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Abstract

Achieving Ohmic Contact for High-qualityMoS2 Devices
onHexagonal BoronNitride

Xu Cui

MoS2, among many other transition metal dichalcogenides (TMDCs), holds great

promise for future applications in nano-electronics, opto-electronics and mechan-

ical devices due to its ultra-thin nature, flexibility, sizable band-gap, and unique

spin-valley coupled physics. However, there are two main challenges that hinder

careful study of this material. Firstly, it is hard to achieve Ohmic contacts to mono-

layer MoS2, particularly at low temperatures (T) and low carrier densities. Sec-

ondly, materials’ low quality and impurities introduced during the fabrication sig-

nificantly limit the electron mobility of mono- and few-layer MoS2 to be substan-

tially below theoretically predicted limits, which has hampered efforts to observe

its novel quantum transport behaviours.

Traditional low work function metals doesn’t necessary provide good electron

injection to thin MoS2 due to metal oxidation, Fermi level pinning, etc. To address

the first challenge, we tried multiple contact schemes and found that mono-layer

hexagonal boron nitride (h-BN) and cobalt (Co) provide robust Ohmic contact.

The mono-layer spacer serves two advantageous purposes: it strongly interacts

with the transition metal, reducing its work function by over 1 eV; and breaks the

metal-TMDCs interaction to eliminate the interfacial states that cause Fermi level

pinning. We measure a flat-band Schottky barrier of 16 meV, which makes thin
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tunnel barriers upon doping the channels, and thus achieve low-T contact resis-

tance of 3 kΩ · μm at a carrier density of 5.3 × 1012/cm2.

Similar to graphene, eliminating all potential sources of disorder and scattering

is the key to achieving high performance in MoS2 devices. We developed a van der

Waals heterostructure device platform where MoS2 layers are fully encapsulated

within h-BN and electrically contacted in a multi-terminal geometry using gate-

tunable graphene electrodes. The h-BN-encapsulation provides excellent protec-

tion from environmental factors, resulting in highly stable device performance,

even at elevated temperatures. Both optical and electrical characterization con-

firms our high quality devices, including an ultra-clean interface, a record-high Hall

mobility reaching 34,000 cm2/Vs, and first observation of Shubnikov–de Haas os-

cillations.

The development of Ohmic contact and fabrication of high quality devices are

critical to MoS2 application and studying its intrinsic properties. Therefore, the

progress made in this work will facilitate efforts to study novel physical phenomena

of MoS2 that were not accessible before.
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1
Introduction

TMDCs are a class of materials with the formula MX2, where M is a transition
metal element (Mo, W, Nb, etc.) and X is a chalocogen (S, Se or Te). Among
these, MoS2 has been widely studied due to its fascinating electrical, optical and
mechanical properties. MoS2 consists of vertically stacked layer by van der Walls
force and similar to graphene, monolayer MoS2, which is about 0.7 nm thick, can
be also exfoliated from scotch tape (as shown in Fig. 1.0.1). Bulk MoS2 is an in-
direct band-gap semiconductor while monolayer is a 1.8 eV direct band-gap semi-
conductor. This unique property endows it with many novel optical and quantum
behaviors such as coupled spin–valley physics and the valley Hall effect, leading to
various applications including transistors, memories, logic circuits, light-emitters
and photo-detectors.

However, its large band-gap (compared with graphene) makes achieving Ohmic
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Figure 1.0.1: (a) Bulk MoS2 crystal. (b) Exfoliated monolayer MoS2 on a
SiO2 (285 nm)/Si substrate. Scale bar: 3 μm.

electrical contacts highly challenging, and in fact the contact problem has been
highlighted as a central challenge for both applications and fundamental studies.
In this thesis, I will present our progress in designing new contact scheme to MoS2

and integrating with high qualityh-BN. Our high quality devices show Ohmic con-
tacts at low temperature and are absent from scattering sources, thus achieving the
highest mobility so far and enable the observation of Shubnikov–de Haas oscilla-
tions.

1.1 Electrical andOptical Properties ofMoS2

Before MoS2 was widely studied, graphene had been an important 2D material for
both fundamental physics and device application due to its unique band structure,
where conduction and valence bands meets at the Dirac point with zero band gap
and energy-momentum linearly disperses at low energies. Although this leads to
high carrier mobility and novel quantum transport behavior, the zero band-gap
limits its application in logic operations. TMDCs, on the other hand, exhibit large
range of band-gaps from metallic to semiconducting(as shown in Fig. 1.1.1 [2])
and exotic behaviors such as unconventional quantum hall effect [3], charge den-
sity waves [4] and superconductivity depending on the materials and number of
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Figure 1.1.1: Conduction/valence band alignment of different TMDCs [2].

Figure 1.1.2: Band structures calculated from first-principles density func-
tional theory (DFT) for bulk and monolayer MoS2. The horizontal dashed
lines indicate the Fermi level [7].
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layers [5, 6], making it suitable for logic applications and novel devices.
The change in the band structure with layer number is due to quantum con-

finement and hybridization between pz orbitals on S atoms and d orbitals on Mo
atoms. As shown in Fig. 1.1.2 [7], from bulk to monolayer MoS2, the direct ex-
citonic states near the Κ-point are relatively unchanged, but the transition at the
Γ-point shift significantly, resulting a direct band-gap semiconductor for mono-
layer MoS2. This shift from indirect and direct bandgap can be also observed by
photoluminescence (PL) and generates a lot of novel optical properties. It results
up to a factor of 104 increase in photo-luminescence quantum yield from bulk to
monolayer MoS2. The main peak of the monolayer MoS2 is the direct-gap lumines-
cence feature at 1.9 eV, while few-layer MoS2 has additional peaks corresponding
to the indirect transition [8].

Unlike graphene, monolayer TMDCs lack inversion symmetry. The lack of in-
version symmetry, high mass of the elements in the TMDCs lead to a very strong
spin–orbit splitting, with the valence-band splitting ranging from 0.15 to 0.45 eV
[9]. This further leads to the coupled spin and valley physics. It has been shown in
MoSe2 [10] and MoS2 [11] that the carrier populations in distinct valleys can be
controlled by optically exciting the samples with circularly polarized light.

1.2 Electrical Contacts to TMDCs

This large band gap of TMDCs guarantees a very high on/off current ratio [12]
and excellent electrostatic integrity [13]. However, this also poses a big challenge
to achieve Ohmic contacts in these thin materials. For instance, bulk MoS2 has
an bandgap of 1.2 eV with electron affinity of around 4 eV, whereas monolayer
MoS2 has a bandgap of 1.9 eV [8]. This low electron affinity causes work func-
tion mismatch with most of the commonly used metals, where a Schottky bar-
rier (SB) is formed at the interface. Researchers have shown that SB is weakly
dependent on the work function of the metal [14], which is widely recognized
as a Fermi level pinning issue. Fermi-level pinning is something that occurs at
metal-semiconductor interfaces, which is pinned at the middle of the gap due to
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the chemistry of the metal-semiconducting bonding. It is also worth noting that
most of the small work function metals used to electron injection are very prone
to oxidation, making Fermi level pinning easier to occur in this case [15].

Achieving Ohmic contact is a critical prerequisite for careful study of quantum
transport [28], valley-tronic properties [11], and transport signatures of interlayer
excitonic states [25]. A great deal of recent experimental work has demonstrated
progress toward improved MoS2 contacts. This includes use of low-work function
metals [14, 17], graphene [1, 18, 19], or doped TMDCs as electrodes [20], ther-
mal annealing [16], ionic-liquid doping of the contact regions [21, 29], phase en-
gineering [22], selective etching [23, 24], and introduction of thin tunnel barriers
[26, 27, 30] (Table 1.2.1). However, these efforts have largely focused on few-layer
TMDCs and room temperature behavior. Low temperature contact to monolayer
TMDCs remains a significant challenge.

Fig. 1.2.1 shows the contact resistances and sheet resistivity of different TMDCs
and contact strategies. In general, the larger the band gap, the harder to make good
contact. There is a clear trend of decreasing contact resistance with increasing
thickness, due to decrease of bandgap (Fig. 1.2.1a). The monolayer is still the
most challenging one. In applications, we also need to compare the relative value
of contact resistance and sheet resistance. In Fig. 1.2.1b, dashed line indicates
2015 silicon-on-insulator target values according to the 2012 International tech-
nology Roadmap for Semiconductors (ITRS). It is worth noting that most of the
experimental results fall out of this range.

1.3 2DMaterials Heterostructures Assembly Techniques

The MoS2, graphene and h-BN used in this work were mostly mechanically exfo-
liated from bulk crystals. We occasionally used CVD-grown MoS2 in some exper-
iments due to limited size from exfoliation [31]. The monolayer can be examined
and searched by optical contrast under the microscope and confirmed by AFM,
Raman and photoluminescence [8, 32]. There have been mainly four different
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Table 1.2.1: MoS2 contact strategies summary

MoS2 layer
number Contact strategy Contact

resistance Temperature Reference

1-2 L Ti/Au annealing 30 kΩ · μm 1.7-300 K [16]

4L Sc 2-probe
100-500 kΩ 100-300 K [14]

1L Al 1-10 MΩ · μm 300 K [17]

1L CVD CVD graphene 2-probe
0.6-2 MΩ 80-330 K [18]

1L Graphene 10 kΩ · μm 0.3 K [1]
3L Graphene 5 kΩ 4 K [19]

6.8 nm Nb doped MoS2 p-contact
2-probe 1.1 kΩ 5-300 K [20]

2-3 L Ionic-liquid
gating 50-100 kΩ · μm 230-300 K [21]

1-3 L 1T phase
engineering 0.3 kΩ · μm 300 K [22]

Few-layer Selective
etching + Ti/Au 0.5 kΩ · μm 2 K [23]

9 L
Selective

etching + Ti/Au
+ annealing 12 h

0.25 kΩ · μm 2-300 K [24]

1 L MgO + Co 2-probe
190 kΩ 155-300 K [25]

10 nm TiO2 + Co 2-probe
10 kΩ 200-300 K [26]

4-5 L h-BN + Ni 1.8 kΩ · μm 77-300 K [27]
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Figure 1.2.1: (a) MoS2 contact resistance as a function of the number of
layers.(b) Contact resistance vs. sheet resistivity for different TMDCs, black
phosphorus and graphene [7].
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transfer methods developed in the group. They are summarized below (the de-
tails and schematics of fabricating each type of device will be illustrated in each
chapter).

1. PVA/PMMA transfer method [33]. This is the first generation of transfer
method. 2D materials are first exfoliated on a water-soluble polymer release
layer, polyvinyl acetate (PVA) and 280 nm thick poly(methyl methacrylate)
(PMMA) layers. The PMMA thickness is precisely tuned to allow identi-
fication of monolayer MoS2 or graphene by microscope. The PMMA was
then transferred onto a polydimethylsiloxane (PDMS) stamp by dissolving
the release layer in water. The PMMA/PDMS membrane is then placed
on a glass slide, inverted and mounted on a micro-manipulator. The micro-
scope can be used to locate the position of the flake within 1 μm accuracy.
The target (bottom) substrate was pre-heated to 110 °C to remove the wa-
ter molecules at the interface. The micro-manipulator is lowered to bring
two materials into contact and PMMA will be released from PDMS. Once
transferred, the PMMA is removed in acetone or by annealing in H2/Ar gas
at 360 °C for 0.5 h. Although the annealing can remove most of the PMMA
residue, but the interface is inevitably contaminated.

2. PDMS transfer method [1]. 2D materials are mechanically exfoliated on
Scotch tape as usual. Then a PDMS stamp is attached to a glass slide, in-
verted and placed onto the scotch with exfoliated flakes. Then one gently
presses the glass slides with fingers to make them fully in contact, and then
flip and peel the glass slide/PDMS quickly. Flakes will be transferred onto
PDMS. The the glass slide is inverted and attached to a micro-manipulator.
The rest of the transfer process is similar to the first method except the bot-
tom substrates is kept at 80 °C during the contact. PDMS is less sticky than
PMMA and tends to leave less residue on the flake compared to the first
method.

3. Polymer-free pickup method [34]. This transfer method takes advantage of
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van der Waals force to stack the 2D materials. First, a bare Si chip is spin-
coated with 1 μm thick poly-propylene carbonate (PPC). The PPC film is
peeled from the Si substrate and placed onto a PDMS stamp, which is then
inverted and attached to a glass slide. In the meantime, all flakes are exfo-
liated on SiO2/Si substrates. Next, the manipulator is used bring the PPC
into contact with h-BN at 40 °C for a few minutes and then lift back. The h-
BN will be picked up by PPC due to stronger van del Waals force. This pro-
cess can be applied repetitively to pick-up the flakes from target substrates.
To release the whole stack from PPC, the final substrate is heated to 120 °C
to soften the PPC, which allows the glass slide and PDMS to be removed.
The PPC is then removed in chloroform or to by annealing in H2/Ar gas at
360 °C for 0.5 h. Since the top h-BN is used to pick up the sequential ma-
terials, the interface never sees any polymer and remains clean during the
fabrication.

4. Flip-chip method [35]. In traditional pick-up transfer method, although
the interface is clean, the top h-BN surface is still contaminated by PPC. In
case of applications like STM characterization, surface contact, etc. where
top surface is required to be clean, flip-chip transfer method is more suitable.
The main process is similar to the pick-up method except for the last step.
After the entire stack is picked up on PPC, the PPC film is peeled off from
PDMS and placed on on a clean target substrate, and annealing the stack in
vacuum at 360 °C for 0.5 h to remove the PPC underneath. In this method,
the top surface never touches polymer and remains clean.

1.4 Thesis Outline

This thesis investigates different approaches to achieve the best Ohmic contact to
MoS2 and characterize the high quality Mo2 devices encapsulated by h-BN. Chap-
ter 1 introduces the basic electronic and optical properties of TMDCs and the on-
going challenges in the field. Chapter 2 explores low work-function metals (Al, Sc
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etc.) as contacts to MoS2. Though these metals work well for few layer MoS2 at
room temperature, monolayer MoS2 devices still show non-Ohmic behavior for
at low T. Chapter 3 describes the study of using monolayer h-BN/Co as a con-
tact to monolayer MoS2 and achieves superior Ohmic contact at low tempera-
tures and low carrier density. The monolayer spacer serves two advantageous pur-
poses: it strongly interacts with the transition metal, reducing its work function
by over 1 eV, and it breaks the metal−TMDCs interaction to eliminate the inter-
facial states that cause Fermi level pinning. In chapter 4, we integrate MoS2, h-
BN and graphene to build a flexible transistor. Taking advantage of the mechan-
ical strength and flexibility of these materials, we demonstrate integration onto a
polymer substrate to create flexible and transparent field-effect transistors (FETs)
that show stable performance up to 1.5 % strain. In chapter 5, we take one step
further to build fully h-BN encapsulated MoS2 devices. The h-BN-encapsulation
provides excellent protection from environmental factors, resulting in highly sta-
ble device performance, even at elevated temperatures. In Chapter 6, we further
design the device into a multi-terminal geometry using gate-tunable graphene elec-
trodes. The h-BN encapsulation significantly eliminates the impurity scattering
and a record high mobility is achieved, which is more than 100× improvement
than the previous best results, as well as the first observation of quantum oscilla-
tions in this material. Different scattering mechanisms that limit the mobility will
be discussed in this chapter. In chapter 7, we summarize all the work and lay out
the future research directions.
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2
ContactingMoS2 with Low

Work-functionMetals

2.1 Metal and Semiconductor

The Schottky–Mott rule of Schottky barrier (SB) formation predicts the SB height
based on the work function (Φmetal) of the metal relative to the vacuum electron
affinity (χsemi) of the semiconductor:

ΦB = Φmetal − χsemi (2.1)

However in practice, the SB is not precisely constant across the interface, and
varies over the interfacial surface. According the Equation 2.1, a straightforward
approach would chose a low work-function metal whose work function is close to
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the electron affinity of MoS2, which is around 4 eV. However, the contact resistance
in TMDCs cannot be simply predicted by only two factors of metal work function
and semiconductor band structure. The contact behavior is strongly affected by
structure between metal and MoS2 and the thickness dependent band structure
of MoS2 [7]. In addition, unlike bulk semiconductors, it is difficult to change the
Fermi level of 2D semiconductors because conventional doping techniques used
in the semiconductor industry, i.e. ion implantation for Si, are not applicable due
to the atomic thinness of 2D semiconductors.

Here we investigate a low-work function metal, including aluminum (Al, 4.08
eV) and scandium (Sc, 3.5 eV) as contact metals to MoS2 and systematically stud-
ied the contact resistance of MoS2 devices, revealing its thickness-dependence and
gate-tunability. In few-layer MoS2, the small contact resistance of the aluminum
contact was achieved through a small SB height.

2.2 Device Structure and Sample Preparation

To investigate contact resistance and SB, we fabricated multi-terminal MoS2 field-
effect transistors (FETs) for four-probe measurement (Fig. 2.2.1a)and the transfer
length method (TLM) (Fig. 2.2.1b). MoS2 flakes of different size and thickness
were prepared on thermally oxidized SiO2(285 nm)/Si substrates using the me-
chanical exfoliation method. The thickness of each MoS2 flake was confirmed by
Raman spectroscopy [32]. Metal electrodes of Al/Cr/Au (40/5/50 nm), Sc/Au
(30/60 nm) were patterned by e-beam lithography and deposited on top of MoS2

by UHV e-beam evaporation. To prevent oxidation of Al, we covered it with non-
reactive Au and Cr was inserted in between to avoid the formation of highly resis-
tive Al–Au alloys.

12



Figure 2.2.1: (a) Optical microscopy image of a representative four-terminal
3L MoS2 FET. (b) Optical image of a MoS2 TLM device.

2.3 Contact Resistance Characterization

Transfer length measurement (TLM) is a widely used technique in material sci-
ence to determine the contact resistance between a metal and a semiconductor.
The technique involves making a series of metal-semiconductor contacts separated
by various channel distances like in Fig. 2.3.2b. Probes are applied to pairs of con-
tacts, and the resistance between them is measured by applying a voltage across the
contacts and measuring the resulting current. The resistance measured is a linear
combination of the contact resistance of the two contacts, and channel resistance
which linearly scaled with the length. By plotting total resistance (RT) vs. channel
length (L) (Fig. 2.3.1), contact resistance can be extrapolated from the intercept
where channel length is zero.

Fig. 2.3.2a shows the output curves of a 5 nm-thick MoS2 device with differ-
ent channel lengths of 0.5–2.5 μm and back-gate voltages of 0, 20, and 40 V. Even
though the MoS2 device with a shorter channel length showed a higher on-current
in Fig. 2.3.2b, the calculated mobility of the MoS2 device decreased as the chan-
nel length decreases regardless of the MoS2 thickness. The two-terminal mobility
of the MoS2 device decreases as the channel length deceases because the contact
resistance becomes dominant and the carrier velocity approaches to saturation
for shorter channels [36]. In the case of thicker MoS2, surface defects including
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Figure 2.3.1: Total resistance as a function of channel length. The intercept
indicates the contact resistance.

charged impurities and sulfur vacancies scatter carriers less than in the thin MoS2

channel because of its relatively low surface to volume ratio. Fig. 2.3.2d shows the
changes in total resistance of the 5 nm-thick MoS2 TLM device as a function of
channel length/width (L/W) at different gate voltages. Using the TLM method,
the sheet resistance and contact resistance were calculated from the slope and y-
intercept, respectively. The contact resistance of MoS2 clearly exhibited the gate-
voltage dependence, resulting in a small contact resistance of 68 kΩ·μm at a higher
gate voltage of 40 V. The small contact resistance at high gate voltage is attributed
mainly to enhanced carrier tunneling injection through the reduced Schottky bar-
rier width at high gate voltage.

We also measured the contact resistances of other MoS2 devices with different
thicknesses and summarized in Fig. 2.3.2c. It is obvious that the contact resis-
tance decreases as the thickness of MoS2 increases. The monolayer MoS2 has a
broad range of contact resistances, which might be due to the high sensitivity of
monolayers in the fabrication process. Because the top surface of MoS2 might be
contaminated during the fabrication process, i.e. formation of sulfur vacancies,
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Figure 2.3.2: (a) Output characteristics (ID–VD) of MoS2 FETs with different
channel lengths at varying gate voltages. (b) Transfer curves (ID–VG) of the
MoS2 TLM devices with different channel lengths. (c) Contact resistance of
MoS2 FETs as a function of the number of MoS2 layers. The inset shows a
log-scale plot (d) Total resistances as a function of the ratio of length and
width (L/W) at different gate voltages. Total resistance at the constant gate
voltage were linearly fitted as indicated by dashed lines. From the y-intercept
of the fitting lines, contact resistances were extracted.
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characteristics of monolayer MoS2 can be altered more easily compared to multi-
layers which are protected by top layers. A logarithmic plot of contact resistance
in the inset of Fig. 2.3.2c is displayed for clear expression of the tendency.

When calculating two-terminal field effect mobility, contact resistance will make
it to under-estimate the intrinsic mobility. For statistical comparison, we mea-
sured 52 devices with Au or Al contacts. As the number of layers increases, the
field-effect mobility also increases. Compared with Au-contacted MoS2 devices,
Al contacts of low contact resistance enhance the field-effect mobility of MoS2.
Therefore, the increased mobility of the MoS2 device is attributed to the smaller
contact resistance of Al. For monolayer MoS2, it showed a larger increase of mobil-
ity when electrodes were changed to Al, which means that contact resistance plays
a more critical role in thinner MoS2. The maximum mobility of 3L MoS2 was 24
cm2/Vs and other MoS2 devices of 1L and 2L showed enhanced mobility by one
or two orders of magnitude compared to the devices with Au contacts.

2.4 Aluminum-MoS2 Schottky Barrier Calculations

To measure SB, we plotted the drain current of the 3L MoS2 FET at different
temperatures and gate voltages, as shown in Fig. 2.4.1a. As the temperature in-
creased, the resistance of the device decreased. At high temperatures, a number of
carriers overcome the SB through thermionic emission. At low temperatures, on
the other hand, the drain current is proportional to the number of carriers which
have enough energy to jump over the contact barrier without thermionic emission.
Therefore, SB can be extracted by following the equation.

ID = AT1.5exp(
qΦB

kBT
)[exp(

qVD

kBT
)− 1] (2.2)

where ID, A, T, kB, q, ΦB and VD are the drain current, effective Richardson con-
stant, temperature, Boltzmann constant, electronic charge, SB, and drain bias, re-
spectively [14].

From the slopes in the high temperature region of logarithmic plots, we calcu-
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Figure 2.4.1: (a) Temperature dependence of drain current (ID) at different
gate voltages. (b) SB of 3L MoS2 contacted with aluminum at different gate
voltages (VG). Under a flat band condition, SB is 64 meV and reduced to 7
meV at high gate voltage. (c) Summarized SB height of MoS2 as a function
of work function of contacted metal. (d) Schematic energy band structures of
the interfaces between contacted metal and MoS2: thick MoS2 (left) and thin
MoS2 (right).
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lated the SB of Al and 3L MoS2 as a function of gate voltage in Fig. 2.4.1b. Under
a flat band condition (no bending of the MoS2 conduction band), the SB for 3L
MoS2 is 64 meV, which is lower than that of scandium (150 meV) for 10 nm-thick
MoS2 [14]. Assuming no pinning at the interface of the metal and semiconduc-
tor, SB can be estimated by simple calculation of the difference between the work
function of the metal and the electron affinity of the semiconductor. Our extracted
contact barrier height is close to the estimated value of 80 meV from the work func-
tion of Al (4.08 eV) and the electron affinity of multilayer MoS2 (4.0 eV). It means
that there is no significant change at the interface states of MoS2 and Al, leading
to maintenance of the original band structures at the contact. As the gate voltage
increased, the contact barrier height decreased down to 7 meV, due to enhanced
tunneling by thinning of the SB width. This low contact barrier height is almost
negligible at the applied drain bias so that low contact resistance can be achieved.
As summarized in Fig. 2.4.1c, it was reported that Sc and Ti have small SB for mul-
tilayer MoS2. Our measurements shows that Al contact forms a small SB even for
thinner MoS2 of 1–3L. However, thinner MoS2 has a larger SB than the thicker
one. We could not measure the SB of 1L and 2L MoS2 under a flat band condition
because the MoS2 devices of 1L and 2L were burnt at higher temperature with a
large amount of heat, generated at high contact resistant interfaces. However, the
measured SB at high gate voltage clearly indicate that thinner MoS2 has a higher
SB than the thicker one. Therefore, we depicted a band diagram at the junction
of metal contact and MoS2 as shown in Fig. 2.4.1d. As the band gap of MoS2 de-
creases with the increasing number of layers, upshift of the conduction band edge
in thinner MoS2 increases SB for electron injection. Consequently, the use of Al
contacts to MoS2 enables us to form small SB interfaces, which can be tuned by the
thickness of MoS2, leading to a higher field-effect mobility. Beyond the thickness
of 3L, the contact resistance and field-effect mobility are saturated, which result
from small modulation of the band structure in MoS2 thicker than 3L.
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Figure 2.5.1: (a) Transfer curve at 300 K with Vsd=100 mV. (b) Linear out-
put curve at 300 K at different back gate voltage from -20 V to 80 V. (c)
Transfer curve at 50 K with Vsd=100 mV. (d) Non-linear output curve at 50
K at different back gate voltage from -20 V to 80 V.

2.5 Scandium-MoS2 Contact andMoS2 Edge Contact

Researchers have explored other low work-function metals like Sc as contact to few
layer MoS2 [14] but not on monolayer. We have made monolayer devices contact
with Sc (Φ = 3.5 eV). At room temperature, the devices showed promising con-
tact behavior with low contact resistance and linear output I-V curve (Fig. 2.5.1a,
b). However, the contacts showed high resistance and non-linear output curve at
low temperature (Fig. 2.5.1c, d), indicating the contacts are non-Ohmic in nature.
We speculate that the failure of Sc contacts to provide low SB is due to the easy
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Figure 2.5.2: Summary of MoS2 edge contact results.

oxidation and reactive nature of Sc during the process.
Metal edge contact has proved to provide robust room and low temperature

contact to graphene [34]. We have tested different metals including Ti/Au, Pd/Au
and Al/Cr/Au but none of them provide Ohmic contact. The preliminary results
were summarized in Fig. 2.5.2. More efforts can be directed to this field in the
future.

2.6 Chapter Conclusion

In this chapter, we have systematically investigated the Schottky barrier of Al-MoS2

and its influence on the field-effect mobility and contact resistance. In our work,
we focused on the contact resistance of thinner MoS2 layers and measured the
small Schottky barrier height at contact between MoS2 and aluminum. Further-
more, this contact barrier can be lowered to almost zero by applying a high gate
voltage. We also find that aluminum is a good candidate as a contact material
for MoS2 devices. It should be noted that the layer-dependent Schottky barrier is
dominant in thinner MoS2. Through calculation of SB for various MoS2 devices,
we can conclude that the conduction band of thinner MoS2 up-shifts as the num-
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ber of layers decreases. Thanks to the extremely small SB of 7 meV for 3L MoS2,
the mobility of 3L MoS2 increased to 24 cm2/Vs. With the same reason, other
MoS2 devices of 1L and 2L showed enhanced mobility by one or two orders of
magnitude. In addition, we have explored the Sc and edge contact possibilities but
none of them show Ohmic contact behavior at low temperature. More research
work can be directed into this field in the future. Although Al works well for few
layer MoS2 but monolayer still show non-Ohmic contact. Next Chapter will focus
on how we solve the contact problem for monolayer MoS2.
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3
AchievingOhmic Contact tomonolayer

MoS2 with h-BN/Co

3.1 Work-function Reduction byMonolayer h-BN

We have previously demonstrated that low work-function metals such as Al and Sc
can achieve robust room-temperature contact to few-layer MoS2 at moderate car-
rier densities, but reliable contact to monolayer MoS2 is still challenging. Similar
results have been seen for Au contacts, where low contact resistance is achieved
only after aggressive thermal annealing, which can negatively affect the channel
characteristics due to the creation of sulfur vacancies [16].

Recently, Farmanbar et al. proposed a new route to achieve stable low work
function metal contacts to TMDCs [37, 38]. Although TMDCs monolayers are
free of dangling bonds, whereas they tend to interact with low work-function met-
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Figure 3.1.1: Calculated metal/2D materials work-function and valence and
conduction band edge TMDC monolayers (band gaps are given in red).

als to form a density of interface states with energies inside the TMDCs band gap,
which is sufficiently large to pin the Fermi level and cause a sizable SB for electrons
[39, 40].

In this new scheme, a monolayer of graphene or h-BN is placed between a tran-
sition metal Co and the TMDCs. The monolayer spacer serves two advantageous
purposes: Firstly, h-BN’s lattice matches with Co(111) and strongly interacts with
the it, and reducing its work-function by over 1 eV. These reductions result from
large interface dipoles that are formed at the h-BN/metal interfaces, where Pauli
exchange repulsion between the electrons at the interface gives an important con-
tribution [41]; secondly, it breaks the metal−TMDCs interaction to eliminate the
interface states that cause Fermi level pinning. The combined effects of breaking
the metal-MoS2 interaction and lowering the metal work-function yields zero SB
for contacts between h-BN-covered Co or Ni and MoS2. Figure 3.1.1 summarizes
work-functions for different combinations of metals and 2D materials.

Here, we experimentally validate this prediction. In the next section, we will use
cobalt electrodes with monolayer h-BN to achieve substantially improved low-T
contacts to monolayer MoS2 and verify the work function modification directly
using X-ray photoemission spectroscopy.
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3.2 Device Structure and Sample Preparation

Both MoS2 and h-BN are exfoliated from bulk materials. Fig. 3.2.1a shows the
optical micrograph of an exfoliated monolayer h-BN flake with contrast enhanced
by LUT (Lookup Table) image processing. The Raman spectrum of the flake has
the E1g peak centered at 1375.2 cm−1, which is 4.7 cm−1 higher than bulk flakes,
indicating it is monolayer [42] (Fig. 3.2.1b). We further characterize monolayer h-
BN with AFM, which shows clean smooth surface (Fig. 3.2.1c). The step heights
(Fig. 3.2.1d) relative to SiO2 substrate are often found to be higher than the pre-
dicted monolayer h-BN thickness (0.33 nm). However, after we transfer mono-
layer h-BN onto a h-BN substrate, we always get the predicted thickness value. We
identify monolayer MoS2 with optical contrast and further confirm with PL and
Raman spectra. The single sharp peak at around 1.8 eV of PL spectrum and E12g

and A1g peak separation of 18 cm−1 of Raman spectrum give reliable identifica-
tion of monolayer MoS2.

After collecting all flakes, we use a flip-chip method described in Chapter 1 Sec-
tion 1.3 to assemble the stack. Figure 3.2.2a shows the steps to invert a stack from
PPC. A polymer PPC film was used pick up a stack of �30 nm thick h-BN (top), 1L
MoS2 (middle), and 1L h-BN (bottom). The polymer and stack were inverted and
placed, polymer down, on a SiO2/Si substrate, and then heated in vacuum at 250
°C for 30 min to remove the supporting polymer. Subsequently, the stack was pat-
terned into the desired shape by e-beam lithography followed by SF6/O2 plasma
etching. Finally, 30 nm Co and 50 nm Au electrodes were patterned by a second
e-beam lithography step, electron beam evaporation, and liftoff. For the devices
described below (unless noted otherwise), we evaporated Co under ultrahigh vac-
uum (UHV) conditions (10−10 Torr) to minimize interfacial contamination and
Co oxidation.
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Figure 3.2.1: (a) Optical micrograph of the monolayer h-BN flake with con-
trast enhanced by LUT. Scale bar is 5 µm. (b) Raman spectra of the mono-
layer h-BN flake and another bulk BN flake with 532 nm laser and 1800
gr/mm grating. The E2g peak is centered at 1375.2 cm−1 for monolayer and
1370.5 cm−1 for bulk. (c) AFM measurement of the monolayer h-BN flake
and (d) the height (0.55 nm) of the flake relative to the SiO2 substrate.
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Figure 3.2.2: (a) Device schematic for Co/h-BN/1L MoS2 contact. (b) Opti-
cal image of a Co/1L h-BN/1L MoS2 contact device. Scale bar is 2 μm.

Figure 3.2.3: (a) Device schematic for Co/h-BN/1L MoS2 contact. (b) Opti-
cal image of a Co/1L h-BN/1L MoS2 contact device. Scale bar is 2 μm.
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3.3 Work-function of Co/1L h-BN

We next confirmed the low work-function of h-BN/Co using X-ray photo-electron
spectroscopy (XPS) on a large-area Co/h-BN film. This sample was prepared by
evaporating 30 nm of Co onto CVD-grown h-BN transferred onto a Si/SiO2 wafer,
then peeling the film from the substrate and inverting it. In this way, a pristine
Co/h-BN interface could be studied without oxidation of the Co. The XPS spec-
trum was measured using a Thermo Scientific K-Alpha XPS system (hv = 1486.6
eV), using an applied stage bias of −30 V, so the cutoff the sample can be dis-
tinguished (cutoff energy = 1485.5 eV, as shown in Fig. 3.3.1a). The spectrum
width is determined by the difference between the cutoff energy and the Fermi
edge (spectrum width = 1483.3 eV). The Fermi edge position is determined by
the center of the first rising slope, while the cutoff energy is determined by the
change of slope (maximum of the second derivative, Fig. 3.3.1b). The work func-
tion (ΦB) of the film is determined by subtracting the spectrum width from the
Al Kα line (1486.6 eV), resulting in ΦB = 3.3 eV, which is 1.7 eV smaller than Co
work-function of 5.0 eV [43]. We also checked the work function of a thick Au film
(after 5 min of in situ Ar ion milling to remove any contamination on the surface)
and obtained ΦB = 5.2 eV, which is in good agreement with published values.

3.4 Schottky Barrier of Co/1L h-BNContact

The barrier-free behavior for the h-BN/Co contact is further confirmed by extract-
ing the activation energy from the slope of an Arrhenius plot of ln(I/T1.5) versus
1000/T (Fig. 3.4.1a) according to Equation 2.2 [7]. The derived activation energy
is plotted as a function of gate voltage for devices with (Fig. 3.4.1b) and without
(Fig. 3.4.1e) 1L h-BN. In these plots, the Schottky barrier height is the activation
energy at the flat-band gate voltage, seen as the point where the activation energy
ceases to decrease linearly with gate voltage. We obtain Schottky barrier heights
of 16 meV for Co contact with 1L h-BN and 38 meV for Co direct contact to 1L
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Figure 3.3.1: (a) Inelastic second cutoff. XPS spectrum of cobalt film cov-
ered by single layer CVD h-BN using Thermo Scientific K-Alpha (hv = 1486.6
eV) with −30 V bias. The work-function is determined by the energy differ-
ence between the cutoff and Fermi edge. (b) Fermi edge. The work-function
is determined by the energy difference between the cut-off and Fermi edge
subtracted from the source energy (hv = 1486.6 eV), thus 1L h-BN/Co work-
function ΦB = 3.3 eV.

MoS2.
Above the flat-band voltage, however, Equation 2.2 no longer holds true, since

there is current contributed from tunneling effect and the slope we got from Ar-
rhenius plot will not reflect the true activation energy. To get the flat-band voltage,
we notice that as long as Vg < VFB, the activation energy depends linearly on Vg:

EA = qΦB − (1+ Cit/Cox)
−1(Vg − VFB) (3.1)

whereCox is the gate oxide capacitance andCit is the interface trap capacitance. The
linearity assumesCit to be a constant over the range of gate voltage belowVFB. This
assumption seems to be true for our devices as can be seen on Fig. 3.4.1b, e. The
factor γ = (1+Cit/Cox)

−1 also can be extract from the sub-threshold swing from
SS = γ−1ln(10)kT/q, and the values extracted from two methods are consistent.
It is worth noting that γ is smaller for devices without 1L h-BN insertion, which
means it has larger trap density. This indicates the monolayer h-BN can still screen
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Figure 3.4.1: Arrhenius plots, activation energy and transfer curves of cobalt
contacts with (a, b, c) and without (d, e, f) monolayer h-BN.

the extrinsic disorder to some degree.

3.5 Contact Resistance andCharge Transport

To examine how this contact behaves in electrical transport, we first perform two-
probe direct current (DC) measurements between the source and drain, at tem-
peratures from room temperature (300 K) to 1.7 K. The output curves (current vs
bias voltage) are linear at gate voltages above 0 V at room temperature and above
20 V at 1.7 K (Fig. 3.5.1a). Control experiments allow us to verify the unique dual
role of the h-BN in combination with a transition metal contact. First, the con-
tact quality is found to be much poorer for Co without h-BN, for which the out-
put I−V curves are linear at room T, but nonlinear at low T (Fig. 3.5.1b) even at
large gate voltage. Such nonlinear behavior is particularly detrimental for the volt-
age contacts in multi-terminal measurements, which operate in the limit of very
low bias. Second, other metals (Sc, Ti, Al, Ag) with 1L h-BN tunnel barriers, do

29



Figure 3.5.1: (a) Low-bias output characteristics of Co/1L h-BN contact
showing linear Isd−Vsd behavior starts at the turn-on gate voltage (20 V), indi-
cating the Ohmic nature even at 1.7 K. (b) Low-bias output characteristics of
Co direct contact to 1L MoS2 showing nonlinear Isd−Vsd behavior, indicating
non-Ohmic behavior at 1.7 K.

not provide low-T Ohmic contact from our experiments, confirming that the work
function tuning provided by the strong h-BN/Co interaction is critical. This is
consistent with previous studies of metal-TMDC tunneling contacts using MgO,
TiO2, Ta2O5, and h-BN as the insertion layer [26, 27, 30, 44, 45], which showed a
decrease in Fermi level pinning but did not achieve Ohmic contact to monolayer
TMDCs at cryogenic temperatures.

Next, two-probe and four-probe resistance measurements were combined with
Hall effect measurements to determine the channel resistivity and contact resis-
tance as a function of carrier density. Measurements were performed using al-
ternating current (AC) bias (100 nA) with simultaneous lock-in measurement of
two-probe (V2p) and four-probe voltage drops (V4p) (Fig. 3.5.2a inset). We calcu-
lated the channel resistivity as ρxx = V4p/Isd ×W/L4p, and the contact resistance
as Rc = (V2p/Isd(V4p/Isd)× L2p/L4p)×W, where Isd is the source-drain current,
L2p is the length between the source and drain contacts, L4p is the length between
the voltage contacts, and W is the channel width. The carrier density n was deter-
mined by measuring Hall voltage under an applied magnetic field. We find that the
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conduction band edge (n = 0) is close to 0 V (±3 V), indicating that our samples
are not heavily doped during the fabrication process, and that the carrier density
obtained from Hall measurements agrees well with the predicted value from the
gate capacitance.

Fig. 3.5.2a, b shows the derived channel resistivity and contact resistance for
a typical device (all three measured devices show similar behavior), as a function
of carrier density at temperatures from 300 to 1.7 K. Importantly, we find that the
robust h-BN/Co contact allows us to reliably measure multi-terminal transport
for densities down to 2 × 1012 /cm2. The resistivity (Fig. 3.5.2a) decreases with
increasing carrier density and shows a crossover from nonmetallic to metallic tem-
perature dependence near 3 × 1012 /cm2. We note that prior work reported a sim-
ilar crossover but at roughly twice the density, emphasizing the role of disorder in
this transition [12, 16]. This is attributed to bottom h-BN on SiO2 by the reduced
trap density[46]. The contact resistance is strongly dependent on carrier density
and temperature. At room temperature, the contact resistance decreases from 10
kΩ·μm at n = 2 × 1012 /cm2 to 4 kΩ·μm at n = 5 × 1012 /cm2, whereas at base tem-
perature (1.7 K), the contact resistance decreases from 100 to 3.0 kΩ·μm over the
same density range. The contact resistance decreases with temperature when the
carrier density is above 4−4.5 × 1012 /cm2, indicating true Ohmic contact behavior
at a significantly lower density than previously achieved.

Fig. 3.5.2c shows the derived Hall mobility for n ranging from 2−5.3 × 1012

/cm2. We note that the behavior of this device is not expected to reflect the intrin-
sic behavior of MoS2 in the clean limit, because the 1L h-BN top encapsulation
layer may not be sufficient to screen external charge disorder, for example, from
PMMA resist residue; instead, this serves as a demonstration of the wider density
range accessible using the h-BN/Co contacts.

Fig. 3.5.2d shows the low-T contact resistance versus carrier density for the
h-BN/Co contacts compared to other methods for monolayer MoS2. First, we
note that the contact resistance is roughly 5 times larger when ordinary high vac-
uum (10−8 Torr) is used for Co evaporation, which is consistent with improve-
ments seen for UHV evaporation of Au contacts [47]. Elimination of the 1L h-BN
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Figure 3.5.2: Four-probe resistivity (a), Contact resistance (b), and Hall mo-
bility (c) as a function of carrier density at temperatures of 300, 250, 200,
150, 100, 50, 10, and 1.7 K. (d) Comparison of h-BN tunneling Co contact
with different contact schemes in the literature [1, 16].

(with UHV Co evaporation) also results in a poorer contact. The use of few-layer
graphene can provide an adequate contact (Rc∼10 kΩ·μm) but only at large car-
rier densities, 1013 /cm2 [1]. Finally, the previously reported high quality contacts
using Au only achieve low resistance for even higher densities, for example, above
2 × 1013 /cm2 [16]. Thus, we conclude that the h-BN/Co structure provides a
superior contact to any other reported method and is particularly well suited to
studies of properties at low temperature and low carrier density.
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3.6 Chapter Conclusion

In conclusion, we have demonstrated a new contact scheme to the conduction
band of monolayer MoS2 that is robust at low temperature and at low carrier den-
sity in which monolayer h-BN is inserted between Co and MoS2. This scheme
provides the best contacts reported to date, 3.0 kΩ·μm at n = 5.3 × 1012/cm2 at 1.7
K. Further improvement of the quality of the material and channel encapsulation,
combined with this contact scheme, will allow us to explore details of quantum
transport behavior in the conduction band of large-gap TMDCs semiconductors
that have remained largely inaccessible. In addition, h-BN/transition contacts may
prove useful for electron injection in a wide range of other systems.
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4
FlexibleMoS2 FETs on h-BNwith

Graphene Local Gate

As a 2D semiconductor with excellent mechanical properties [48], MoS2 has great
potential for flexible electronics. However, flexible MoS2 FETs have shown rela-
tively modest mobilities of 4-12 cm2/Vs. Furthermore, use of conventional di-
electrics, such as SiO2, causes large hysteresis and low mobility [49, 50]. The h-
BN, which has proven to be beneficial for graphene electronics [33], it can be an
alternative dielectric that is atomically flat and free of trapped charges. Finally, the
inherent flexibility of 2D materials motivates fabrication of flexible MoS2 devices
based on mechanically stacked hetero-structures [51, 52].

In the previous chapters, we have investigated different contact schemes to mono-
layer MoS2 and have achieved Ohmic contact at low temperature with h-BN/Co
contact. In this chapter, we will demonstrate highly flexible and transparent MoS2
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Figure 4.1.1: (a) Schematic of device fabrication process for a MoS2/h-
BN/graphene device. (b) Optical micrographs of the corresponding samples
in each fabrication step.

FETs built on h-BN dielectric and graphene gate electrodes, which exhibit en-
hanced field-effect mobility with a low operating gate voltage. The stacked het-
erostructure devices show high flexibility and optical transparency and exhibit lit-
tle modification of device performance at high strain levels.

4.1 Device Structure and Sample Preparation

As shown in Fig. 4.1.1, few-layer graphene (FLG) was mechanically exfoliated on
a SiO2/Si substrate. For transfer of h-BN, a PDMS stamp was placed on h-BN-
exfoliated Scotch tape and peeled off quickly. The PDMS-supported h-BN flake
(with thickness ranging from 10 to 30 nm) was then transferred onto the FLG
with a micro-manipulator. Because thin MoS2 is difficult to directly exfoliate on
PDMS, MoS2 is transferred using the first PMMA transfer method introduced in
Chapter 1. The thickness of MoS2 in all the tested devices was confirmed by fre-
quency difference between in-plane E2g and out-of-plane A1g Raman modes. We
note only the top surface of the final device is exposed to PMMA, so that all of the
interfaces remain clean. Source, drain, and gate electrodes were patterned by e-
beam lithography and subsequent deposition of Ti/Au (0.5/50 nm). For removal
of PMMA residue, samples were annealed at 200 °C in vacuum for 1 hour.

35



To understand the effect of the h-BN dielectric and graphene back-gate on FET
performance, we also fabricate MoS2 FETs on SiO2 (denoted as MS) and on SiO2-
supported h-BN (denoted as MB).

4.2 Charge Transport Characteristics ofMoS2/h-BN FETs

Electrical transport properties were measured with a semiconductor parameter an-
alyzer (Agilent, 4155C) in vacuum and at room temperature. As shown in the inset
of Fig. 4.2.1d, linear output curves (ID-VD) of the MB device reveal that Ohmic
contacts are formed between MoS2 and metal electrodes as reported at room tem-
perature [12, 16, 36]. Transfer curves (ID-VG) of MB and MS FETs with the con-
ducting Si wafer used as the back-gate show n-type conduction (Fig. 4.2.1d). The
MB device shows more than an order of magnitude increase in conductance (note
that drain voltages for the MS and MB devices are different) and an order of mag-
nitude decrease in hysteresis, providing evidence of an improved performance on
h-BN. This result confirms that h-BN efficiently protects the MoS2 channel from
Coulomb scattering by charged impurities in the SiO2 substrate, as previously re-
ported for graphene FETs on h-BN [33, 53].

The mobility of the devices was extracted by μ = (L/WCiVD)(dID/dVG), where
L,W, andVG are channel length, channel width, and gate voltage, respectively. For
capacitance per unit area Ci = ε0εr/d, relative permittivities of 3.9 and 3.5 were
used for SiO2 and h-BN, respectively [33]. For monolayer MoS2, the field-effect
mobility of the MB device (μMB: 7.6 cm2/Vs) is an order of magnitude higher than
that of MS device (μMS: 0.5 cm2/Vs). The on/off ratio (Ion/Ioff for both MoS2 FETs
is around 104-106, depending on the on-current.

Having confirmed the advantages of using h-BN for dielectric layers, we next
fabricated MBG devices, with mono- and bilayer MoS2 channels and FLG gates
(Fig. 4.2.1c). Transfer curves for mono- and bilayer MoS2 devices are shown in
Fig. 4.2.1e. The high-quality dielectric with smaller thickness allows low operat-
ing gate voltage (ΔVG < 10 V) as well as higher FE mobilities of 12 cm2/Vs for
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Figure 4.2.1: Schematic device structures of (a) MS, (b) MB, and (c) MBG
FET. (d) Transfer curves (ID-VG) of MS and MB devices in (a) and (b), re-
spectively. Note that the current (ID) was measured with VD of 500 and 50
mV for MS and MB, respectively. The inset of (d) shows output curves (ID-
VD) of the MB device measured at different gate voltages with a step of 20 V.
(e) Transfer curves of the MBG devices, which indicate the higher mobility of
thicker MoS2.
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monolayer and 24 cm2/Vs for bilayer MBG FETs, respectively, than those mea-
sured in MS. In addition, for MBG devices, hysteresis is completely absent, sug-
gesting a lack of charge traps at either interface. This result confirms that h-BN
and graphene are well suited for use as dielectric and gate electrode materials for
ultrathin MoS2 FETs.

In order to ascertain the relation between carrier mobility and thickness of MoS2,
devices with a thickness of 1-5 layers were fabricated. The measured mobility val-
ues are summarized in Fig. 4.2.2. MoS2 FETs on both SiO2 and h-BN show in-
creasing mobility with MoS2 thickness, but the increase is much more dramatic
on h-BN substrates. Use of the graphene gate electrode does not affect mobility.
Trilayer MoS2 on h-BN reaches a high mobility of 45 cm2/Vs, comparable to that
reported for much thicker MoS2 devices (>5 nm thick) [54]. It should be noted
that contact resistance is included in the two-terminal field-effect mobility estima-
tion; the true (Hall) mobility is typically higher. A high intrinsic mobility of 470
cm2/Vs measured by the four-terminal method was reported in 50 nm thick MoS2

[55]. The trends seen in Fig. 4.2.2 are likely due to both contact and bulk effects:
we have observed that the contact resistance decreases with MoS2 thickness), but
the observed mobility improvement on h-BN indicates a substantial role of bulk
scattering, at least in SiO2-supported devices. This will be discussed in Chapter 6.

When we compare MS and MB devices of the same MoS2 thickness, the mo-
bilities of MB devices are much higher than those of MS devices. For example,
the mobility of monolayer MoS2 on h-BN (10 cm2/Vs) is an order of magnitude
higher than that of monolayer MoS2 on SiO2 (<1 cm2/Vs). This confirms that, al-
though both MS and MB devices similarly show an increase of contact resistance
as the MoS2 thickness decreases, bulk scattering for thin MoS2 is more dominant
compared to contact resistance.
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Figure 4.2.2: Field-effect mobilities of the MoS2 FETs fabricated on different
substrates as a function of number of MoS2 layers. The solid symbols indicate
average values with a distribution range from minimum to maximum. The
devices with more than three, which have the same thickness of MoS2, were
measured. The dotted lines represent guidelines of mobility variation of MS,
MB, and MBG devices.
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4.3 Flexible and RobustMoS2/h-BN FETs

Based on the above results,flexible FETs were fabricated using the MBG structure
with tri-layer MoS2 to achieve high mobility, while still maintaining flexibility and
optical transparency. As shown in Fig. 4.3.1a, the MBG devices were fabricated
on the 127 μm thick polyethylene naphthalate (PEN) substrates (DuPont Teijin
Films). The representative MBG device of Fig. 4.3.1b, c consists of FLG (5 lay-
ers), h-BN (35 nm), and MoS2 (3 layers). The transmission-mode optical micro-
graph of Fig. 4.3.1c verifies that this ultra-thin heterostructure device is transpar-
ent: the optical absorption is roughly 20 % for the entire device stack, as calcu-
lated from the absorption of each material (2.3 % per graphene layer [56], 2-5%
for monolayer MoS2, and negligible for h-BN in visible range [57]). When only a
single monolayer of each material is used, a higher transparency over 95% can be
achieved, compared to 60% recently reported for multilayer MoS2 devices [50].
Electrical device characteristics were measured under ambient conditions and dif-
ferent bending conditions as shown in Fig. 4.3.1d.

This device showed high mobility of 29 cm2/Vs and low operating gate voltage
of ΔVG = 5 V before bending. The smaller mobility of the MBG device on the flex-
ible substrate is probably due to resist residue (annealing is not possible for flexi-
ble devices). As was seen on rigid substrates, these samples showed no hysteresis
due to the charge-trap-free h-BN dielectric and clean channel/dielectric interface
[33]. We observe that the device performance is unchanged with applied uniaxial
strains up to 1.5 %. The sample was uniaxially strained during electrical measure-
ments by bending, as shown in the insets of Fig. 4.3.1e. The relative field-effect
mobility of μ/μ0, where μ0 is the mobility at zero strain, is shown in Fig. 4.3.1e. It
is stable within 15 % variation up to strain of 1.5 %. The photograph in the inset of
Fig. 4.3.1e shows the 1.5% strained device during measurement. Above this max-
imum strain, most devices failed due to crack formation in the metal electrodes
[58]. Even though band gap variation of MoS2 under strain was reported [59, 60],
any distinguishable change in electrical measurements of our devices was not ob-
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Figure 4.3.1: (a) Photograph of the MBG device on the PEN substrate
showing its outstanding flexibility and transparency. (b) Reflection-mode
and (c) transmission-mode optical micrographs of the flexible and transpar-
ent MBG device. Each dashed line indicates the border of each material. (d)
Transfer curves of the flexible MBG device under different bending conditions
up to 1.5 % strain. (e) Relative FE mobility (μ/μ0) of theflexible MBG device
as a function of strain. The insets show the photograph of the strained MBG
device by 1.5 % and schematic diagram of the strained device. The arrows in
the images indicate the y-direction for strain.
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served.

4.4 Chapter Conclusion

In conclusion, MoS2 FETs of a novel structure were fabricated by a mechanical
stacking process with graphene and h-BN. When h-BN and graphene were used
as dielectric and gate electrodes in MoS2 FETs, the high FE mobility of 45 cm2/Vs
was achieved in trilayer MoS2 at low operating gate voltage (ΔVG < 10 V), along
with no transport curve hysteresis. We demonstrated that the heterostructure de-
vices based on a stack of MoS2/h-BN/graphene are highly flexible and transparent.
These results indicate that 2D-material-based heterostructure devices are promis-
ing for flexible and transparent electronics. For instance, this hetero-structured
device can be utilized in display logic circuits replacing the conventional materials
(e.g., amorphous Si), which require mobility larger than 10 cm2/Vs and low power
consumption.
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5
Highly Stable, Dual-GatedMoS2
Transistors Encapsulated by h-BN

In the last chapter, we have fabricated MoS2 FET on h-BN and demonstrated flex-
ible FETs. Although the bottom h-BN improve the device performance signifi-
cantly, the top surface of MoS2 is still exposed to the environment. As for any
atomically thin material, the performance of MoS2 devices can be strongly altered
by environmental effects such as adsorbates, charges in neighboring dielectrics,
and variability of contact quality [61–63]. For example, the measured mobilities of
MoS2 at both room and low temperatures have been found to be substantially be-
low theoretically predicted intrinsic values, which have been attributed to scatter-
ing of carriers by substrate roughness, charged impurities, substrate phonons, ad-
sorbates on the surface, and electron–phonon coupling [12, 16, 61, 64–68]. More
importantly, performance of MoS2 FETs, whether exposed to air or passivated by
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conventional dielectrics such as HfO2, is seen to substantially degrade over time
[12, 63, 69] and create substantial sulfur vacancies during aggressive annealing,
leading to heavily doped MoS2 devices [16]. Therefore, the structural stability
of MoS2 cannot be neglected for maintaining performance of MoS2 devices, and
improvements in devices are required to eliminate environmental influences. For
practical application of MoS2 transistors, controllability of threshold voltage and
low sub-threshold swing are also desired.

Here we demonstrate vdW heterostructure MoS2 devices with graphene con-
tacts and dual gates, where the MoS2 layer is entirely encapsulated by twoh-BN lay-
ers. We find that MoS2 exposed to air or moisture experiences gradual degradation
in electrical and optical properties, while the h-BN-encapsulated MoS2 is highly
stable even at high temperature and shows no degradation for at least 8 months in
ambient conditions. As a result, MoS2 devices fabricated in this way show good
two-terminal transport behavior indicative of high-quality contacts and high de-
vice stability, leading to high field-effect mobilities of 33–151 cm2/Vs at room
temperature depending on MoS2 thickness. By employing a dual-gate structure,
we can achieve low operating voltage and independently modulate the graphene–
MoS2 contact resistance, the MoS2 channel, and the threshold voltage. Our novel
device scheme and fabrication technique show a new way toward investigation
of the intrinsic properties of all other environmentally sensitive 2D materials and
high-performance 2D material devices with long-term environmental stability.

5.1 Device Structure and Sample Preparation

All the 2D materials are mechanically exfoliated by Scotch tape and then trans-
ferred by “PPC pickup transfer” technique as described in Chapter 1. First, h-BN
with the thickness of 5 - 30 nm were mechanically exfoliated onto a bare Si chip
coated with poly-propylene carbonate (PPC) film of approximately 1 µm thick-
ness. Then MoS2 (SPI Supplies) and few-layer graphene (Covalent Materials Co.)
were separately prepared on SiO2 substrates by mechanical exfoliation. After care-
fully peeling the PPC film off the Si substrate, it was placed onto a transparent
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Figure 5.1.1: Optical micrographs for stacking process. Top h-BN flake was
prepared on a PPC/PDMS stamp. Graphene flakes were picked up with top-h-
BN. Subsequently, MoS2 flake was picked up. The entire stack was transferred
onto bottom h-BN on a SiO2 substrate.

polydimethylsiloxane (PDMS) stamp. The h-BN flake on the PDMS stamp was
inverted and aligned onto the target MoS2 or graphene flakes on the SiO2 substrate
by micromanipulator. When the h-BN flake was brought into contact to the target
flake at 40 °C, it was gently released to pick up the target flake. As shown in Fig.
5.1.1, the stack of h-BN/Gr/MoS2 was sequentially formed. The entire stack of h-
BN/Gr/MoS2 was finally transferred onto h-BN on a SiO2/Si substrate by melting
the PPC film at 90 °C, followed by dissolving the polymer in chloroform, resulting
in a final stack of h-BN/Gr/MoS2/h-BN on the SiO2.

Then we used e-beam lithography to expose the edges of graphene for graphene-
metal edge contacts [34]. The patterned PMMA was used as an etching mask for
a dry etching process using inductively coupled plasma (ICP, Oxford 80) with
a mixture of CHF3 and O2 gases. The stack was fully etched to expose edges of
graphene flakes. After dissolution of the PMMA film in acetone, the second e-
beam lithography process was followed to define the metal leads. Then, the metals
of Cr 1 nm/Pd 20 nm/Au 50 nm was deposited (Fig. 5.1.2).

The samples were stored in various conditions as follows to test the environ-
mental stability:

1. Ambient air: monolayer MoS2 on a SiO2 substrate was stored in ambient
condition. It was exposed to air at room temperature for a few months
without controlling any environmental conditions. Note that the HfO2-
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Figure 5.1.2: (a) Schematic of h-BN-encapsulated MoS2 field-effect tran-
sistor contacted with graphene electrodes. The enlarged schematic shows a
cross-section of the contact area, where graphene is contacted along its edge
with metal. Optical micrographs of (b) a stack of h-BN/Gr/MoS2/h-BN be-
fore device fabrication and (c) the fabricated device. Dashed lines indicate
boundaries of each 2D flake. Graphene was edge-contacted by metal leads of
the source (S) and drain (D), and the top-gate (TG) was fabricated in the
MoS2 channel region.
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encapsulated or h-BN-encapsulated monolayer MoS2 samples were stored
in this condition.

2. High humidity: monolayer MoS2 on a SiO2 substrate was stored in a sealed
big beaker, which has a smaller beaker filled with water. The beaker contain-
ing the MoS2 sample was heated on a hot plate at 80 °C for a few months,
maintaining high humidity.

3. Vacuum: monolayer MoS2 on a SiO2 substrate was stored in a vacuum des-
iccator of < 1 Torr for a few months to maintain the low humidity and pre-
vent air-exposure.

5.2 Optical Stability of EncapsulatedMoS2 Device

Environmental conditions, such as temperature, moisture, polymer residue, and
physisorbed gases, critically affect the electrical and optical properties of 2D ma-
terials and their heterostructures [55, 63, 64]. Raman spectroscopy and PL mea-
surement were employed to study the environmental stability of monolayer MoS2

samples stored in various conditions, such as ambient air, high humidity, and vac-
uum at room temperature as shown in Fig. 5.2.1. The storage conditions are de-
scribed in the sample preparation section. As shown in Fig. 5.2.1a and c, unencap-
sulated samples stored in air and under vacuum showed small decreases in peak
intensities over a period of 8 months, with even larger changes seen in a humid
environment. Samples encapsulated in HfO2 showed a similar decrease, in addi-
tion to large changes upon deposition of the HfO2 by atomic layer deposition. In
contrast, the Raman spectrum of h-BN-encapsulated MoS2 stored in air remained
unchanged for 8 months. The mechanisms for this degradation are not precisely
known, but can result from doping by adsorbed molecules in air, while long-term
storage in a vacuum can result in sulfur vacancies [53, 62, 70]. The abrupt change
in the Raman spectrum right after deposition of HfO2 indicates the possibility of
chemical reaction between MoS2 and chemicals used for atomic layer deposition
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Figure 5.2.1: (a) Raman and (b) photoluminescence (PL) spectra of mono-
layer MoS2 stored in different conditions. Among them, two MoS2 flakes are
encapsulated by HfO2 and h-BN, respectively, and then stored under ambient
conditions. Compared to other samples, h-BN-encapsulated MoS2 shows no
recognizable change in Raman and PL spectra. It should be noted that h-BN-
encapsulated MoS2 also shows higher PL intensity due to the reduced effect
of charged impurities from the substrate. (c) Raman peak position differences
between E2g1 and A1g and Raman peak intensities of E2g1 and (d) normalized
PL peak intensities and PL peak positions in the monolayer MoS2 samples
stored in different conditions. The green arrows in (c) and (d) indicate the
changes in the Raman spectrum and PL peak of the HfO2-encapsulated sam-
ple right after deposition of HfO2.
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(ALD). Fig. 5.2.1b shows PL spectra of the same samples. The h-BN-encapsulated
MoS2 shows brighter PL, with intensity over 3 times that of the unencapsulated
samples on SiO2, due to the absence of charged impurities. The sharp PL peak
with a full width at half-maximum (FWHM) of 70 meV also indicates that h-BN-
encapsulated MoS2 is in a cleaner electrostatic environment [31]. The spectrum
shows virtually no change after 8 months of storage in air, as shown in Fig. 5.2.1b
and d. While the unencapsulated sample stored in air also shows little change in
PL, HfO2 encapsulation causes a complicated evolution of PL, indicative of strong
interaction with the encapsulating layer. Changes of PL in the sample stored in hu-
midity conditions and HfO2-encapsulated conditions need more extensive experi-
ments for interpretation even though it was reported that defect formation induces
PL characteristics [71, 72].

5.3 Electrical Stability of EncapsulatedMoS2 Device

To investigate the quality and stability of h-BN-encapsulated electronic devices,
MoS2 FETs were fabricated with no passivation or with HfO2 or h-BN encapsula-
tion. Transfer curves for the vdW heterostructure device are shown in Fig. 5.3.1a,
with a back-gate voltage applied to the conductive Si back-gate with a 285 nm SiO2

dielectric. The top-gate was grounded to avoid spurious dual-gate coupling. The
room-temperature field-effect mobility (μFE) of the two-terminal device was ex-
tracted by μFE = (L/(WCiVd))(dId/dVbg) like in previous chapter [61]. For
the trilayer MoS2 device of Fig. 5.3.1a, the n-type two-terminal FE mobility is
69 cm2/Vs. The 12 h-BN-encapsulated multilayer MoS2 devices we tested in this
work showed field-effect mobilities of 33–151 cm2/Vs, which are higher than pre-
vious reported values of 0.1–10 cm2/Vs in devices with metal contacts on oxide
dielectrics [12, 54, 55, 73] and comparable to the mobility recently reported with
phase-engineered contacts [22]. In addition, virtually no hysteresis is observed in
h-BN-encapsulated MoS2 devices because of the charge-trap-free h-BN dielectric
and clean channel/dielectric interface. By comparison, unencapsulated and HfO2-
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Figure 5.3.1: (a) Back-gated transfer curve (Id–Vbg) of an h-BN-
encapsulated trilayer MoS2 device, which shows a high two-terminal mobility
of 69 cm2/Vs with no hysteresis. The inset, in comparison, shows the trans-
fer curves of unencapsulated and HfO2-encapsulated trilayer MoS2 devices
with a large hysteresis and low mobility of 7 cm2/Vs and 18 cm2/Vs respec-
tively. (b) Output curves of a graphene-contacted MoS2 device, varying the
back-gate from +10 V to +60 V with steps of 10 V. The inset shows linear
Ohmic graphene contact at small bias regime with varying back gate from 0
V to +40 V with steps of 10 V. (c) Transfer curve of the h-BN-encapsulated
trilayer MoS2 device without degradation over 2 months, maintaining high
performance. The inset shows the transfer curve of an unencapsulated trilayer
MoS2 device. After 2 months, it shows a dramatic decrease of mobility from 7
cm2/Vs to 1.2 cm2/Vs. (d) Transfer curves of the h-BN-encapsulated trilayer
MoS2 device operating at different temperatures. When the device was heated
from room temperature to 200 °C and then cooled, there is no performance
degradation or change. (e) μ/μ0, where μ0 is mobility at room temperature,
and threshold voltage (Vth) of HfO2- and h-BN-encapsulated trilayer MoS2
devices when measured at increasing temperature.
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encapsulated trilayer MoS2 devices on SiO2 with metal contacts showed lower mo-
bilities of 7 and 18 cm2/Vs, respectively, and large hysteresis due to trapped charges
and adsorbed impurities [53, 55, 74](Fig. 5.3.1a, inset).

As shown in the inset of Fig. 5.3.1b, the linear output curves of the h-BN encap-
sulated MoS2 device reveal that Ohmic contacts are formed at graphene–MoS2

interfaces. These high-quality contacts between graphene and MoS2 have been
attributed to the gate tunability of the graphene work function and the spatially
narrow Schottky barrier in the ultrathin junction [36, 50, 75–77]. Gate modula-
tion and current saturation are more clearly observed in Figure 3b. It should be
noted that, even though it has been reported that Ohmic contacts have also been
achieved in metal–MoS2 contacts by deposition of small-work-function metal, vac-
uum annealing, and electrostatic gating [16, 35, 64], conventional metal electrodes
deposited on top of MoS2 are not appropriate for these encapsulated devices, be-
cause of their finite thickness and the need for additional lithographic patterning,
which leaves behind polymer residue on MoS2 surface. Moreover, we did not ob-
serve any degradation or breakdown of the h-BN-encapsulated MoS2 devices up to
high drain current of �500 μA (6 ×107 A/cm2), meaning that h-BN-encapsulated
MoS2 devices can stably operate at higher current density than HfO2-encapsulated
MoS2 devices with a breakdown current of 4.9 ×107 A/cm2 [78].

Device stability is a critical issue for practical applications of 2D materials: mois-
ture, atmospheric oxygen, physisorbed gases, and process-related polymer residue
can strongly alter the electrical and optical properties of 2D materials and lead
to degradation in performance over time [55, 63]. For example, in unencapsu-
lated trilayer MoS2 FETs, the mobility degrades and the threshold voltage shifts
after 2 months, as shown in the inset of Fig. 5.3.1c, in good agreement with previ-
ous reports [53, 62]. Encapsulation in conventional dielectrics such as HfO2 and
Al2O3 generally improves the mobility of MoS2 FETs, but also causes large shifts of
threshold voltage, and does not ensure long-term stability. In contrast, Fig. 5.3.1c
shows that the h-BN-encapsulated trilayer MoS2 device experienced no electrical
degradation after being stored in air for 4 months. To explore the limits of this
passivation, we investigated device stability at elevated temperatures. The h-BN-
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encapsulated devices showed almost no change in performance after cycling to 200
°C and back to room temperature, as shown in Figure 3d and e. In contrast, un-
encapsulated mono- and bilayer devices were destroyed near 50 °C, while trilayer
devices survived to 200 °C but showed large shifts in threshold voltage after cool-
ing (Fig. 5.3.1e). The HfO2-encapsulated trilayer devices were able to withstand
heating to 200 °C but showed a continuous decrease in mobility and large shift
in threshold voltage with increasing temperature (Fig. 5.3.1e). It is worth noting
that there are kinks around zero gate voltage, called memory steps, in the transfer
curve of the HfO2-encapsulated MoS2 device measured at 200 °C, while none are
observed in the h-BN-encapsulated device (Figure S6c). The memory step results
from the slow relaxation from capture/release of carriers by deep levels that are
probably due to charged impurities in the substrate [79, 80]. Therefore, the ab-
sence of memory steps in the h-BN-encapsulated MoS2 device strongly supports
the cleanness of MoS2–h-BN heterointerfaces.

5.4 DualGatingMoS2 using h-BN as aDielectric

To control contact resistance and threshold voltage of dual-gated MoS2 devices,
we employed top- and bottom-gates simultaneously. Fig. 5.4.1a shows transfer
curves of a dual-gated four-layer MoS2 device with sweeping top-gate voltage at
fixed bottom-gate voltage. At Vbg = 0 V, the top-gated device exhibited a field-effect
mobility of 37 cm2/Vs, similar to 33 cm2/Vs measured in the same device tuned by
the bottom-gate. With increasing Vbg from −40 V to +60 V, the mobility increases
from 26 to 45 cm2/Vs, and the threshold voltage shifts to more positive values.
This threshold voltage shift was not seen in HfO2-encapsulated MoS2 devices with
metal contacts.(4) As shown in Fig. 5.4.1b, the dual-gated MoS2 device shows a
high on/off current ratio of 106 and a small subthreshold swing of 78–85 mV/dec,
which means these devices can work at a small operation gate voltage of < 1 V. The
linear shift of the top-gate threshold voltage as a function of back-gate voltage is
shown in the inset of Fig. 5.4.1b. The slope of 0.0372 is in good agreement with the
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Figure 5.4.1: (a) Transfer curves of the top-gated h-BN-encapsulated four-
layer MoS2 device with varying bottom-gate voltage. As the bottom-gate volt-
age increases from −40 V to +60 V, the field-effect mobility increases and the
threshold voltage shifts to more positive top-gate voltage. The dashed lines
indicate changes in the slope of dId/dVtg. (b) Semilog scale transfer curves of
(a) clearly show the shifts of threshold top-gate voltage. The inset shows the
plots of top-gate threshold voltage (Vth) as a function of back-gate voltage
(Vbg). The slope of the curve provides the capacitance ratio of the top and
bottom dielectric. (c) Band diagrams of graphene-contacted MoS2 in the vdW
device at different bottom-gate voltages of Vbg < 0 (blue dashed line) and Vbg
> 0 (green dashed line). When Vbg > 0, the Fermi level of graphene become
close to the conduction band of MoS2, resulting in a lowered contact barrier
and highly positive top-gate threshold voltage.
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value predicted by the ratio of back-gate to top-gate capacitance. Schematic band
diagrams of Fig. 5.4.1c show bending of band structure in graphene-contacted
MoS2 at different back-gate voltages. When Vbg < 0, the graphene Fermi level shifts
downward, creating a higher barrier, leading to a larger contact resistance and more
negative top-gate threshold voltage. Conversely, when Vbg > 0, the Fermi level of
graphene approaches the conduction band of MoS2, creating a lower contact bar-
rier, leading to lower contact resistance and more positive top-gate threshold volt-
age. The decreasing contact resistance causes an increase in the two-terminal field-
effect mobility. Therefore, we can conclude that the vdW heterostructure device
proposed in this study, h-BN-encapsulated MoS2 FETs with graphene electrodes,
enables us to fabricate high-performance devices of environmentally sensitive 2D
materials with high stability.

5.5 Chapter Conclusion

We demonstrate fabrication ofh-BN-encapsulated MoS2 FETs with graphene elec-
trodes. These vdW heterostructure devices fulfill requirements for current elec-
tronics, such as low contact resistance, low operating gate voltage, tunable thresh-
old voltage, high-temperature operation, lack of hysteresis, and stability over many
months in ambient conditions. Similar heterostructure approaches have recently
shown promise for providing environmental stability for more environmentally
sensitive 2D materials such as phosphorene [81, 82]. The results presented here
indicate that h-BN encapsulation can provide such stability over long time periods
and at high temperatures required for practical device operation in applications.
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6
Multi-terminalMeasurement of Intrinsic

MoS2Device

As with any two-dimensional material, the electrical and optical properties of MoS2

are strongly affected by impurities and its dielectric environment [12, 61, 62, 64],
hindering the study of its intrinsic physics and limiting the design of devices based
on such two-dimensional materials. In particular, the theoretical upper bound of
the electron mobility of monolayer MoS2 is predicted to range from several tens to
a few thousands at room temperature and exceed 105 cm2/Vs at low temperature
(T) depending on the dielectric environment, impurity density and charge carrier
density [66, 67, 83]. In contrast, experimentally measured 1L MoS2 devices on
SiO2 substrates have exhibited a room-temperature two-terminal field-effect mo-
bility ranging from 0.1 to 55 cm2/Vs [12, 84, 85]. This value increases to 15–60
cm2/Vs with encapsulation by high-k dielectric materials [64] due to a more effec-
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tive screening of charged impurities [67]. On the other side, owing to the presence
of large contact resistance from the metal–MoS2 Schottky barrier, however, these
two-terminal measurements underestimate the true channel mobility [14, 85, 86].
Multi-terminal Hall mobility measurements [16, 64] still show a mobility substan-
tially below theoretical limits, particularly at low T, with best reported values of
174 cm2/Vs at 4 K for 1L [64] and 250 cm2/Vs and 375 cm2/Vs at 5 K for 1L and
2L devices, respectively [16]. Typically, these thin samples exhibit a crossover to
non-metallic behaviour at carrier densities below 1×1013 cm−12 [16, 64, 87] or
at smaller carrier densities by the engineering of local defect states and improved
interfacial quality [88]. The scattering and disorder that lead to this non-metallic
behaviour can arise from multiple origins, such as lattice defects, charged impu-
rities in the substrates and surface adsorbates, and it has been difficult to identify
their separate contributions [12, 16, 64, 66, 87, 89, 90]. In this Chapter, we will
investigate the different scattering mechanisms and minimize them during the fab-
rication, thus achieving record-high mobility in our high quality device [1].

6.1 Device Structure and Sample Preparation

We have previously demonstrated that the encapsulation of graphene within h-
BN reduces scattering from substrate phonons and charged impurities, resulting in
band transport behaviour that is near the ideal acoustic phonon limit at room tem-
perature and ballistic over more than 15 μm at low T [34]. These results were real-
ized using a novel technique to create one-dimensional edge contacts to graphene
exposed by plasma-etching an h-BN/graphene/h-BN stack. Such an approach
has not yet proved effective with MoS2. However, we have demonstrated that
graphene can create a high-quality electrical contact with MoS2 [91]. It moti-
vated a hybrid scheme, in which the channel MoS2 and multiple graphene ‘leads’
are encapsulated in h-BN and the stack is etched to form graphene–metal edge
contacts. This new scheme is distinct from previous approaches in that the entire
MoS2 channel is fully encapsulated and protected by h-BN and we achieve multi-
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Figure 6.1.1: (a) Device fabrication process: (i) Bottom h-BN flake exfo-
liated onto a SiO2/Si substrate. (ii) MoS2 on h-BN. MoS2 was transferred
onto bottom h-BN. (iii-vi) Four graphene flakes on h-BN/MoS2 stack. Four
graphene flakes were sequentially transferred onto the stack around the
perimeter of the MoS2 channel. (vii) Top h-BN on graphene/MoS2/h-BN
stack. Top h-BN was transferred on top of the stack for encapsulation. (viii)
Patterning of PMMA into Hall bar geometry. PMMA layer in the stack was
patterned by e-beam lithography into a Hall bar configuration. (ix) Dry etch-
ing of the stack. The stack is etched using PMMA as an etch mask. (x) For-
mation of metal leads. Metal leads are fabricated by e-beam lithography and
deposition of metals. Scale bar: 50 µm. (b) Cross-section STEM image of the
stack (from top to bottom: h-BN (8 nm), MoS2 (3L), h-BN (19 nm)). Scale
bar: 50 nm.
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terminal graphene contacts without any contamination from the device fabrica-
tion process.

For this study, a series of samples with thicknesses ranging from 1 to 6 layers
(1–6L) were fabricated and measured. The number of layers was identified by Ra-
man and photoluminescence analysis as before. All samples were obtained by me-
chanical exfoliation except for the 1L sample, for which we used chemical vapour
deposition (CVD) grown monolayer MoS2 because of the limited size of the me-
chanically exfoliated monolayers. The CVD-grown MoS2 single crystal has been
shown to exhibit high quality [31], although the process of transferring it from
the growth substrate may introduce more contamination than is the case with me-
chanically exfoliated flakes.

As explained in Chapter 1, we used ”PDMS transfer” method in this work. We
directly exfoliated h-BN, MoS2, and graphene flakes onto PDMS stamps using me-
chanical exfoliation with Scotch tape and conducted multiple transfers onto h-BN
on a SiO2 substrate. The h-BN/graphene/MoS2/h-BN stack was formed sequen-
tially as shown in Fig. 6.1.1a (i-vii). First, h-BN flakes with a thickness of 10 - 30
nm were mechanically exfoliated onto 285 nm SiO2/Si chips. Then, MoS2 (SPI
Supplies) and few-layer graphene (Covalent Materials Co.) were separately pre-
pared on PDMS stamps. The MoS2 flake on the PDMS stamp was inverted and
aligned onto the target h-BN flake on the SiO2 substrate by micro-manipulator
and held in contact for 5 minutes at 40 °C in order to transfer the flake to the sub-
strate. Next, graphene from PDMS was transferred to the h-BN/MoS2 stack and
positioned to serve as electrodes. This step was repeated multiple times to place
graphene electrodes around the perimeter of the MoS2 channel. Finally, another
h-BN flake on PDMS was transferred on top of the h-BN/MoS2/graphene stack
to provide complete encapsulation of the MoS2 channel. We used e-beam lithog-
raphy to shape the stack of h-BN/graphene/MoS2/h-BN into a Hall bar geom-
etry using patterned PMMA as an etch mask as shown in Fig. 6.1.1a (viii). We
performed a dry etching process using inductively coupled plasma (ICP, Oxford
80) with a mixture of CHF3 and O2 gas. The stack was etched until the edges of
the graphene flakes were exposed (Fig. 6.1.1a (ix)). After dissolving the PMMA
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Figure 6.1.2: (a) Schematic of the h-BN-encapsulated MoS2 multi-terminal
device. The exploded view shows the individual components that constitute
the heterostructure stack. Bottom: Zoom-in cross-sectional schematic of
the metal–graphene–MoS2 contact region. (b) Optical microscope image of
a fabricated device. Graphene contact regions are outlined by dashed lines.
c, Cross-sectional STEM image of the fabricated device. The zoom-in false-
colour image clearly shows the ultra-sharp interfaces between different layers
(graphene, 5L; MoS2, 3L; top h-BN, 8 nm; bottom h-BN, 19 nm).

film in acetone, a second e-beam patterning was followed to define the metal leads.
Metal leads of Cr (1 nm)/Pd (20 nm)/Au (50nm) was deposited by e-beam evap-
oration as shown in Fig. 6.1.1a(x). Figure 6.1.2a,b presents a schematic diagram
and optical micrograph of a Hall bar device structure.

For high-resolution imaging we fabricated a cross-sectional TEM lift-out sam-
ple from the finished encapsulated devices, using an FEI Strata 400 dual-beam fo-
cused ion beam device. High-resolution scanning transmission electron microscopy
(STEM) imaging was carried out with an FEI Tecnai F-20 STEM operated at 200
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kV, with a 9.6 mrad convergence semi-angle and high-angle annular dark-field de-
tector. False colouring was added by hand. STEM (Fig. 6.1.1b, Fig. 6.1.2c) con-
firmed that the stacking method can produce ultra-clean interfaces free of the residue
that can be seen when an organic polymer film is used for stacking [92].

6.2 Transport andContact Resistance

For each sample, we performed temperature-dependent two-probe measurements
to examine the quality of the graphene contacts. Fig. 6.2.1a presents output curves
(Ids–Vds) for a 4L MoS2 device with a backgate voltage of Vbg = 80 V. The response
is linear at room temperature and remains linear to low T, indicating an Ohmic
contact. Similar behaviour is seen for Vbg > 20 V, whereas gapped behaviour corre-
sponding to non-Ohmic contact is seen for Vbg < 20 V. This is consistent with pre-
vious studies that show a gate-tunable contact barrier between graphene and MoS2

[18, 93]. In addition, this establishes the gate voltage range over which multi-
terminal measurements can be reliably performed. Figure 2b shows the measured
four-terminal resistivity ρ (log scale) of the same sample with Vbg = 20 V to 80 V
(corresponding to carrier densities of �4.8 ×1012 to �6.9 ×1012 cm2, respectively)
and from room temperature to 12 K. ρ decreases with increasing Vbg, as expected
for an n-type semiconductor. With decreasing temperature, ρ drops dramatically
over the entire accessible range of Vbg, reaching 130 Ω at 12 K. All of the sam-
ples studied exhibited similar behaviour: n-type semiconducting behaviour and
metallic temperature dependence in the gate voltage accessible to four-terminal
measurements.

By comparing the two- and four-terminal results, the contact resistance can be
determined (details decribed in Chapter 3 Section 5). The results for the 4L MoS2

device, as shown in Fig. 6.2.1c, directly demonstrate that the contact resistance can
be tuned by the backgate voltage. In fact, a small contact resistance of 2 kΩ·μm can
be reliably achieved at a large gate voltage at room temperature. This probably re-
flects primarily the graphene–MoS2 junction resistance, as both the graphene re-
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Figure 6.2.1: (a) Output curves of the h-BN-encapsulated 4L MoS2 device
with graphene electrodes at different temperatures. Backgate voltage Vbg was
maintained at 80 V with a carrier density of 6.85 × 1012 cm2 in MoS2. The lin-
earity of the output curves confirms that the graphene–MoS2 contact is ohmic
at all temperatures. (b) Resistivity ρ of 4L MoS2 (log scale) as a function of
Vbg at different temperatures. The resistivity decreases on cooling, showing
metallic behaviour, reaching 130 Ω at 12 K. The colour legend is the same as
in a (from 300 K to 12 K). (c) Contact resistance RC of the same device (log
scale) as a function of Vbg at different temperatures. The colour legend is the
same as in a (but from 250 K to 12 K). Inset: RC as a function of temperature
at different Vbg. At high Vbg the contact resistance decreases when decreasing
the temperature.
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sistance and the graphene–metal contact resistance should be substantially less34.
Below Vbg = 20 V, the contact resistance increases on cooling, indicating activated
transport across a contact barrier. However, above Vbg = 20 V, the contact resis-
tance decreases upon cooling, reaching a low-T value of 1 kΩ µm above Vbg = 50 V.
This metallic behaviour directly demonstrates that low-resistance contacts, with
no thermal activation, can be achieved at sufficiently high gate voltage. Similar
behaviour was observed in all samples, with contact resistance at high Vbg rang-
ing from 2 to 20 kΩ·μm at room temperature and from 0.7 to 10 kΩ·μm at low
T. These values are comparable to the room-temperature values reported previ-
ously for graphene and metal contacts, but larger than the best contacts achieved
by MoS2 phase engineering (0.2–0.3 kΩ·μm) [22, 85]. Owing to the increase in
bandgap with decreasing thickness, the value of Vbg required to achieve Ohmic
contact is larger for thinner samples.

6.3 ScatteringMechanism and IntrinsicMobility ofMoS2

To examine the quality of the h-BN-encapsulated devices and determine the scat-
tering mechanisms limiting the carrier mobility of MoS2, the Hall mobility μHall(T)
was derived from ρ(T) and the carrier density n(Vbg) (obtained by Hall effect mea-
surements). Fig. 6.3.1a showsμHall for the 1–6L samples as a function of tempera-
ture, at carrier densities ranging from 4.0 ×1012 to 1.2 ×1013 cm−2 (Fig. 6.3.1b).
Thinner samples were measured at the higher carrier densities required to achieve
Ohmic contact. For all samples, mobility increases with decreasing temperature
and saturates at a constant value at low T. The low-T mobility in our devices is
much higher than previously reported values and there is no sign of a metal-insulator
transition as observed at similar carrier densities around 1 ×1013 cm2 in SiO2-
supported MoS2 [12, 16, 64, 87, 89, 90]. This strongly suggests that extrinsic scat-
tering and disorder (either from SiO2 or from processing with polymer resists) has
been the primary source of the non-metallic behaviour in MoS2 measured to date.

The measured mobility curves can be reasonably fitted to a simple functional
form: 1/μ(T) = 1/μimp + 1/μph(T), where μimp is the contribution from impurity
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scattering and μph is the temperature-dependent contribution due to phonon scat-
tering. In all samples, the fitted μph(T) is well described by a power law (μph(T) ∝
T−γ) above 100 K. This behaviour is consistent with mobility limited by MoS2

optical phonons, which is theoretically predicted to have an exponent of ∼1.69 in
monolayer [66] and ∼2.5 in bulk MoS2 [94] at T > 100 K. Although this power-
law behaviour has been observed in experiments conducted by other groups [16,
64, 87], a stronger temperature dependence was observed in our devices, with the
exponent γ ranging from 1.9 to 2.5 (inset table in Fig. 6.3.1a), as opposed to 0.55–
1.7 as reported previously [16, 64]. We also note that the room-temperature mo-
bility, which is dominated by phonon scattering in all the samples, is seen to vary
from 40 to 120 cm2/Vs. At this point we can find no satisfactory explanation for
this variation: there is no discernible trend with thickness and no variation in the
gamma value with carrier density. Finally, we note that a deviation from the simple
form μph(T) ∝ T−γ in high-mobility samples below 100 K may indicate acoustic
phonon scattering, although further study is needed to fully explore this regime.

At the lowest temperature, phonon scattering is suppressed and the residual re-
sistivity is due to dominant long-range Coulomb impurities or short-range atomic
defects [96–98], captured in the measured quantity μimp. Fig. 6.3.1b shows the de-
rived values of μimp as a function of carrier densityn. For each sample, μimp increases
with n, with maximum values ranging from 1,020 cm2/Vs in the CVD monolayer
to 34,000 cm2/Vs for 6L MoS2, up to two orders of magnitude higher than pre-
viously reported values [16, 64](Fig. 6.3.1b). These basic trends allow us to rule
out scattering due to impurities or defects located within the MoS2 itself: bulk
charged impurities should give rise to thickness-independent mobility, and short-
range scatterers due to atomic defects should give rise to a density-independent
mobility [97]. On the other hand, interfacial scatterers, including both Coulomb
impurities and short-range defects, which are limiting scattering mechanisms in
high-quality conventional two-dimensional electron gas systems (2DEGs) [98],
are promising candidates. Indeed, PDMS transfer, while substantially cleaner than
methods involving organic polymers, can potentially introduce adsorbates to the
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Figure 6.3.1: (a) Hall mobility of h-BN-encapsulated MoS2 devices (with dif-
ferent numbers of layers of MoS2) as a function of temperature. To maintain
Ohmic contact, a finite Vbg was applied. The solid fitting lines are drawn by
the model described in the main text. As a visual guide, the dashed line shows
the power law μph(T) ∝ T−γ , and fitted values of γ for each device are listed in
the inset table. (b) Impurity-limited mobility (μimp) as a function of the MoS2
carrier density. For comparison, previously reported values from MoS2 on SiO2
substrates [16, 95] are plotted. (c–e) The solid lines show the theoretically
calculated long-range (LR) impurity-limited mobility (c), short-range (SR)
impurity-limited mobility (d) and mobility including both LR and SR based on
Matthiessen’s rule, 1/μ = 1/μLR + 1/μSR, as a function of carrier density for
1L to 6L MoS2 (e). Experimental data from 1L and 6L MoS2 are shown as
circles (c–e).
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top MoS2 surface.
To understand the effects of interfacial scattering on samples of different thick-

ness, we modelled interfacial Coulomb and short-range scattering as a function
of carrier density, for samples from 1L to 6L in thickness. For Coulomb scatter-
ing we used a model based on a perturbative approach by Stern [99], from which
we obtained the screened Coulomb potential used in the mobility calculation.
Within the model, increasing carrier density enhances screening of the interfa-
cial Coulomb potential, which leads to improved carrier mobility, and increasing
the thickness of MoS2 redistributes the charge centroid further from the interface,
also resulting in enhancement of mobility. The calculated mobility is shown in
Fig. 6.3.1c, assuming the same impurity concentration of 6 ×109 cm−2 (chosen
to match the 6L data) located at the top MoS2 interface, for devices with different
numbers of layers. Although the qualitative trend of increasing mobility with layer
number and carrier density is consistent with the model, the model fails to account
for the observed large thickness dependence of more than an order of magnitude
between the 1L and 6L devices.

We next consider interfacial short-range scatterers with atomically localized scat-
tering potentials, which can be modelled as delta-function potentials within the
same framework as used above. Quantum lifetime measurements, as discussed in
the next section, suggest that these scatterers strongly dominate electronic trans-
port in the 1L devices. We therefore set the interfacial short-range scattering pa-
rameter (the product of scattering potential and defect density) to fit the mobility
of the 1L device. In this case, for the same interfacial scattering the mobility in-
creases rapidly with sample thickness—much more than is observed experimen-
tally.

Based on this analysis, we propose that the interfaces in our devices introduce
both long-range Coulomb scattering and short-range scattering. In this case, we
can calculate the total extrinsic mobility using Matthiessen’s rule. The combina-
tion of long- and short-range scatterers provides better agreement with the ob-
served layer-dependent mobility, as shown in Fig. 6.3.1e, a salient point that we
will revisit again later in a quantum oscillations study. Of course, a perfect match
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to experiment is not expected due to sample-to-sample variations in impurity den-
sity. We also note that the long-range impurity density of 6 ×109 cm−2 is two or-
ders of magnitude smaller than is typically obtained for graphene on SiO2, and
hence accounts for the two orders of magnitude larger mobility we obtained as
compared to the best reported devices [16, 64].

6.4 ObservationofShubnikov–deHaasOscillations inMoS2

Fig. 6.4.1 presents the longitudinal (Rxx) and Hall (Rxy) resistance of the mono-
layer (Fig. 6.4.1a), 4L (Fig. 6.4.1b) and 6L (Fig. 6.4.1c) MoS2 samples as a func-
tion of applied magnetic field. We observe pronounced Shubnikov–de Haas (SdH)
oscillations in MoS2, providing additional strong evidence of high quality and ho-
mogeneity in the heterostructure devices. In the highest-mobility (6L) sample
(Fig. 6.4.1c), the onset of SdH oscillations is close to 1 T, further confirming
its ultra-high mobility. Encouragingly, the high-field Hall resistance (blue curve,
Rxy) begins to reveal plateau-like structures at high magnetic fields coinciding with
Rxx minima. These emerging features were similarly observed in early studies of
graphene samples with moderate mobility [100], giving hope that fully developed
quantum Hall states can be observed with further improvements in sample quality.

The periodicity of the SdH oscillations can be used to estimate the carrier den-
sity, or equivalently to measure the level degeneracy g for a known density (Fig.
6.4.2). We analysis the SdH oscillations peaks as function of inverse magnetic
field with different gate voltage and we can clearly see the periodicity change as
shown in Fig. 6.4.2a, b. When we compare the total charge carrier concentration
(nt) from the Hall measurements with nSdH we have to consider the degeneracy of
monolayer MoS2. First, when we assume the spin and valley degeneracy (g = 4) in
monolayer MoS2, nSdH is larger than nt. So degeneracy in monolayer MoS2 should
be smaller than 4, it may be attribute to the strong spin-orbit coupling induced lift
of the spin degeneracy (ΔE= 1 - 10 meV) at conduction band of monolayer MoS2.
So we need further study about the lift of spin or valley degeneracy of MoS2 by
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Figure 6.4.1: (a) Longitudinal resistance Rxx (red curve) and Hall resis-
tance Rxy (blue curve) of an h-BN-encapsulated CVD 1L MoS2 device as a
function of magnetic field B measured at 0.3 K and with a carrier density of
9.7× 1012cm−2. Inset: Oscillation amplitude (black curve) as a function of 1/B
after subtraction of the magnetoresistance background. The quantum scat-
tering time extracted from the fitted Dingle plot (red dashed line) is 176 fs.
(b) Rxx (red curve) and Rxy (blue curve) of the h-BN-encapsulated 4L MoS2
device as a function of B. Hall measurements were conducted at 0.3 K and at
a carrier density of 4.9 × 1012cm−2. (c) Rxx (red curve) and Rxy (blue curve) of
an h-BN-encapsulated 6L MoS2 device as a function of B. Hall measurements
were conducted at 3 K and with a carrier density of 5.3× 1012cm−2.
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Figure 6.4.2: (a) Rxy of monolayer MoS2 as a function of inverse magnetic
field with varying gate voltage. (b) SdH oscillations peaks as function of in-
verse magnetic field with different gate voltage. (c) Estimated charge carrier
concentration from SdH oscillation with different degeneracy (red: g = 4,
blue: g = 2) and total charge carrier concentration from Hall measurements
(black) of monolayer MoS2.

strong spin-orbit coupling and Zeeman effect under high magnetic field.
The quantum scattering time τq which is limited by both small- and large-angle

scattering (which destroys quantized cyclotron orbits), can be estimated from the
magnetic field corresponding to the onset of SdH oscillations, following the rela-
tion μq = eτq/m∗ ≈ 1/Bq [101], where e is the electron charge and m∗ is the ef-
fective mass obtained from ab initio band structure calculations [102]. This yields
quantum mobilities for 1L, 4L and 6L MoS2 of 1,400, 3,100 and 10,000 cm2/Vs,
respectively.

A more accurate estimate of τq in MoS2 can be obtained using a Dingle plot (Fig.
6.4.3), a well-established method in conventional 2DEGs. First, transport scatter-
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Figure 6.4.3: (a) Rxy of monolayer MoS2 as a function of inverse magnetic
field with varying gate voltage. (b) SdH oscillations peaks as function of in-
verse magnetic field with different gate voltage. (c) Estimated charge carrier
concentration from SdH oscillation with different degeneracy (red: g = 4,
blue: g = 2) and total charge carrier concentration from Hall measurements
(black) of monolayer MoS2.
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ing time μt = m∗μ/e are obtained from Hall mobility of MoS2. And, to obtain
the quantum scattering time, we used the Ando formula, ρxx

ρ0
= 4γthexp(−

π
ωcτq

),

where γth =
2π2kBT/ℏωc

sinh(2π2kBT/ℏωc) is Dingle term, ωc is the cyclotron frequency and τq is
the quantum scattering time. We also calculate the quantum scattering time from
quantum mobility, which are estimated from the onset of SdH oscillation mag-
netic field. We note that band structure calculations of MoS2 predict that there are
two bands (at the Κ and points) near the Fermi level, and that for 1L to 3L, the
Κ band (m∗ ∼ 0.5m0)is lowest in energy, meanwhile the band (m∗ ∼ 0.6m0)
is lowest for > 4 layer [102]. Fig. 6.4.3a shows the SdH oscillations of 1L MoS2

after subtraction of a magnetoresistance background, as function of 1/B. The red
dashed line is the fitted envelope, from which we estimate a quantum scattering
time of τq = 176 fs. We show the values of τq obtained using both methods (os-
cillation onset and Dingle plots) in Fig. 6.4.3c. The ratio of transport to quan-
tum scattering time can provide additional evidence of the dominant scattering
sources. Fig. 6.4.3d exhibits the τt/τq ratio increase as increase of number of layer,
and it is due to the long-ranged scattering origins (τt/τq > 1) such as charged im-
purities become the dominant source of scattering in few-layer MoS2 which lead
dominant small angle scattering that destroy cyclotron orbit motions, while the
short-ranged scattering origins (τt/τq ≈ 1) are dominant in the monolayer MoS2.
In our samples, a ratio near 1 in 1L devices indicates predominantly short-range
scattering, and an increase in τt/τq with increasing thickness indicates a crossover
to long-range scattering. This trend is consistent with our previous physical pic-
ture of low-T electronic transport dominated by a mix of short- and long-range
interfacial impurities.

6.5 Chapter Conclusion

We have demonstrated a van der Waals heterostructure device platform in which
an atomically thin MoS2 layer is encapsulated by h-BN and contacted by graphene.
The van der Waals heterostructure provides a standard device platform that en-
ables us to measure the intrinsic electrical transport of two-dimensional materials
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and achieve high-mobility two-dimensional devices. By forming robust and tun-
able electrical contacts and dramatically reducing the interfacial impurities, intrin-
sic electron–phonon scattering can be observed at high T, and substantially im-
proved mobility can be achieved at low T. This has enabled the first observation of
SdH oscillations in MoS2. Modelling and quantum lifetime analysis suggest that
a combination of short- and long-range interfacial scattering limits the low-T mo-
bility, indicating that further improvements should be possible.
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7
Conclusions

7.1 Summary

Atomically thin two-dimensional semiconductors such as MoS2 hold great promise
for electrical, optical and mechanical devices and display novel physical phenom-
ena. However, achieving high quality contact and device performance is challeng-
ing and it’s the critical step before application and fundamental research. This the-
sis mainly solved these two issues: to achieve Ohmic contact and fabricate high
quality MoS2 device.

Here is the summary of the thesis:

1. We have investigated the low work function metal Al as contact metal to
MoS2 and its influence on the field-effect mobility, contact resistance. In
Al, we have achieved a Schottky barrier of 64 meV and contact of about re-
sistance 68 kΩ·μm for trilayer MoS2. However, with this method we still
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cannot achieve great contact in monolayer MoS2 with low work-function
metal. We also have explored the Sc surface contact and edge contact pos-
sibilities but none of them shows Ohmic contact behavior at low tempera-
ture.

2. We report a new contact scheme that utilizes Co with a monolayer of h-BN
that has the following two functions: decreases the work function of Co
and acts as a tunneling barrier. We measure a flat-band Schottky barrier of
16 meV, which makes thin tunnel barriers upon doping the channels, and
thus achieve low-T contact resistance of 3 kΩ·μm at a carrier density of 5.3
× 1012/cm2.

3. One advantage of 2D materials is their flexibility. We demonstrated that
the heterostructure devices based on a stack of MoS2/h-BN/graphene are
highly flexible and transparent that show unchanged performance up to 1.5%
strain. Whenh-BN and graphene were used as dielectric and gate electrodes
in MoS2 FETs, the high field effect mobility of 45 cm2/Vs was achieved in
trilayer MoS2 at low operating gate voltage, along with no transport curve
hysteresis.

4. We report high performance of dual-gated van der Waals (vdW) heterostruc-
ture devices in which MoS2 layers are fully encapsulated by h-BN and con-
tacts are formed using graphene. The h-BN encapsulation provides excel-
lent protection from environmental factors, resulting in highly stable device
performance, even at elevated temperatures. Our measurements also reveal
high-quality electrical contacts and reduced hysteresis, leading to high two-
terminal carrier mobility (33–151 cm2/Vs) and low subthreshold swing (80
mV/dec) at room temperature. Furthermore, adjustment of graphene Fermi
level and use of dual gates enable us to separately control contact resistance
and threshold voltage. This novel vdW heterostructure device opens up a
new way toward fabrication of stable, high-performance devices based on
2D materials.
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5. Following last work, we have re- designed the device structure to make four-
probe measurement possible. The h-BN encapsulation greatly prevent im-
purity scattering at low temperature. Magneto-transport measurements show
dramatic improvements in performance, including a record-high Hall mo-
bility reaching 34,000 cm2/Vs for six-layer MoS2 at low temperature, con-
firming that low-temperature performance in previous studies was limited
by extrinsic interfacial impurities rather than bulk defects in the MoS2. We
also observed Shubnikov–de Haas oscillations in high-mobility monolayer
and few-layer MoS2. Modelling of potential scattering sources and quantum
lifetime analysis indicate that a combination of short-range and long-range
interfacial scattering limits the low-temperature mobility of MoS2.

7.2 FutureWork

As we pointed out many times, the low resistance Ohmic contacts is the criti-
cal prerequisite to study TMDCs’ intrinsic electrical transport and rich quantum
transport behavior at low temperature. In Chapter 2, we have summarized the pre-
liminary results of metal edge contact to MoS2. Although metal edge contact has
been proved to be working well with graphene, but no big improvement has been
made with 2D semiconductors. More research work can be directed into this field
in the future. The edge contact scheme can facilitate the fabrication process since
we don’t need to exposed the MoS2 for surface contact. In Chapter 3, we demon-
strate that h-BN/Co can form n-type contact with monolayer MoS2. According
to Farmanbar et al. paper [37, 38], there are a variety of combination of 2D ma-
terials and metals that can change the work function. More explorations can be
made here to find suitable contact to other TMDCs (MoSe2, WS2) as well as to
the p-side contact(WSe2).

In Chapter 6, we have demonstrated high quality MoS2 device with h-BN en-
capsulation and achieved record high mobility at low temperature. However, the
room temperature mobility is still low below 100 cm2/Vs. More experimental and
theoretical work can be done to understand the phonon scattering mechanisms
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from low temperature to room temperature. SdH osculations have been observed
for TMDCs for the first time. More detailed analysis can be done to extract impor-
tant information about the electronic band structure, such as effective mass, quan-
tum scattering time, and level degeneracy. Other emerging quantum phenomena
such as quantum Hall effects can also be explored [3]. With the dual-gated struc-
ture introduced in Chapter 5, we can also study how the vertical electrical field
effect on the material’s band structures and electrical properties.

Last but not least, the quality of material is also critical in measuring it’s intrin-
sic properties. Further improvement of the quality of the material and channel
encapsulation, combined with this contact scheme, will allow us to explore details
of quantum transport behavior in these large-gap TMDCs semiconductors that
have remained largely inaccessible.
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