussion

After two weeks of synthesis, the cooled quartz ampoules were carefully taken out the electric
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furnace. A diamond disc blade machine was used to cut the quartz ampoules for taking out the
grown crystals. Then the grown crystals were rinsed with ethanol to remove the iodine and
remaining sulfur condensed on the crystals. The results indicate the thin and shiny crystals
with high crystallinity. Figure 2.7 shows photographs of some crystals grown in my
experiment. All most crystals have the hexagonal shape similar to the hexagonal crystal
structure of transition metal dichalcogenides. The synthesized flakes with hundred pm-size in
diameter and pm-size in thickness obviously confirm the anisotropy of growth rate (plate

shape). Also, some big flakes with mm in diameter were synthesized (figure 2.8).

Figure 2.7 Single crystals of grown materials by CVT method.
(a) MOSz, (b) MOolgngololsz, (C) MOo,gngo,ozsz and (d) M00.97Nb0.0382.

By using the XRD analysis, the XRD pattern and Miller indices were calculated as shown
in figure 2.9. The results give a good agreement with those of reported 2H-MoS; [62]. The
obtained lattice constants are also consistent with those of reported database of MoS, as

shown in table 2.3.
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Figure 2.8 Big flakes of (a) MoS, and (b) Moy ¢7Nbg ¢3S,.
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Figure 2.9 The XRD pattern and obtained Miller indices of MoS;,
Moy.99Nbg.01S2, M0 9sNDy.02S2, Mg 97Nby 03S, and reported MoS..

Furthermore, in the next section, by using mechanical exfoliation to isolate ultrathin layers,
it will support for evidence that the synthesized materials are single crystals.

As can be seen from the table 2.3, all values of x = 0, 0.01, 0.02 and 0.03 of Nb
substitution, a single phase derived from MoS, is obtained. Furthermore, MoS, and NbS,
have the same 2H crystal structure and similar lattice parameters, with a = 0.316 and 0.332
nm and ¢ = 1.229 and 1.194 nm, respectively [63, 64]. Mo and Nb atoms have the similar
covalent radius with 130 pm and 134 pm in sequence and their oxidation states in the 2H-

polytype lattice are nearly identical. Furthermore, no impurity peaks of Nb are shown in the
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X-ray diffraction pattern of Nb-doped MoS, samples. The lattice constants of MoS,,
Mo0¢.99Nbg 01S2, M0g.9sNbg02S2 and Moy 97Nbg 03S, bulk samples are found to be quite similar
(table 2.3), which confirms the small amount of substitution of Mo by Nb in MoS, bulk
crystal without affecting the lattice parameter. To determine the stoichiometry of Nb-doped
MoS,, Energy Dispersive X-ray Spectrometry (EDS) or Secondary-lon Mass Spectrometry
(SIMS) is conventional use. However, EDS’s sensitivity is not enough in this case (Nb is only
3%). In contrast, SIMS has a good sensitivity, but this is a destructive inspection. If we use X-
ray fluorescence analysis with wavelength dispersive type, a few % of Nb may be able to
detect semi-quantitatively. However, this can be evidenced by indicating the p-type

degenerate semiconductor in chapter 4.

Table 2.3 Lattice parameter of synthesized single crystals and

reported database MoS;

a="b (nm) ¢ (nm)
MoS, 0.3163 £ 0.0002 1.233 + 0.001
Moy 99Nbg 0152 0.3163 = 0.0002 1.230 £+ 0.001
Moy 9sNb 0252 0.3165+ 0.0002 1.229+ 0.001
Moy 97Nbg 0352 0.3166+ 0.0002 1.224 + 0.001
Reported MoS, [62] 0.3161 1.2298
Reported MoS; [63] 0.316 1.229
Reported NbS; [64] 0.332 1.194

2.4 Micromechanical exfoliation and atomic force microscope

The large ultrathin layers obtaining from mechanical exfoliation can give the evidence for
confirming the single crystal phase of the synthesized material. The micromechanical
exfoliation was carried out by applying a piece of scotch-tape to the surface of a synthesized
single crystal and peeling off about 10 times. The tape was then deposited on the pre-cleaned
Si0,/Si substrate and carefully peeled back by applying force parallel to the substrate surface

to minimize adhesive residue (figure 2.10 (a)). The ultrathin layers identified by the optical
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microscope (figure 2.10 (b)) and measured its thickness by using the atomic force microscope
(AFM) (figure 2.11). The uniform thickness about 2 nm (3 layers) of the ultrathin layer with
few um in length and width supports the layered structure of the single crystals. In addition, 3
layers of Mo 97Nbg ¢3S, achieved from AFM convince us that the scotch tape method is

effective for fabricating the devices of ultrathin layers.

Figure 2.10 (a) Ultrathin layers are isolated by mechanical exfoliation and
(b) transferred onto SiO,/Si substrate.
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Figure 2.11 AFM measurement of thickness of ultrathin layer of Moy g7Nbg 03S..

2.5 Conclusion

The CVT growth technique for synthesizing Mo,Nb,.,S, (x = 0, 0.01, 0.02, 0.03) single
crystals has been successfully applied. This is a reliable method for growing single crystals of

transition metal chalcogenides. The ultrathin layers of Nb-doped MoS, achieved from
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mechanical exfoliation confirm not only the layered structure of synthesized materials, but
also the evidence for the growth of single crystals. The ultrathin layers will be used to

produce the devices for investigating TE properties in next chapters.
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Chapter 3
Device fabrication of ultrathin layers of Nb-doped MoS,

3.1 Introduction

The performance of TE devices based on two-dimensional (2D) layered crystals of transition
metal dichalcogenides in general, and Nb-doped MoSy, in particular, is significantly affected
by electrical and thermal contacts between electrodes and these materials [65]. In fact, the
major issue for 2D devices is the existence of a large contact resistance at the interface due to
Fermi level pinning effect and the inconsistency of work function [66] between the material
and deposited metals, which drastically suppresses the electrical and thermal current in the
device. Therefore, along with fabrication technique to form nanostructures, the proper choice
of deposited metals to improve the electrical and thermal conduction at the contacts is very
important for performing reliable and repeatable measurements of TE properties.

Since ultrathin layers of Nb-doped MoS; show p-type semiconducting behaviour, the good
interface between the sample and deposited metal requires suitable materials with high work
function, such as Au, Pt, and Ni. Among these materials, Au is chosen because of its chemical
stability and good electrical conduction [29, 67, 68].

In this chapter, | report a reliable method to fabricate the devices of ultrathin layers of Nb-
doped MoS; for investigating TE properties. This model is also supported by the device

simulation of the temperature profile.
3.2 Design of device fabrication of ultrathin layers

The device fabricated in this study is shown schematically in figure 3.1. According to this
scheme, the 100nm SiO/heavily doped n-type Si substrate with pre-markers is spin-coated
with methyl methacrylate (MMA) and polymethyl methacrylate (PMMA) in sequence (figure

3.1(a)). In order to fabricate the thermometers, first EBL is used to draw the two small
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rectangular holes with 1um in width and 2 um in length paralleled each other. These exposed
patterns are developed by the solution of methyl isobutyl ketone (MiBK) and isopropyl
alcohol (IPA) and rinsed by IPA (figure 3.1(b)). Then, the substrate is submerged into
buffered hydrofluoric acid (BHF) and rinsed by deionized water to totally etch and remove
the SiO, area under the exposed areas (figure 3.1(c)). After that, the patterns of electrodes for
the four-probe measurement and the heaters are drawn by the EBL and developed by MiBK
and IPA with the same condition (figure 3.1(d)). The substrate with the patterns is put in the
chamber for deposition with the thickness of Ti/Au (5/120 nm). Fine and sharp electrodes are
obtained after removing all remaining resists by using acetone (figure 3.1(e)). Finally, the

ultrathin-layer of Nb-doped MoS; is transferred onto electrodes (figure 3.1(f)).

(a) (b) ’ (©) ‘
e Vo o
n-Si S0y

Figure 3.1 Schematic structure of the device for measurement of p and S.

(d) /{//

3.3 Fabrication the patterns of markers

3.3.1 Preparation of clean substrates

The heavily doped n-type Si/(100nm SiO;) substrates with 2 cm X 2 cm in size were cut by
diamond pen from the commercial 4-inch n-type SiO,/Si wafer. Then these substrates were
cleaned in sequence by acetone in 5 mins, IPA in 2 mins, and deionized water in 5 mins with
ultrasonic. After that, they were dried by the strong flow of N, gas. Finally, the remaining
organic contaminants on the substrates were removed by O, plasma ashing (15 W, O, flowing

rate 30 sccm, 5 mins).
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3.3.2 Spin coating and electron beam lithography

In principle, EBL is operated by using the focused beam of electrons generated from a
scanning electron microscope (SEM) to scan and break cross-links in a resist layers covering
on top of the substrate in the desired patterns. Then the exposed areas of resists are removed
by using developers. In my experiment, the pre-cleaned Si substrates were coated with MMA
8.5 MAA EL9 and copolymer and PMMA in sequence by using pipettes. The substrates were
spin-coated at 4000 rpm for 60 s [69] and then annealed for 5 mins on a hot plate at 180 °C to
evaporate the remaining solvents. After cooling down for 60 s, the thickness of MMA/PMMA

was about 350 nm/150 nm.

(a) (b) (c)
| sio, |

Figure 3.2 Schematic and experimental images for EBL and development.
(a) MMA/PMMA are spin-coated on substrate. (b) Undercut after development.

(c) SEM for undercut observation.

To give the periodic matrix of markers with each field 500 wm x 500 um in the area, the
patterns were designed by using Design AutoCAD LT software. For making a good
alignment and reducing error, the size of the marker was 08.um x 3.2 um and the distance
between two successive markers was 50 um. When the design was complete, the focused
beam of electrons from the EBL was used to draw the patterns in the resist. To make sure that
the exposed resist was not under/overdeveloped, the exposure did have to be controlled
carefully. For the resist coating utilized in this research, the optimal dose time and electron
currents were 5s and a 150pA.

After that, the exposed patterns were developed by the solution of MiBK and IPA with

ratio 1:1 in 60 s and rinsed by IPA in 30 s followed by the slow flow of N gas for drying. To
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remove the remaining exposed resists on the drawn patterns O, plasma ashing (15 W, O,
flowing rate 30 sccm, 5 min) was used. The process is illustrated in figure 3.2. The fine and
sharp undercut of the drawn patterns checked by optical microscopy and SEM confirms the
success of the development. The EBL instrument used in this work is ELIONIX ELS 3700
EBL available at clean room 6 (CR6), Center for Nano Materials and Technology (CNMT),

School of Materials Science, JAIST.
3.3.3 Deposition and lift-off

Ti/Au metals deposited on the patterned Si substrates were carried out using a thermal
deposition system, in which the resistive heating was used to evaporate the atoms of deposited
metals from a solid source. These evaporated atoms travelled across the high vacuum
chamber and deposited on the substrate, which was connected to a water-cooled plate.
Multiple metals with 5nm Ti/30nm Au were deposited sequentially as figured out in figure
3.3(a). The role of Ti is to make a good adhesive on the SiO,/Si substrate, meanwhile, Au is
used for these markers because it is chemically stable in air. Furthermore, the discrepancy in
atomic number between Au and SiO, produces high enough contrast for us to observe clearly
the markers under the resists [70]. This is also important for alignment when using EBL to
draw exactly the position of the expected patterns on the substrates.

After the metals were deposited, the resists and the extra metals were removed. The lift-off
process was completed in the following steps. First, the device was submerged in hot acetone
(60°C) for 1 h to dissolve the resists MMA/PMMA and break up the surface of the undesired
metals. The ultrasonic was then used for 30 s to remove all unexpected resists remaining on
the substrate, leaving only the patterned metals on the surface. After that, the substrate with
markers was put into IPA with ultrasonic in 2 mins to remove acetone. Next, deionized water
was utilized to remove IPA in 5 mins. The substrate was dried by a strong flow of N, gas.

Finally, the organic contaminants on the substrate were removed by using O, plasma ashing
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(30 W, O, flowing rate 30 sccm, 5 mins). The images of SEM for observation the deposited

metals and experimental markers after lift-off are shown in figure 3.3(b) and figure 3.3 (c).

20.0kV X35.0Kk  ‘857nm

Figure 3.3 Schematic and experimental images for deposition and lift-off. (a) Ti/Au
deposited on the exposed area. (b) SEM for observation the deposited metals.

(c) Experimental markers after lift-off.

3.4 Fabrication of electrodes for transferring ultrathin layers

From the substrate with the pre-marker patterns, electrodes were fabricated with two times of
using EBL for alignment. First, repeating the optimal conditions mentioned above from spin
coating to development, we drew the two small rectangular patterns with the size 1um in
width and 2 pm in length. The black ground colour in figure 3.4(a) confirms the real surface
of the SiO, layer. Then the substrate was submerged into buffered hydrofluoric acid (BHF)
solution 16.6% in 80 s and rinsed by DI water to totally etch and remove the SiO, area with
100 pm in thickness under the exposed patterns as shown in figure 3.4(b). In my experiment,

the white colour of the etched areas indicated that the wet etching was successful (figure

3.4(c)).
(a) (b) (c)
& 5 iy :
-y

Figure 3.4 Schematic and experimental images for etching by using BHF. (a) Exposed area

after development. (b) Exposed area after etching. (c) Experimental area after etching.
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The substrate was drawn by using EBL for the second time to expose the electrode
patterns. After developing, an optical microscopy was used to check the sharpness of the
patterns and the connection between the etched areas and electrodes. Good alignment
confirms the continuity between the etched areas and electrodes (figure 3.5(a)). Before
carrying out the thermal deposition, wet etching by using important BHF solution 16.6% was
conducted to remove the thin layer of SiO; because of oxidization when putting the substrate
in air. However, the time for etching was just 3s to ensure only SiO; layer in the rectangular
area exposed in the first exposure to be removed totally. Next, the substrate with the patterns
was put in the chamber for thermal deposition. The thickness of the deposited metals depends
on the aim of fabrication of the supported layer or suspended layer. For the first time, we
fabricated the supporting layer and thus Snm Ti/120 nm Au metals were deposited on Si0,/Si
substrate. The fine and sharp undercut of the drawn patterns checked by using optical

microscopy confirms the success of development and lift-off process (figure 3.5(b)).

(a) | | (b)

y 4 .// \\ e, 2\

Figure 3.5 Optical images of (a) drawn patterns after development and

(b) electrodes after lift- off process.

By fabrication of these heaters with long length and parallel of heater bars, it is believed
that temperature gradient through thermometers and sample is nearly uniform.
3.5 Mechanical exfoliation of ultrathin layers and transferring
3.5.1 Checking the electrical status of electrodes
Before transferring the ultrathin layers onto electrodes, the below steps were paid carefully.

Firstly, to check the possibility of leakage current between electrodes, a voltage up to 0.5 V
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was applied between any couple of electrodes to measure the leakage current. The results
showing the ten fA order of currents confirm no leakage current in these electrodes, as
illustrated in figure 3.6 for the case of sample # 1. Secondly, the electrical contacts between
electrodes 5 and Si substrate, electrode 6 and Si substrate, respectively, were checked by
measuring the IV characteristics. In spite of the Schottky barrier between deposited metal Ti
and Si substrate, the results presented in figure 3.7 for these samples display the success of
etching for making these electrical contacts. This is because the measurement of .S does not need
the induction of external current, it means open circuit configuration. Finally, any contaminants on
the surface of Au electrodes were removed by O, plasma ashing (15 W, O, flowing rate 30 sccm, 5

min) to increase the electrical contact between sample and Au electrodes.
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Figure 3.6 Leakage current in sample # 1.
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Figure 3.7 IV characteristics between electrodes 5 and 6 for the samples # 1 and # 2.
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3.5.2 Preparation of ultrathin layers and transferring

To transfer ultrathin layers onto electrodes, we used the 2D Hetero-transfer system in Mizuta
Lab (figure 3.8) called “The Apollo System”. The schematic diagram for isolating ultrathin
layers is described in figure 3.9.

First, a pre-cleaned Si substrate with clear markers was covered by soluble water layer —
Polyvinyl Alcohol (PVA). Next, the second layer of PMMA was spin coated. Both layers
were spun at 5000 rpm in 60 s. Then the Si substrate was baked at 110 °C for 2 mins. After
that, thin flake obtained from mechanical exfoliation was transferred onto PMMA layer and

peeled off.

2D Hetero-transfer Sg{stem
clia R

R v_‘i\pol o System

I‘|
s
%%

Figure 3.8 The Apollo System for transferring ultrathin layer onto electrodes.

From the observation of the flake’s colour, ultrathin layers on PMMA were collected.
After that, the substrate with the ultrathin layers was submerged in hot water to dissolve the
PVA layer. The PMMA layer with targeted flakes was then floated on the hot water. Next, a
metal slide was used to select the PMMA layer containing the sample and put in the oven for

drying.
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Figure 3.9 The schematic diagram for isolating the ultrathin layers.
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Figure 3.10 Optical images of (a) sample # 1 (b) sample # 2.
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Figure 3.11 Leakage current in sample # 1 when applying a DC
current 35 mA in the heater.
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Samples on the PMMA layers were transferred onto target electrodes by using the Apollo
system. The substrates with samples were immersed for 30 mins in hot acetone (60°C) to
dissolve PMMA. Finally, the substrates were put on a hot plate (100 °C) in 10 mins for drying.
Figure 3.10 indicates the success of transferring ultrathin layers onto electrodes.

In the measurement of S of these samples, when a current is applied to the heater to
generate gradient temperature, it can cause the leakage current through the heater to
electrodes. Therefore, I checked the leakage current in each electrode by applying a DC
current up to 35 mA to the heater. The results indicate that the leakage current with pA order
is negligible. Figure 3.11 shows the case of sample # 1with a few pA.

According to this scheme, the resistance of the sample is measured by using four-probe
method, with 4 electrodes 1, 2, 3 and 4 by applying a DC current through electrodes 1 and 4
then measuring the voltage between electrodes 2 and 3 in open circuit configuration [46, 71].
The two electrodes 6 and 5 connected to Si substrate are used as thermometers. To measure S
of the sample, a current is applied to the heater. The temperature gradient is generated and
results in the thermally induced voltage between each couple of electrodes 2 and 3, 6 and 5,
respectively. The geometry of the heater and the parallel bar electrodes suggest that the
temperature difference AT between electrodes 2 and 3 is similar to that ATs; between
electrodes 6 and 5. As a result, the thermal voltage induced AV between electrodes 2 and 3,

and AVs; between electrodes 6 and 5 are created, respectively. When the Seebeck coefficient

of the Si substrate Sg; is measured from PPMS, AT»; is determined as bellow

_ AVsi
5= g
Si
AVs;
& ATg; = ——2 = AT
Ssi

Linear fit from the plotting the relationship between AV;and temperature difference AT, S

of the sample will be deduced experimentally.
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3.6 Device fabrication for measurement of the temperature dependence of § of

the heavily doped n-type silicon wafer

To measure the temperature dependence of S of the hea