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Supervisor’s Foreword

This Ph.D. thesis refers to the research of transport and optoelectronic properties
of the nanoscale devices composed by two-dimensional materials, graphene and
molybdenum disulfide (MoS2). The devices are fabricated by novel
lithography-free processes to achieve the high-quality graphene junction, the MoS2
transistors, and the suspended MoS2 transistors. Therefore, the remarkable quantum
physics are distinctively demonstrated in the temperature range of 2 K < T < 300 K
and the magnetic fields up to 9T. The research works were conducted in Institute of
Atomic and Molecular Sciences, Academia Sinica, Taiwan and co-supervised by
Prof. Chi-Te Liang of Department of Physics, National Taiwan University.

The description of the projects is given as follows:

• The high-quality graphene p-n and p-n-p junction devices are achieved by
controlling the metal diffusion locally. The metal deposited on graphene surface
can introduce substantial carrier scattering, limiting the mobility of intrinsic
graphene. On the other hand, the weakly functionalization with small carrier
scattering can achieve the p-type doping on graphene, enabling us to fabricate
the graphene p-n-p junctions. Specifically, the p-type doping regions are con-
tributed by with metal diffusion while he n-type doping is intrinsic. By engi-
neering the lateral diffusion of metallic contacts, the graphene p-n and p-n-p
junction device can be realized in one-step with resist-free fabrication. The
high-quality of graphene p-n and p-n-p junctions is further substantiated by a
pronounced fractional number of quantum Hall (QH) plateau.

• Distinctive magnetotransport properties of high-quality graphene p-n and p-n-p
junction device described above have been further investigated. For both
devices, the temperature dependence of resistance follows a power law and the
analysis of the exponent indicates the dominant role of electron–hole puddles in
the transport behavior. We have also utilized asymmetric method to achieve
lateral diffusion in one of the two-terminal electrodes, resulting in graphene p-n
junction, as evidence of pronounced QH effect. In addition, the interesting QH
effect with a fractional-valued plateau as well as the Shubnikov-de Haas
oscillations are demonstrated in our high-quality graphene p-n-p junction
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device. We observed a well-defined QH plateau-plateau transition of zeroth
Landau level, yielding a scaling exponent of j ¼ 0:21 � 0:01. Furthermore, the
graphene p-n-p junctions exhibit weak localization behavior, and the coherence
length was found to be correlated to carrier scattering in the graphene devices.

• We demonstrate a giant persistent photoconductivity (PPC) effect in monolayer
MoS2 in which the photocurrent robustly persists after illumination has ceased.
The PPC effect in monolayer MoS2 FET fabricated on organic-molecule-
functionalized substrates sustains up to room temperature and can be highly
suppressed by applying a source–drain or back gate voltage to the transistors.
The persistency and controllability of the PPC effect enable us to achieve a
bistable conductance at room temperature by utilizing optical and electrical
pulses, paving the way to the applications in memory devices. The observed
giant PPC effect in MoS2 can be attributed to a large electron-capture barrier of
trap states, which is estimated to be as high as 390 meV.

The results demonstrated in this thesis provide insight in monolayer MoS2 and
graphene junction devices, which is significant for developing the applicable
two-dimensional materials based devices in the future.

Taipei, Taiwan
May 2018

Dr. Wei-Hua Wang
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Abstract

The main objective of this thesis is to investigate the electrical and optoelectrical
properties of two-dimensional (2D) materials. To probe the fundamental quantum
physics, it is crucial to find the appropriate 2D materials and fabricate the
high-quality devices which are properly designed. Graphene, one of the important
2D materials, has been demonstrated to have unique characteristics for application,
such as high carrier mobility, high optical transparency, and high mechanical
flexibility. In the first part of thesis, we study the magnetotransport of the graphene
junction (p-n-p or p-n junction) devices which is made by the novel one-step
resist-free fabrication method. The graphene p-n-p junctions were fabricated by
controlling the diffusion length while depositing metal contacts. In most cases,
materials deposited on graphene surface introduce substantial carrier scattering,
which suppresses the intrinsic high mobility of pristine graphene, while in our
cases, the metallic diffusion during the deposition process only introduces the
weakly disturbed regions that leads to high performance of magnetotransport in
graphene p-n-p junctions. These graphene p-n-p junction devices exhibit high
performance of quantum Hall plateau at 2/3 e2=h which is due to the mixing of
chiral edge states in the p-n interface. At low field, coherence length analyzed by
weak localization reveals a similar behavior as conductance as a function of back
gate voltage. In addition, we can also demonstrate the p-n junction device in which
high quality of mixing state is contributing to 1 e2=h plateau in the quantum Hall
regime. The two types of junction devices fabricated by resist-free method also
apply a well condition for magnetotransport research.

In the second part, we further investigate the distinctive magnetotransport
properties of a graphene p-n-p junction, which exhibits pronounced quantum Hall
effect, a well-defined transition point of the zeroth Landau level (LL), and scaling
behavior. The scaling exponent obtained from the evolution of the zeroth LL width
as a function of temperature exhibits a relatively low value of j ¼ 0:21 � 0:01.
Moreover, we calculate the energy level for the LLs as a function of the LL index
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based on the distribution of plateau-plateau transition points, further validating the
assignment of the LL index of the QH plateau-plateau transition. I also make one
chapter to exhibit the quantum conductance in graphene nanoribbon which is
fabricated by mechanical exfoliated method.

In the last part of thesis, we demonstrate persistent photoconductivity (PPC) in
the monolayer MoS2 devices. Here, we present a systematic study of the PPC effect
and conclude that the effect can be attributed to random localized potential fluc-
tuations in the devices. Notably, the potential fluctuations originate from extrinsic
sources based on the substrate effect. Moreover, we point out a correlation between
the PPC effect in MoS2 and the percolation transport behavior of MoS2. We
demonstrate a unique and efficient means of controlling the PPC effect in mono-
layer MoS2, which may offer novel functionalities for MoS2-based optoelectronic
applications in the future.
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Chapter 1
Introduction

The Moore’s law, which predicts the component density and performance of inte-
grated circuits doubles approximately every two years, has been extended since
Gordon E. Moore mentioned this trend in 1965 [1]. The size unit of each element has
been made smaller frommicrometer to nanometer in the past 50 years, leading to the
development of semiconductor industry. However, the yield of devices becomes low
when the size unit is recently down to 10 nm. This challenge is not only to develop a
new fabrication method but also to improve the quality of the short channel devices.
Moreover, finding newmaterials in which the functionality is good enough to replace
Si is crucial.

Graphene, the material that leads to the Nobel prize in 2010, [2] has been marked
in the extension of Moore’s law in the future since its mobility can be ten times
higher than that in a commercial Si-wafer [3]. Molybdenum disulfide (MoS2) is
another material to study in the extension of Moore’s law. As high as 108 of a on-off
ratio with the subthreshold swing about 70 mV/decade is revealed in the monolayer
MoS2 devices [4–6]. If the substrate with thinner SiO2 is adapted, the limitation of the
subthreshold swing of the 60 mV/decade at room temperature in the complementary
metal-oxide-semiconductor (CMOS) devices can be overcome [7]. In addition, using
such a monolayer semiconductor with a large band gap as a channel is useful to
decrease large intrinsic capacitances and unavoidable current tradeoffs, to minimize
the short channel effects at scaling limits [8, 9].

At the beginning of this thesis, we introduce the theoretical background in Chap.
2, which is including some of the basic electrical transport properties of graphene and
MoS2, the magneto properties of the graphene junction devices, and the optoelec-
tronic properties of MoS2. Chapter 3 describes the fabrication methods and exper-
imental set-up. In Chap. 4, we demonstrate the fabrication of graphene junction
devices by a one-step and resist-free fabrication method. A full mixing of filling
factor in the p-n and p-n-p interface are observed in the magneto transport measure-
ments. The carrier transport in the junction also can be investigated by the tempera-
ture dependence at B � 0 T. Chapter 5 reveals delocalized mechanism at the zeroth
Landau level. The plateau-plateau transition point, which is corresponding to each

© Springer Nature Singapore Pte Ltd. 2018
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2 1 Introduction

Landau level position, can be observed between the quantum Hall plateaus in the
graphene junction device.

In Chap. 6, we investigate the persistent photoconductivity (PPC) effect and its
mechanism in MoS2. Comparing the PPC in suspended MoS2 with that in substrate-
supported MoS2 devices led us to conclude that PPC originates primarily from
extrinsic sources. Moreover, we could correlate the PPC phenomena with perco-
lation transport, whereby carriers transfer among nearest low-potential puddles. In
the last chapter, we will summarize the experimental results in this thesis.
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Chapter 2
Theoretical Background

2.1 Physical Properties of Graphene

Using amechanical exfoliationmethod [1], monolayer graphene, consisting of a two-
dimensional layer of carbon atoms on an SiO2/Si substrate of appropriate thickness,
can be observed under an optical microscope [2], revealing relativistic quantum
mechanics in two-dimensional systems. Therefore, numerous unique characteristics
and physical theories can be investigated through experiments on graphene, which
can illuminate the potential of this material for future applications. In this chapter, I
briefly introduce the novel physical properties of graphene, which are also discussed
in later experimental chapters.

Section 2.1.1 describes the linear energy dispersion in the intrinsic band structure
of graphene that can be characterized by a Dirac cone. Section 2.1.2 describes pseu-
dospin chirality in the graphene lattice. Section 2.1.3 introduces the Klein tunneling
effect inwhich the carriers can propagate through a potential barrier even if the energy
of the carriers is lower than the height of the potential barrier. Sections 2.1.4, 2.1.5,
2.1.6, and 2.1.7 describe magnetotransport theories, corresponding to the quantum
Hall effect, Shubnikov–de Haas oscillations, phase transition between the quantum
Hall plateau, and weak localization behavior, respectively.

2.1.1 Electrical Structure and Zero Band Gap

Graphene consists of a single layer of carbon atoms. The crystal structure formed
by the in-plane σ-bonds between two carbon atoms exhibits a sp2-hybridization
system. Each carbon atom contacting with neighbor carbon retains unhybridized
π -bonds in the direction of the pz-orbital, as shown in Fig. 2.1 [3, 4]. The half-
filled π -bond makes the dominant contribution to conductance in the transport. The
distance between a carbon atom and the nearest three carbon atoms is a0 � 1.42 Å

© Springer Nature Singapore Pte Ltd. 2018
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4 2 Theoretical Background

Fig. 2.1 Schematic of the
graphene lattice structure
with its sp2-hybridized
carbon atoms. The in-plane
sp2 orbitals form σ bonds,
and the unhybridized pz
orbitals form π bonds

with separation angle of 120° between the σ-bonds, producing a honeycomb lattice
structure.

The lattice vectors in the real space are �a � ax̂ + bŷ and �b � ax̂ − bŷ; they are

shown in Fig. 2.2a, where (a, b) �
(
3a0/2,

√
3a0/2

)
. The corresponding reciprocal

lattice in the first Brillouin zone conversion is shown in Fig. 2.2b. The lattice is
presented by

−→
K � M

−→
A1 + N

−→
A2, where (M, N ) is composed of integers;

−→
A1 �

π/ax̂ + π/bŷ and
−→
A2 � π/ax̂ − π/bŷ are the basis vectors of the reciprocal space

based on the transforming equation:

ai .A j � 2πδi j . (2.1)

The two sublattice corners,
−→
K and

−→
K

′
, exhibit different valleys in the energy

contours of the first Birlioun zone condition.

Fig. 2.2 Honeycomb lattice in real and reciprocal space. a A unit cell in Honeycomb lattice in real
space. A unit cell is constructed on a basis of two carbon atoms, black and white particles marked by
the dashed line, in real space.bReciprocal lattice in the first Brillouin zone. The lattice is constructed
from two vectors in the reciprocal space. c The graphene π-band dispersion in three-dimensional
representation as calculated with the original tight-binding approach. (Figures extracted from Ref.
[3])
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The electronic band structure can be constructed using the first tight-binding
analysis [5] due to a covalent solid system, which considers pz-orbital interaction
with the nearest and next-nearest neighbor atoms. The dispersion relation Ek(k)
calculated from the Bloch wave function [5] is shown by:

Ek � ±t
√
1 + 4 cos

(
kyb

)
cos(kxa) + 4 cos2(kyb), (2.2)

where the plus sign and minus sign are the upper conduction (π∗) and the lower
valance (π ) bands, respectively; and the parameter t is the nearest-neighbor hopping
energy. Notably, the condition Ek � 0 occurs at six corners of the boundary in
the first Birlioun zone. When the Fermi level EF is located in this natural point,
the π and π∗-band meet each other at the K and K ′ points, representing a zero-gap
semiconductor or a zero-overlap semimetal. The band structure can be approximated
as cones located at the different corners of the Brillouin zone. The cones curve, and
the energy dispersion relation is linear; these phenomena indicate a zero effective
mass at the natural point. For such relativistic particles, the energy dispersion,

Ek �
√
m2

0 + �2k2, (2.3)

can be simplified to Ek � �k � �νF |�q|where νF is the Fermi velocity, � is the Plank
constant divided by 2π , �q is the wave vector in momentum space.

Because half-filled π -bands characterize a linear dispersion around the natural
Dirac point, the carrier density can easily be tuned by applying back gate voltage
[6]. Figure 2.3 shows the resistivity as a function of the back gate voltage. The
Fermi level, EF , shifted in the valence (conduction) band in the regime of negative
(positive) back gate voltage, indicates that the transport carrier is contributed by
electrons (holes), causing the resistivity to decrease away from the natural point.
Notably, the finite maximum resistance is located at the natural point instead of at
infinity because electron holes puddle near the intersection point of the conduction
and valence bands [6, 7].

2.1.2 Pseudospin

The band structure calculated with a tight-binding method near the two valleys, K
andK′, causes the carriers to behave asmassless Dirac fermions [5, 8, 9]. The energy-
eigenstate equation approximates the orbital wave function near K and K′ points by
a two-dimensional Dirac Hamiltonian for massless fermions,

H � �νFσk, (2.4)

where k is a wave vector related to the K and K′ points; −→σ is the Pauli matrix [10,
11]. The eigenstate is written as:
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Fig. 2.3 Ambipolar electric
field effect showing in
monolayer graphene. The
inset shows the location of
Fermi levels in the conical
energy spectrum E(k).
(Figures extracted from Ref.
[6])

|k ≥ 1√
2
eik·r

(
−ibe−iθ/2

eiθ/2

)
, (2.5)

where θ(k) is the tan−1 ky/kx in momentum space; b � 1 or − 1 depending on the
states above or below the energy at the K and K′ points [11]. The eigenstate can be
written as a two-component vector that contributes the amplitudes of an electronic
wave function on the superposition of the K and K′ points. As the result, the electron
generated by this vector can be viewed as a pseudospin that replaces the real spin.
Therefore, the wavefunction is generated on the superposition of both sublattices by
a pseudospin operator which replaces the role of the real spin [12].

2.1.3 Klein Tunneling

Massless graphene can be used to probe theKlein paradox in the context of relativistic
problems [10, 11]. In the normal case, quantum tunneling can be briefly described
by a one-dimensional Dirac equation written as:

(
σx

∂

∂x
− (E − V (x))σz + m

)
Ψ � 0, (2.6)

where V (x) � V for x > 0 and V (x) � 0 for x < 0, as shown in Fig. 2.4. The
reflection and transmission coefficients are:
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Fig. 2.4 One-dimensional
potential problem. The
carrier propagates to the
potential well of V (x) � V
for x > 0 and V (x) � 0 for
x < 0

R �
(
1 − κ

1 + κ

)2

(2.7)

and

� 4κ

(1 + κ)2
, (2.8)

where κ � p
k

E+m
E+m−V . As in the case of E < V , the reflection and transmission

coefficients are R > 1 and T < 0, referring to a counterintuitive relativistic process.
Such a counterintuitive paradox is also independent to potential barriers even as
V → ∞. To resolve this paradox, the group velocity,

vg ≡ dE

dp
� p

E − V
, (2.9)

shows that the momentum should be negative in the case of E < V . It can be divided
by the energy-momentum relation and written as:

p � −
√

(V − E)2 − m2. (2.10)

Therefore, the coefficient parameter is:

κ �
√

(V − E + m)(E + m)

(V − E − m)(E − m)
, (2.11)

where the R and T are satisfied with values between 0 and 1. But this does not resolve
the problem that the transmission coefficient is still nonzero in the case of V → ∞,
indicating that quantum tunneling happens in the relativistic transport. To observe
the tunneling effect, the potential step should be over the Compton length:

λ � �/mc, (2.12)
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Fig. 2.5 Tunneling behavior in the graphene junction. a Schematic of the graphene junction. In
the middle Dirac cone, the Dirac point is mismatched with cones on both sides because of the
doping effect. b The schematic diagram shows the potential barriers of height V0 and width D,
which correspond to the junction in (a). The Fermi energy E is lower than V0, which shows the
conduction (valence) band outside (inside) the barrier. (Figure extracted from Ref. [14])

which requires enormous electric fields of 1016 MV/cm [13].
Graphene allows one to observe relativistic quantum tunneling in the context of

the Klein paradox [14]. Figure 2.5a shows a graphene junction induced by a doping
effect, which can be analogous to the case of one-dimensional potential well shown
in Fig. 2.5b. The red line shows the same pseudospin σ direction for an electron with
energy E and a hole with −E. The absence of backscattering is due to the carrier
momentum perfectly changing its sign as the carrier changes from electron to hole.
According to theKlein paradox theory, this electron and hole go through the potential
well as particle and antiparticle, which makes it highly probable that the carriers pass
through the barrier.

2.1.4 Quantum Hall Effect

The quantum Hall effect is a fundamental physical phenomenon in which electrons
are confined in a two-dimensional system, which shows the quantization of cyclotron
orbits in a magnetic field directed perpendicular to the plane [15]. The charged
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particles only occupy certain discrete energy levels, called the Landau levels (LL).
Each filled LL contributes one e2/h of quantized conductance value to the Hall
conductance (per spin, per valley). For the quantum Hamiltonian including a B field,
the general form is given as:

H � 1

2m∗
(

�p +
e

c
�A
)2 − eφ. (2.13)

Applying a perpendicular magnetic field in the x-y plane, the equation can be
written as:

H � 1

2m∗
[
p2x +

(
py − eBx

)2]
. (2.14)

If we assume free electron motion in the y-direction, the eigenfunction can be
written as:

ψ(x, y) � ϕ(x)e−iky y . (2.15)

Based on the Hamitonian and eigenfunction, the Schrödinger equation can be
obtained as:

1

2m∗
[
p2x +

(
�ky − eBx

)2]
ψ ≡ 1

2m∗

[
p2x +

1

2
m∗ω2

c (x − x0)
2

]
, (2.16)

whereωc � eB
m∗ andωc � x0 are the cyclotron frequency and the center of oscillation,

respectively. The eigenenergy is given by

EN � �ω

(
N +

1

2

)
, (2.17)

where ω is the cyclotron frequency, N is an integer representing LL index, and m∗
is effective mass. In the ideal system, the energy separation is �ω between the LLs,
as shown in Fig. 2.6a. However, in a real system, the LLs will be broadened by the
appearance of disorder, as shown in Fig. 2.6b. Only the states around the middle of
the LLs are extended and contribute to conductance.

In comparison with a classical semiconductor, LL formation in graphene has
been studied using 2+1-dimensional quantum electrodynamics, and the LL energy
is written as [16]:

En � ±
√
2e�ν2

F |N |B, (2.19)

where � is the Planck constant divided by 2π , N represent the electron-like (n > 0)
or hole-like (n < 0) LLs. Based on Eq. 2.19, the En is proportional to

√
N , exhibiting

unequally spaced LLs. This equation shows the zeroth LL exists at En � 0, which is
also different from the two-dimensional material shown in Fig. 2.7. Figure 2.8 shows
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Fig. 2.6 Landua level
showing in the density of
states as a function of energy.
a The LL in an ideal system.
b The LL broadening in a
real device

Fig. 2.7 Unique property of
the zeroth LL in graphene. a
The unique zeroth LL and
the nonequal energy
separation between LLs
shown in graphene. b equal
energy separation in a
conventional
two-dimensional material.
(Figures extracted from Ref.
[3])

the quantum Hall effect in the graphene device. The longitudinal magnetoresistance
shows the conductance goes to zero, corresponding to the Hall resistance plateau
position. The Hall conductance shows:

G � 4(n + 1/2) e2/h, (2.20)

where the fact of 4 is induced by spin-valley degeneracy [17].
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Fig. 2.8 Quantum Hall effect in graphene. Hall resistance (black) and magneto resistance (orange)
as functions of back gate voltage at 9 T. Inset: high level of the filling factor measured at 30 mK.
(Figures extracted from Ref. [9])

Moreover, the graphene junction has been experimentally realized by the dual
gates controlling different carrier densities in two adjacent regions. Because of the
ambipolar characteristics of graphene, the junction type can be tuned to a p-p, p-n, or
n-n condition. The electron-hole symmetry also causes symmetrical appearances of
the quantum Hall effect on both sides of the Dirac point in this material, resulting the
number of n � |ν| edge modes in each of the quantized states. In the bipolar regime,
the densities are ν > 0 and ν < 0 on either side of the boundary with opposite
chirality. When the magnetic filed is applied, the mixing edge state exists in the
p-n and p-n-p interface induce conductance has the fraction of e2/h. The junctions
also present interesting phenomena reflecting the massless Dirac carriers during the
transport. The new plateau can be explained using the theory of quantum-chaotic
transport [18–21]. The carriers propagated along the interface are from both the n
and p reservoirs; they move into the edge modes. Until the carriers are fulfilled in
the edge states, the carriers on both sides return to the reservoirs with backscattering
[22, 23].

2.1.5 Shubnikov-de Haas Oscillation and Massless Effective
Mass

In a real device, the LLs are broad; they do not exhibit sharp peaks like the one
shown in Fig. 2.6a. The extended states located at the center of LLs contribute
conductance values within kBT of the Fermi energy. On the LL tail, the carriers
remain localized in those states, revealing no contribution to conductance. Therefore,
the alternate extended and localized states in each LL are swept through the Fermi
energy, revealing oscillations in the longitudinal resistance, shown in Fig. 2.9a, which
are called Shubnikov–de Haas (SdH) oscillations. The left inset shows that in a fixed
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Fig. 2.9 Shubnikov–de Haas oscillation and LL fan diagram. a SdH oscillation measured in 0 T <

B < 9 T . b LL index versus 1/Bn at different gate voltages. (Figures extracted from Ref. [9])

magnetic field, the amplitude of oscillation is decreased by increasing temperature.
In addition, effective mass can also be extracted by SdH oscillation as shown in the
right inset. It is notable that mass vanishes at the Dirac point and can be fitted by the
effective relativistic mass:

mc � EF

ν2
F

�
√

π�2ns/ν2
F . (2.21)

Based on semiclassical magneto oscillation, the longitudinal resistance can be
also written as:

�Rxx � R(B, T ) cos

[
2π

(
BF

B
+
1

2
+ β

)]
, (2.22)

where R(B, T ), BF , β are SdH oscillation amplitudes, frequency of oscillation is
1/B, and Berry’s phase represents the quantum phase of pseudo spinor in the range
of 0 < β < 1. Normally, Berry’s phase is 0 or 1 for trivial cases with equivalent
magneto resistance. The fact that β � 1/2 implies that Dirac particles exist [24],
which can be observed in the experiment through values of 1/Bn at the value of
N th minimum of Rxx against their LL index n, as shown in Fig. 2.9b. The linear
relationship is extrapolated to the y-axis at 1/2 (−1/2) for the electron (hole) at all
back gate voltages. The upper inset shows the β is achieved at various back gate
voltages, and the lower inset shows that the slope of linear fitting indicates BF .
A half-integral quantum Hall effect (Eq. 2.20) is also predicted the existence of a
non-zero Berry’s phase.
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2.1.6 Quantum Hall Plateau-Plateau Transition

In the quantum Hall regime the Hall resistance exhibits a plateau corresponding
to zero longitudinal resistance when EF is located between the LLs and increases
the value of e2/h when EF is across one of the nondegenerate LLs, as shown in
Fig. 2.10a; this is associated with the broadened LL shown in Fig. 2.10b. Therefore,
the temperature or magnetic dependence of scaling behavior in the quantum Hall
regime can be used to detect LL conditions. It is more useful to investigate graphene
which have the zeroth LL and fourfold degenerate LLs contributed by spin-valley
degeneracy. Figure 2.11 shows the temperature independence of Hall plateau-plateau
transition points in graphene devices. A scaling exponent κ can then be derived and
themaximum slope of dσxy/dν diverges as T−κ in the transition region. The exponent
is of 0.40±0.02, in accordance with the universal scaling theory [25–27].

2.1.7 Weak Localization

Weak localization (WL) is a physical effect by which the carriers propagated with
two time-reversed paths, but in opposite directions that return to the original position
(point A shown in Fig. 2.12), causing resistivity to increase [29]. The localization
caused by weak disorder happens in the metallic and diffusive regimes, and requires
kFl � 1 where kF is the Fermi wave vector and l is the elastic scattering length [17].

Electronmotion in the disordered system is characterized by numerous collisions.
If a collision is elastic, the electrons scattered by impurities or other electrons retain
consistent momentum and energy after experiencing scattering, which reveals phase
coherence in the electron wave function, τφ � τe. Therefore, quantum interference
occurs, and the total probability of finding the electrons at A can be written as [30]:

P[A,B] �
∑
i, j

Ai A
∗
j �

∑
i

|Ai |
2
+

∑
i, j
i �� j

Ai A
∗
j , (2.23)

where Ai and A j are probability amplitudes. The first term is the sumof the individual
probability density contributed by the classical result, while the second term is the
sum of the interference probability density, known as quantum correlation. Because
no phase difference exists between both time-reversal symmetry paths, the equation
can be given as [30]:

P[A,A] �
∑
i, j

Ai A
∗
j �

∑
i

|Ai |
2
+

∑
i

Ai A
∗
i � 2

∑
i

|Ai |2. (2.24)

The probability density is twice as large as the classical result, showing that
constructive interference occurring at the original point A will enhance resistivity.
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Fig. 2.10 Detail of LL condition corresponding to the resistance in the longitudinal and orthogonal
directions.aPlateau in theHall resistancewith distance ofh/e2 from the neighbor and corresponding
to zero longitudinal resistance.bLocalized state at LL tails and extended state in themiddle. (Figures
extracted from Ref. [26])

If inelastic collisions exist during the transport, the phase coherence will be com-
pletely broken, which can be induced by increasing temperature to causes electron
scattering with phonons or by increasing perpendicular magnetic field to break time-
reversal symmetry [31]. However, the result of the breaking of phase coherence of
the time-reversed loop will suppress the weak localization effect. Applying the mag-
netic field is a method commonly used to investigate the weak localization effect. In
a diffusive transport regime, kBT τ

�
> 1, the magneto conductivity can be corrected by

a weak localization term in the conventional two-dimensional electron gas system,
given by [32]:
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Fig. 2.11 Plateau-plateau transition points in graphene device. Temperature independent transition
points are observed between the quantum Hall plateau. (Figures extracted from Ref. [28])

Fig. 2.12 Two identical time-reversed paths in opposite directions. The carrier retains exactly the
same phase and the same amplitude as the wave function during the process of elastic collision
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�σwl
xx � G0

{
ψ

(
1

2
+
Bϕ

B

)
− ψ

(
1

2
+
Btr

B

)
+ ln

(
Btr

Bϕ

)}
, (2.25)

whereψ is the digamma function,G0 � e2

πh , Btr � �

2el2 , Bϕ � �

4el2ϕ
, lϕ is the defacing

length, and l is the mean free path. Compared to graphene in the diffusive transport
regime, the correction of WL was derived by McCann et al. [33]:

�σwl
xx � G0

{
F

(
B

Bϕ

)
− F

(
B

Bϕ + 2Biv

)
− 2F

(
B

Bϕ + Biv + Bz

)}
, (2.26)

with F(z) � ln z + ψ
(
1
2 +

1
z

)
, G0 � e2

πh , Bϕ,i,∗ � �

4Deτϕ,i,∗ , where τϕ , τi , and τ∗
are decoherence time, intervalley scattering time, and intravalley scattering time,
respectively.

2.2 Molybdenum Disulfide (MoS2)

By a method similar to the exfoliation of graphene from graphite, bulk molybdenum
disulfide with a weak van der Waal interaction between its layers can be easily
exfoliated to a monolayer form with a 6.5 Å thickness, as shown in Fig. 2.13. Single-
layer MoS2 also has a hexagonal structure, which is composed with two planes of
molybdenum atoms and one plane of sulfur atoms, as shown in Fig. 2.14. Its transport
properties include an on/off current ratio as high as 108 because of the 1.8 eV direct
bandgap [34].

2.2.1 Photoconductivity Effect

Photoconductivity is an optical and electrical phenomenon that manifests itself as
a positive correction to conductivity caused by the absorption of electromagnetic
radiation. When light has an energy value larger than the energy gap of illuminated
material, the number of free electrons and holes increases in the conduction and
valence bands, as shown in Fig. 2.15a, increasing its electrical conductivity. If light
is terminated, the conductivity will return to its original value because of the recom-
bination of electrons and holes, as shown in Fig. 2.15b. This behavior is usually
observed in semiconductors because their energy gaps correspond to the emission
energy levels of visible light.
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Fig. 2.13 Schematic of Bulk MoS2. It is stacked in a hexagonal S-Mo-S structure; each layer is
6.5 Å thick. (Figures extracted from Ref. [34])

Fig. 2.14 a Trigonal prismatic structure in MoS2. b Mo-S unit cell in the Honeycomb periodic
lattice structure. (Figures extracted from Ref. [35])

2.2.2 Persistent Photoconductivity

Unlike the photoconductivity effect, photo-induced current tends to persist for a long
period of time after the light has been terminated. The persistent photoconductivity
(PPC) increases carrier density and transport mobility in the channel. Its mecha-
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Fig. 2.15 aElectron generation process. Electron has enough energy to jump from conduction band
to valence band after illumination. b Electron-hole recombination after illumination was terminated

nism is related to the possibility of instabilities such as charge trapping and often is
investigated by decay kinetics as a function of temperature dependence. The large
lattice relaxation (LLR), microscopic barrier (MB), and random local potential fluc-
tuations (RLPF) models are possible models to explain the PPC mechanism after
illumination.

In the LLRmodel, electrons are photoexcited from deep-level traps, and an energy
barrier prevents the recapture of the electrons [36, 37], resulting in the PPC effect.
As shown in Fig. 2.16, the electrons are excited from the trapped state (D curve) to

Fig. 2.16 Mechanism of LLR model in the study of PPC effect [37]
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Fig. 2.17 PPC effect at a
300 K and b 40 K. Based on
the LLR model, the
photocurrent at a low
temperature is more
persistent than the
photocurrent at room
temperature, showing in a
two-dimensional electron
gas system [39]

a conduction band (C curve) by light emission. After illumination, the PPC is more
pronounced at low temperatures because the probability of recapture is related to
thermally activated processes, as shown in Fig. 2.17. Another feature of the PPC that
results fromLLR is that a photocurrent can be activated by excitation from deep-level
traps to conduction bands [38] with energies below that of the bandgap, which also
contradicts the observed dependence of the PPC on the excitation energy.

The MB is another mechanism for PPC in which photoexcited electron-hole
pairs are spatially separated by a macroscopic potential barrier, followed by charge
accumulation or trapping by barriers or spacers [40, 41]. Recent studies on var-
ious structures, including MoS2/graphene [42], quantum-dot/graphene [43] and
chlorophyll/graphene [44] heterostructures, demonstrated noticeable PPC phenom-
ena because of this MB model. However, there were no such artificially created
structures in our MoS2 devices that could yield a macroscopic potential barrier. The
PPC effect in the MB model also follows a single-exponential decay [40], unlike the
stretched exponential decay that was observed in our samples.

Finally, in the RLPF model [45–47], local potential fluctuations arise either
because of intrinsic disorders in the materials or extrinsic charged impurities. There-
fore, low-energy electrons and holes become localized in potential minima and are
spatially separated, as shown in Fig. 2.18, resulting in a long recombination lifetime.
The thermal excitation of carriers to higher energy states above the mobility edge
produces a photocurrent after the irradiation has been terminated, resulting in the
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Fig. 2.18 RLPF model
shows that the carriers are
excited by light emission and
filled in the trap state [47]

PPC effect. At low temperatures, the carriers are well-confined inside charge traps
and negligible PPC is observed. This RLPF model has been widely used to explain
PPC in II–VI compound semiconductors [45, 46, 48].
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Chapter 3
Experimental Methods

This chapter describes the fabrication of the graphene- and MoS2-based devices
and the experimental set-up. It is composed of four parts. Section 3.1 describes the
fabrication method of making devices without resist. In Sect. 3.2, we introduce the
physical property measurement system which was used to perform transport mea-
surement in highmagnetic fields and at cryogenic temperatures.Next, Sect. 3.3 shows
the measurement system which consists of a cryogenic system with the spectrometer
for optical measurement at low temperatures and high vacuum. Finally, Sects. 3.4
and 3.5 briefly describe our atomic force microscopy measurement system and the
substrate treatmentwithOTSmolecule for improving the device quality, respectively.

3.1 Resist-Free Fabrication

We developed a resist-free fabrication method, which is designed for making high-
quality devices, to investigate the transport and magneto transport behaviors of 2D
materials. Compared to conventional lithography-based fabrication, resist-free fab-
rication has several advantages, including the reduction of electron scattering from
resist residues; implementing fewer steps to reduce the environmental influences;
using a shadow mask to leave the sample surface contact-free; and realizing elec-
trode geometry with simpler procedures. Recently, residue-free fabrication has been
demonstrated in fabricating high-quality graphene devices, [1–7] for example, those
with stencil masks for multi-terminal measurements [5] and focused electron beam
for local doping [8].

The procedures are described as follows. First, a 2.5-mm-diameter hole is drilled
on a stainless steel sheet with a thickness of 0.1 mm. The diameter is designed to be
smaller than 3.5 mm in order to fit the commercial TEM grids, as shown in Fig. 3.1a.
We first drop some PMMA over the hole. As shown in Fig. 3.1b, most of the PMMA
is absorbed by filter paper under the steel, except for those remaining at the hole
edge. TEM grid can be attached on the steel by residue resist. After backing at 90 °C
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Fig. 3.1 a–c The fabrication processes of the shadow mask. d Schematic showing the gap distance
between the mask and graphene is increased by inserted Kapton tapes. e–h are OM images in
which the different focal distances between the mask and graphene are 18, 60, 80, and 130 µm,
respectively

for 30 s, the shadow mask is finished and is shown in Fig. 3.1c, on which no further
patterning is needed. We then align graphene with respect to the shadow mask by
using a homemade xyz 3-axis manipulator under an optical microscope. To achieve
controllable diffusive electrode patterns after metallization, controlling the distance
between shadow mask and graphene sample is crucial. The gap can be adjusted by
adding layers of gaskets (Kapton tapes, 15–20 µm per layer with 5 µm flatness
variation of TEM grids) below the shadowmask, as shown in Fig. 3.1d. The distance
of gap is further confirmed by measuring the focal distance of graphene and TEM
grids with 100× objective under a microscope. Figure 3.1e–h show OM images
with different focal distances. The separation of 18 µm was found while focusing
separately on the graphene, and the grid in Fig. 3.1e. As the separation increased
to 60, 80, and 130 µm, shown in Figure (f)–(h), the image of grid is getting out of
focus. After aligning the TEM grid to graphene with a designated distance, Ti/Au
(5 nm/55 nm) was deposited as electrodes using an electron-beam evaporator at a
base pressure of 1.0 × 10−7 Torr.

3.2 Physical Property Measurement System

Physical property measurement system (PPMS) (Quantum Design) allows
researchers to investigatemany physical quantities of a device in an open architecture
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Fig. 3.2 Schematic described the structure of the physical property measurement system

and variable temperature-field conditions. The applied magnetic field can be varied
from − 9 to 9 T. The temperature range is between 1. 9 and 400 K. Figure 3.2 shows
the sample mount space, magnet, cooling annulus and heaters in the PPMS probe.
To control the temperature, helium is drawn at the annular region by a vacuum pump
and then the heaters warm up the gas, increasing system flexibility by making the
sample chamber in a tunable environment.

3.3 Optical Measurement Systems

The optical measurement system which consists of an optical microscope, a spec-
trometer (Horiba iHR550), and the cryostat (Janis Research Company, ST-500) sys-
tem is shown in Fig. 3.3. The cryostat condition is in the pressure of 2.0 × 10−7

Torr and can be cooling down to 4.2 K by liquid He or 80 K by liquid N2 through
the cooling gas channel. In the photoresponse measurements, solid-state CW laser
(Nd: YAG, 532 nm) is employed as the light source corresponding to the energy gap
of MoS2. The incident light with 1 mW power is guided into the microscope and
focused by an objective (10×, NA 0.3) with a spot size of�1µm. The power density
on the sample is estimated at 5.6 × 104 W/cm2.

Raman spectroscopy is widely used to study the vibrational, rotational, and other
low-frequency modes of particle properties in a lattice system [9]. By inelastic scat-
tering of emission photons in solid or in molecules, the phononic properties of the
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Fig. 3.3 Schematic described the optical measurement systemwhich consists of cryostat, OM, and
Raman spectroscopy

crystal or the vibrational properties of molecule can be investigated. If the scattering
is elastic, the final state is the same with the initial one, which is called as Rayleigh-
scattering [10]. In contrast, in the case of inelastic scattering, if the final vibrational
state is higher (lower) than the initial state in energy, the photon will lost (gain) a
portion of energy to obey the law of energy conservation. As depicted in Fig. 3.4, the
process is called as Stokes (anti-Stokes) Raman scattering. In addition, the energy
shift of Raman modes is strongly related to the electronic system as well as crystal
symmetry. Therefore, Raman scattering have been shown as an accurate and non-
invasive method to distinguish the number of layers of 2D material. For instance,
the monolayer MoS2 sheet is characterized by optical contrast and the Raman spec-
troscopy. Figure 3.5a shows an optical microscope image of the MoS2 flakes on
the OTS substrates. To confirm the thickness of MoS2 sheets, we perform Raman
spectroscopy and observe two characteristic peaks at 387 and 405 cm−1 which cor-
responding to the E2g and A1g resonance modes, respectively [11]. As shown in
Fig. 3.5b, the difference of two peaks is about 18 cm−1, which is consistent with
previous report on monolayer MoS2 [12].
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Fig. 3.4 Diagram described the different energy transitions between energy levels for the explana-
tion of the different types of scattering

Fig. 3.5 a The OM image of MoS2 flakes on an OTS substrate. b Raman spectrum of monolayer
MoS2. The characteristic peaks are measured at 387 and 405 cm−1, which correspond to the E2g
and A1g resonance modes, respectively

3.4 Atomic Force Microscopy

The atomic force microscopy (AFM) can precisely measure the thickness of the
material down to one atomic layer. Its working mechanism is shown in Fig. 3.6. The
information between the tip and sample surface is monitored by the optical reflection
at the cantilever and subsequently detected by a photo-detector. The contact mode
and tapping mode are used to operate in the experiments, which are distinguished
by the shape of the potential between tip and sample. In the contact mode, the
measurement is related to the variation of the repulsive forces due to Pauli repulsion.
The forces between the tip and the surface is recorded and kept in the feedback
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Fig. 3.6 Diagram described
working mechanism of
AFM. Diagram taken from
Ref. [13]

loop. In comparison, the tapping mode exploits the attractive minimum potential
between the tip and sample, leading to a periodic tapping motion. During scanning,
the interaction between tip and sample provokes a change in the amplitude, resonance
frequency, and phase of the cantilever, which are used for feedback control.

3.5 OTS-Functionalized Substrates and Electrical
Measurement Method

3.5.1 OTS-Functionalized Substrates

The OTS-functionalized SiO2/Si substrates can effectively reduce charged impurity
scattering due to adsorbed molecules and the phonon effect, which is coupled to
the substrates. Consequently, graphene on OTS-functionalized SiO2/Si substrates
exhibits high mobility [3]. The surface topography images revealed by AFM show
that the surface roughness are estimated to be approximately 0.3− 0.4 nm for SiO2/Si
substrates and 0.15− 0.2 nm for OTS-modified substrates in Fig. 3.7a and b, respec-
tively. It shows an ultra-smooth substrate modified by OTS thin film. In addition,
the Fig. 3.7e shows the histogram of surface roughness, which also reveals that the
FWHM is 0.3 nm for the ultra-smooth OTS-modified substrate, which is lower than
0.5 nm for the SiO2/Si substrate. Moreover, we preform the contact angle measure-
ments onSiO2/Si andOTS-modified substrates, respectively shown in Fig. 3.7c and d.
The contact angle of the OTS-modified substrate is 109°, exhibiting ahydropho-
bic property of OTS modified substrates. By this property, it not only effectively
decreasess the number of dangling bonds and extrinsic surface-adsorbed molecules,
but also reduces doping or charged impurity scattering on the device.
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Fig. 3.7 The comparison of surface characterizations of SiO2/Si and OTS-modified substrates by
AFM and contact angle measurements. The difference in surface topography is shown by the AFM
images of a typical SiO2/Si and b typical OTS-modified substrates. The scale bar is 1 µm. The
measured contact angles of c typical SiO2 and d typical OTS-modified substrates are 45 and 109°,
respectively. The contact angle measurement reveals the highly hydrophobic surface property of the
OTS-modified substrate. eHistogram of the height distribution for the SiO2/Si substrate (black), the
OTS-modified substrate (red), and graphene on the OTS-modified substrate (blue). The histogram
is calculated from the AFM images, and the solid lines are fitted by a Gaussian distribution. The
FWHM of the height distribution are 0.5 and 0.3 nm for the SiO2/Si and OTS modified substrates,
respectively. It is noted that the FWHM of graphene on the OTS-modified substrate is very close to
that of the OTS-modified substrate [3]

3.5.2 Two-Terminal Conductance Measurements

Figure 3.8 shows the schematic of two-terminal measurement system. We mea-
sure the transport properties of device by standard lock-in techniques. We apply
an ac source-drain bias and measure the current by a current pre-amplifier (Stan-
ford Research Systems, SR570) and then measured by a lock-in amplifier (Stanford
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Fig. 3.8 Diagram described the two-terminal conductance measurement

Fig. 3.9 ISD−VG curve of a monolayer MoS2 device. The on/off ratio is about 106 at room tem-
perature

Research Systems, SR830). Back gate voltage is applied by aDC sourcemeter (Keith-
ley 2400).

To measure the low off-current in MoS2, we employ the DC measurement. DC
source and back gate voltage are applied by DC sourcemeter Keithley 237 and 2400,
respectively. The transfer characteristic of the monolayer MoS2 device is shown
in Fig. 3.9, which exhibits a typical n-type semiconductor behavior with off current
∼10−11 A.The on/off ratio is observed about 106 (VG � ±60V) at room temperature.
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Chapter 4
Distinctive Magnetotransport
of Graphene p-n-p Junctions
via Resist-Free Fabrication
and Controlled Diffusion of Metallic
Contact

4.1 Introduction

Graphene junction devices have revealed unique electrical transport properties [1],
including quantum interference [2, 3], Klein tunneling [4, 5], and the fractional-
valued quantum Hall effect [6], which are absent in homogeneous graphene. The
versatility of the graphene junction devices can therefore offer novel functionality of
the graphene-based material. To fabricate these graphene junction devices, various
methods, including dual-gated technique [6–8], chemical doping of the graphene
surface [9–12], and electronicmodification of the substrates [13], have been reported.

To explore the novel functionality of the graphene junction devices, the abil-
ity to fabricate high-quality devices is essential. To achieve this, most studies have
used dual-gated structures [6–8] to create differential doping in different regions of
graphene. Interface engineering has also been demonstrated by utilizing non-covalent
functionalization [9] in creation of graphene junction devices. Generally, multi-step
fabrication involving e-beam lithography or surface functionalization is required in
the fabrication of the graphene devices. However, a simple fabricationwhich requires
no lithographic process to achieve high-quality graphene junction devices is highly
desirable. Here we demonstrate fabrication of graphene p-n-p junction and p-n junc-
tion by a resist-free fabrication process. This method involves one-step deposition
to fabricate contacts by well-controlled diffusion of metals. Moreover, we adapt a
resist-free approach to reduce undesirable residue which can cause substantial car-
rier scattering. Notably, the fabricated graphene junction devices exhibit noticeable
magnetotransport properties, including pronounced quantum Hall effect and weak
localization well-described by the theory.
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4.2 Fabrication

The fabrication processes are depicted in schematics of Fig. 4.1a, b.We first fabricate
the shadow mask which was described in Chap. 3. We then align graphene flakes
with respect to the shadowmask by utilizing a homemade x-y-zmanipulator under an
optical microscope (OM), as shown in Fig. 4.1b. A key step is to control the distance
between the graphene sample and the mask, which is enabled by inserting proper
thickness of a gasket (Kapton tapes, ~15–20 μm/layer) under the shadow mask.
Figure 4.1c, d show the OM images of a graphene sample with a gap distance of 18
and 130 μm, respectively. Although the grid is out of focus for large gap distance,
it is still manageable to align with the graphene flake, as shown in Fig. 4.1d. After
the alignment, Ti/Au (5 nm/55 nm) was deposited as electrodes at a base pressure of
1.0 × 10−7 Torr.

4.3 Experimental Results

Figure 4.1e shows an OM image of a fabricated graphene sample, which exhibits a
large diffusion region (gradient colored region) resulted from intentionally increased
gap distance. These diffusion regions are easily oxidized and cause p-type doping
effect in graphene underneath, leading to a graphene p-n-p structure [14]. Figure 4.1f
shows a schematic of the graphene p-n-p junction with a pronounced diffusion of
the metallic contact. A line profile of topography obtained from the AFM mapping
(Fig. 4.1g) yields a diffused extent of 4μmas a result of 130-μmgap.We fabricate 25
test sampleswith the gap distance ranging from80 to 180μm, and plotte the diffusion
length obtained from the AFM characterization as a function of gap distance in
Fig. 4.1h. The relatively linear correlation indicates the viability to vary the diffusion
by adjusting the gap distance.

We first present the magnetotransport properties of the fabricated graphene
p-n-p junctions prepared by the aforementioned resist-free technique. Figure 4.2a
shows the magnetic field dependence of conductance (G − B) of the sample A at
VG � 0 V and 10 V, corresponding to the unipolar and bipolar regime, respectively.
At high magnetic fields, the magnetoconductance (MC) evolves into pronounced
quantum Hall (QH) plateaus, which suggests the high mobility of the graphene p-n-
p junction sample. The observed filling factors are consistent with those in graphene
p-n-p junction: the 2 e2/h plateau for B > 3 T at VG � 0 V is consistent with

G � min(|ν1|, |ν2|) × e2/h (4.1)

in the unipolar regime [15]. In the bipolar regime (VG � 10 V), the QH plateaus can
be expressed as

G � νpnpe
2/h, (4.2)
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Fig. 4.1 a Schematic of a shadow mask. b Schematic showing that the gap distance between mask
and graphene is controlled by inserting Kapton tapes. c, dOM images in which the gap distances are
18 and 130 μm, respectively. e The OM image of a p-n-p junction device. The blue area shows the
diffusion area after deposition. The location of graphene is presented by the dash line. f Schematic
of the device structure. g An example for the demonstration of the metallic diffusion length. The
diffusion length is identified between the metal and graphene platform edge in AFM data. h The
linear correlation in the curve of diffusion length as a function of gap distance

with νpnp � |ν1||ν2|/(|ν1| + 2|ν2|) (ν1ν2 < 0, ν1, ν2 � ±2,±6, . . .) [6]. The filling
factor ν � 2/3 for B > 5 T is resulted from the mixing of ν1 � 2 state of the
intrinsic graphene region and ν2 � −2 state of the doped region [14].

At low magnetic fields, sample A exhibits positive MC (Fig. 4.2b), which can
be attributed to the weak localization (WL) in graphene. The WL is manifested by
the suppression of the conductivity, which is owing to the coherent backscattering
of carrier wave scattered by weak disordered potential. The WL is suppressed due
to the chiral nature of carriers in graphene system [16–18]. The inset in Fig. 4.2c
shows the σ − B curves of sample A in the unipolar (VG � 0 V) and bipolar regimes
(VG � 10, 20 V). The σ − B curves were analyzed by the WL theory developed
for graphene [17, 19], in which the quantum correction to the semi-classical (Drude)
conductivity, δσ(B), is given by
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Fig. 4.2 a The magnetoconductance of the p-n-p device in the range of 9 T>B >−9 T. b The
weak localization effect for back gate voltages of 0, 10, and 20 V. c The G and coherent length as
a function of back gate voltage. Inset shows that the data can be well fitted by Eq. 4.4
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τ�,i,∗ � L2
�,i,∗/D, (4.7)

where ψ(z), τ�, τi , and τ∗ are corresponding to the digamma function, phase coher-
ence time, intervalley scattering time, and intravalley scattering time, respectively.
The MC data for VG � 0, 10, 20 V are well described by the theory, as shown in the
inset of Fig. 4.2c, validating WL as the mechanism for the observed positive MC.
Moreover, the MC data are well fitted for −50V < VG < 40 V, yielding a VG-
dependent Lφ in the range of 95–230 nm, as shown in Fig. 4.2c. Notably, we observe
that the trend resembles to G − VG curve, in which Lφ and G are gate-independent
in the bipolar regime and correlated in the unipolar regime. To understand this cor-
relation, we point out that Lφ can be expressed as

L� � √
Dτ� �

√
ν2
Fτ0τ�, (4.8)
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where D, νF , and τ0, are diffusion coefficient, Fermi velocity, and momentum relax-
ation time, respectively [17]. τ0 is strongly dependent on carrier density, which is
attributed to less momentum scattering away from the electron-hole puddle near
Dirac point [20–22]. Because Lφ is proportional to the square root of τ0, it is reason-
able that Lφ and G are correlated, despite that WL originated from an interference
effect which is quantum mechanical in nature.

We further compare the T dependence of resistance (R) between unipolar and
bipolar regimes to elucidate the transport characteristics discussed in Fig. 4.2c.
Figure 4.3a, b show the T dependence of R in the unipolar and bipolar regimes,
respectively. At T < 100 K, the graphene p-n-p junction exhibits insulating behav-
ior (dR/dT > 0) in both unipolar and bipolar regimes. The performance of carrier
transport in the channel is closely related to the temperature, uncovering the dom-
inant mechanism in the system. The T dependence of R can be well described by
a power law R ∝ T γ and VG-dependence exponent γ is plotted in Fig. 4.3c. It is
noted that γ is relatively independent on the variations of VG in the bipolar regime
(γ ∼ −0.12), which is similar in the Lφ − VG and G − VG curves shown in
Fig. 4.2c. Considering the presence of charged impurity, an insulating behavior of
graphene at low T has been reported and is attributed to the activated transport in the
presence of electron-hole puddles [23].We therefore infer that the carrier transport in
the bipolar regime is dominated by the electron-hole puddles, which may originate
from the doped graphene region where charged impurity in the oxide layer cause
large potential fluctuation [24]. As VG is tuned away from the CNP, the value of γ

reduces and the graphene device becomes less insulating as a result of suppression
of the carrier localization due to the electron-hole puddles.

At T > 100 K, sampleA exhibits an opposite T dependence between the unipolar
and bipolar regimes. In the unipolar regime, the graphene p-n-p junction exhibits a
metal-insulator transition as in homogeneous graphene and can be attributed to the
phonon effect and thermal weakening of screening at higher T [23]. Interestingly, the
insulating behavior in the bipolar regime persists up to room temperature, suggesting
the dominance of activated insulating behavior over the phonon effect. The observed
insulating behavior in the bipolar regime may be attributed to the proximity of Fermi
level to the CNP and the scattering at the p-n interface, which both lead to the
localization of the carriers.

We further analyze the T dependence of MC to reveal the carrier transport mech-
anism in the graphene p-n-p junction samples. Figure 4.3d shows the σ − B curves
of sample A at VG � 0 V with T ranging from 2 to 80 K. The positive MC signal is
suppressed as T increases, which is attributed to the reduction of phase coherence
length [18]. The T dependent σ − B curves can be well described by the WL theory,
yielding a T dependence of Lφ , as shown in Fig. 4.3e. It is found that Lφ decreases
from 100 to 32 nm as T increases in the range of 2 < T < 80 K. At T > 15 K, Lφ

exhibits a T dependence of ~T−0.5, which can be ascribed to the electron-electron
scattering with expressed as

τ−1
� � βkBT lng/�g, (4.9)
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Fig. 4.3 a Resistance as a function of temperature dependence in the bipolar regime. b The metal-
insulator transition in the unipolar regime. c The detail of the temperature exponent in whole back
gate voltage regime, revealing the similar exponent under 100 K in bipolar regime. d The WL for
back gate voltage of 0 V. e Lφ as a function of temperature dependence. Lφ exhibits a T dependence
of ~T−0.5. f A logarithmic T dependence of conductance at zero magnetic field and at zero back
gate voltage

where g � σh/e2 [25, 26]. In Fig. 4.3f, it is shown that the conductivity at B � 0 T
exhibits a logarithmic T dependence, which is consistent with the weak localization
effect [25, 26]. Here we note that the dephasing mechanism of the phase coherent
length in the studied graphene p-n-p junction samples is consistent with that of
homogeneous graphene samples, suggesting the irrelevance of the p-n interface in
this MC measurement.

4.4 Demonstration of p-n Junction Devices

This resist-free method can be applied to fabricate a graphene p-n junction device
by combining a diffused and a conventional contact in an asymmetric technique.
The resulted sample is characterized by the OM image (inset of Fig. 4.4a), shown
an asymmetric profile of the contacts. The contact of the left side exhibits a large
diffusion length of 3 μm while that of the right side shows a negligible diffusion
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Fig. 4.4 a G − VG curves at B �0 (black) T and 9 (red) T. Inset: OM of the p-n junction device.
It is employed metal diffusion fabrication on the left side to affect doping effect in the channel. b
The magnetoconductance of the p-n junction device

length of 0.2 μm. We then present the magnetotransport properties of the fabricated
graphene device (sample B) to reveal the effect of asymmetric contact. Figure 4.4a
shows the G − VG curves of sample B at B � 0 T and B � 9 T. The G − VG curve
at B � 0 T shows a dip similar to sample A (Fig. 4.2c), suggesting the presence of
a doped graphene region resulted from the diffused contact area [14]. At B � 9 T,
we observe pronounced QH plateau with ν � 1 in the bipolar region, indicating
a full mixing of the edge states of ν1 � 2 of the intrinsic graphene region and
that of ν2 � −2 of the doped region at the interface of the graphene p-n junction
[15]. In the unipolar region, sample B exhibits QH plateau with ν � 2, showing
typical half-integer QH effect in the hole conduction regime. These filling factors
are consistent with those of graphene p-n junction samples [7, 27, 28]. Moreover, we
compare the G − B curves of sample B at VG � 0 V (unipolar regime) with that at
VG � 10 V (bipolar regime). In the unipolar regime, QH plateau of ν � 2 is observed
for B > 4 T. In the bipolar regime, sample B exhibits a filling factor ν � 1 for B >

5.5 T, which is consistent with the QH plateau observed in a graphene p-n junction.
Therefore, the measuredmagnetotransport behavior indicates the realization of high-
quality graphene p-n junction device by employing the asymmetric fabrication of the
two electrodes and the controlled diffusion of metallic contact.

4.5 Conclusion

We report distinctive magnetotransport properties of graphene p-n-p junctions with a
resist-free, one-step method.We have realized controlled lateral diffusion of metallic
contact, which enables simultaneous fabrication of electrical contact and interfacial
oxidation for doping. By using this simple method, the fabricated graphene p-n-p
junction samples exhibit pronounced quantum Hall (QH) effect with a fractional-
valued plateau.We observedweak localization in the graphene p-n-p junction sample
and the coherence length is found to be correlated to the two-terminal conductance.
The temperature dependence of resistance follows a power law and the analysis of
the exponent indicates the dominant role of electron-hole puddles in the transport
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behavior. We have also utilized asymmetric method to achieve lateral diffusion in
one of the two-terminal electrodes, resulting in graphene p-n junction, as evidence
of pronounced QH effect.
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Chapter 5
Observation of Quantum Hall
Plateau-Plateau Transition and Scaling
Behavior of the Zeroth Landau Level
in Graphene p-n-p Junction

5.1 Introduction

Electrical transport studies of graphene heterostructures [1] have revealed the quan-
tum Hall effect (QHE) [2], quantum interference behaviors [3, 4], Klein tunneling
[5, 6], and the split closed-loop resonator [7], hence convincingly demonstrating the
advantages of constructing in-plane heterostructures of graphene. Specifically, the
relativistic quantization of graphene’s electronic spectrum results in distinct char-
acteristics, including the presence of a Landau level (LL) at zero energy and chiral
QHE [8–12]. In the quantum Hall (QH) regime, the plateau-plateau transition and
the scaling behavior have been studied using Hall bar [13] and Corbino geometry
[14], providing important information about the carrier localization in graphene. In a
grapheneHall bar, the slope of theHall conductivity at the transition region, dσxy/dν,

exhibits scaling behavior with κ � 0.41 for the first and second LLs, while that of
the zeroth LL is temperature (T )-independent [13]. In a Corbino geometry, the full
width at halfmaxima (FWHM)�ν of the zeroth LL isT dependent and shows scaling
behavior with κ � 0.16, which is attributed to an inhomogeneous charge carrier dis-
tribution [14]. However, until now, awell-definedQHplateau-plateau transition point
of the zeroth LL of graphene has not been directly observed, obscuring a detailed
understanding of the scaling behavior of this unique LL. Moreover, the variation of
the T exponent in previous reports suggests the need for further investigation of the
scaling behavior of the zeroth LL using different methods for the device structures.

In this chapter, we fabricate a high-quality graphene p-n-p junction, achieved via
controlled diffusion ofmetallic contacts, to explore the QH plateau-plateau transition
and scaling behavior of graphene. Interestingly, we observe a well-defined transition
point corresponding to the zeroth LL, revealing the scaling behavior and a reduced T
exponent. There are additional advantages of utilizing a graphene p-n-p junction to
explore the transition region of the QHE. First, the presence of the transition between
an integer QH plateau and a QH plateau with a fractional value enables direct access
to the transition of the zeroth LL. Second, in a graphene p-n-p geometry, the intrinsic
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graphene region is adjoined by the doped graphene from both sides. The doped
graphene regions can be viewed as an ideal contact, facilitating the investigation
of the transition region of the intrinsic graphene. Moreover, we derive the value of
energy level for the observed LLs, which agrees with the theoretical values, further
validating the assignment of the LL index of the QH plateau-plateau transition.

5.2 Fabrication

We exfoliated monolayer graphene onto SiO2/Si substrates modified by a self-
assembled monolayer of organic molecules (octadecyltrichlorosilane) [15], which
can greatly reduce charged-impurity scattering and provide an ultra-smooth substrate
surface [15]. We then employed resist-free fabrication with a shadowmask to reduce
possible polymer residue. A crucial step in this process was to control the metal
diffusion of electrodes by deliberately increasing the gap between the shadow mask
and graphene samples. We then deposited Ti/Au (5 nm/50 nm) onto the graphene
sample as contact electrodes, and the extent of the edge diffusion of the electrodes
was fine controlled by a proper distance between the shadow mask and the graphene
samples, which is demonsated in Chap. 4. The graphene p-n-p devices were annealed
at 110 °C for 3 h in a low vacuum (helium atmosphere) to remove the adsorbates on
the surface of graphene, then cooled down to T � 2K. We measured the devices
by using a standard lock-in technique, with 100 μV of source-drain voltage and a
modulation frequency of 17 Hz. The current signal was amplified by using a current
pre-amplifier (Stanford Research Systems, SR570) and then measured by using a
lock-in amplifier (Stanford Research Systems, SR830). VG was applied by using a
DC source (Keithley 2400).

Figure 5.1a shows a schematic of the graphene p-n-p junction device with a pro-
nounced diffusion of the metallic contact. With a gap of (130±5) μm, we deposited
5-nm-thick Ti and 50-nm-thick Au as contact electrodes, which resulted in a large
lateral diffusion of approximately 4 μm, as evidenced by an AFM image of sample
A (Fig. 5.1b, blue gradient area). Before we performed transport/magnetotransport
measurement, the samples had been annealed at 383 K for 3 h in a low vacuum
(helium atmosphere) to remove adsorbates [15].

5.3 Experimental Results

5.3.1 The Doping Effect from Titanium Diffusion

We note that the Ti layer play a critical role in determining the transport behavior
by comparing the two-terminal conductance vs. gate voltage (G − VG) curves of a
graphene p-n-p junction (sample A) and a control sample (sample B), as shown in
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Fig. 5.1 The structure and the transport characteristics of the graphene p-n-p junctions. a A
schematic of the structure of the graphene device with diffused electrode edges. b An AFM image
showing the edge diffusion of sample A. Comparison of theG−VG curves between c sample A and
d sample B with Au electrode. eMeasured G − VG curve for sample A at T � 2 K and simulation
based on the metal contact model. Inset: depinning potential assumed in the simulation

Fig. 5.1c, d, respectively. For sample A, a large field effect is observed for VG < 7V,
showing a typical graphene characteristic, in which the G − VG curve can be well
described by the self-consistent Boltzmann equation

ρ � (neμc + σ0)
−1 + ρs, (5.1)

where μc, ρs , and σ0 are density-independent mobility, the resistivity due to short-
range scattering, and residual conductance at the Dirac point, respectively. The fit
yields thatμc andρs of sampleA are 3000 cm2/V s and 368 �, respectively.However,
the G − VG curve for VG > 7 V shows an additional conductance minimum at
VG � 32 V, suggesting a doping effect of graphene in the diffused electrode region
[16, 17]. The double conductance minimum was reproducible in graphene p-n-p
junction devices, sample C and sample D, as shown in Fig. 5.2a, b. To examine
the role of the Ti layer, we have fabricated sample B such that the contact metal is
made only with Au instead of the Ti/Au bilayer. Different from sample A, sample B
exhibits a typical G − VG curve in the regime VG > VCN P , as shown in Fig. 5.1d.
We therefore infer that the double dip feature observed in sample A is related to the
Ti adhesion layer.
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Fig. 5.2 a, b The transport
and magnetotransport for
samples C and D. Both
samples exhibit QH plateaus
of ν � 2, 6 in the unipolar
regime and ν � 2/3 in the
bipolar regime

5.3.2 The Doping Effect Simulated by Theoretical Dipining
Model

It is well understood that the charge density of graphene under metallic contact is
pinned due to Fermi level pinning [18, 19], leading to typical transfer characteristics.
We confirm the structure of a diffused electrode via theoretical simulation based on
a simple metal contact model [20]. The overall channel resistance, R, can be written
as follows:

R � 1

W

L0∫

0

1

σ(x)
dx, (5.2)

where L0, W and σ(x) are the channel length, sample width and local conductivity,
respectively. The ratio L0/W � 1.06 is extracted from the sample geometry. The
local conductivity can be formulated as

σ(x) �
√

{μCC0[VG − VD(x)]}2 + σ 2
min, (5.3)

where C0 is the gate capacitance per unit area and μ is the carrier mobility. Nev-
ertheless, an additional kink is observed in the G − VG curve, suggesting that the
depinning of charge density occurs [20, 21]. We performed a theoretical simulation
of the G − VG curves based on a simple metal contact model [21], in which the
overall channel resistance. Therefore, R can be re-written as
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Fig. 5.3 a The potential profile, assuming charge-density pinning. bG−VG curve and simulation,
assuming the pinning potential with the same parameter L1 � 0.33L0

R � 1

W

L0∫

0

({μC0[VG − VD(x)]}2 + σ 2
min

)−1/2
dx . (5.4)

By assuming charge-density depinning and employing the potential profile V (x)
depicted in the inset of Fig. 5.1e,we calculated transfer characteristics that reasonably
fit the measured data, as shown in Fig. 5.1e. Conversely, if the potential is pinned,
the simulation yields a G − VG curve with a single conductance minimum, which
is not consistent with the experimental curves, as shown in Fig. 5.2. The agreement
between the modeled and the measured G − VG curve suggests that the interfacial
metal is oxidized [20]. In the calculation, we applied the device geometry with
L0/W � 1.06 and assumed L1 � 0.35L0 (L0 � 12 μm). We note that the resulting
L1 � 4.2 μm is comparable to the diffusion length of 4 μm obtained from the AFM
images (Fig. 5.1b), indicating that the interfacial oxidation occurs approximately
in the diffused area. The depinning enables large-area modification of the carrier
density [20, 21], which causes a doped graphene region [22]. We therefore conclude
that charge-density depinning and the doping effect occur in the diffusion region,
leading to a graphene p-n-p structure (Fig. 5.3).

5.3.3 Characteristics of Graphene p-n-p Junction Devices

We demonstrated the characteristics of three graphene p-n-p devices, including sam-
ple A, sample B, and sample C. The extent of the electrode diffusion of samples C
and D is comparable to that of sample A. The charged neutrality points (CNP) of
samples A, C, and D correspond to 7, 2, and 0 V, respectively. The CNP is observed
in the vicinity of zero VG , which is attributed to the low density of charged impurities
on the OTS-modified substrates. The field effect mobility in the unipolar regions of
samples A, C, and D are 3000, 5308, and 3774 cm2/V s, respectively. It is expected



46 5 Observation of Quantum Hall Plateau-Plateau Transition …

Fig. 5.4 a G − VG curves before (red curve) and after (black curve) deposition of Ti onto the
graphene channel. b The control sample before Ti deposition exhibiting QH plateaus of ν � 2, 6
for both electron and hole branches at B � 9T. c The control sample after Ti deposition showing
the QH plateau of ν � 2 as the magnetic field increases from B � 0 T to B � 9T

that the graphene samples attain to the quantum Hall (QH) regime at B � 9T, based
on the condition μB > 1 [23].

To understand the critical role played by the Ti layer, we fabricate a control sample
with an Au electrode and then deposite Ti (1 nm) onto the graphene channel by using
a polymethyl methacrylate (PMMA) stencil mask [24]. Figure 5.4a compares the
G − VG curve of a control sample before Ti deposition with that after Ti deposition.
The CNP is greatly shifted toward the positive voltage of ~64 V, indicatingstrong
p-type doping. This p-type doping is consistent with the formation of the graphene
p-n-p junctions through controlled diffusion as well as with oxidation that causes the
charge-density depinning discussed in the main text.

Figure 5.4a shows that the carrier mobility is suppressed for both the electron and
hole branches after Ti deposition, which can be attributed to the increased charged
impurity scattering. Figure 5.4b shows theG−VG curves of the control sample before
Ti deposition at B � 9T, where the conventional integer QH effect is observed.
After Ti deposition, the mobility dropped to ~1000 cm2/V s. Nevertheless, we can
still observe QH-related characteristics in the control sample with this Ti deposition
because the QH plateau of ν � 2 is observable at B � 9T, as shown in Fig. 5.4c,
suggesting that a graphene p-n-p junction is feasible with titanium oxide as a doping
source.
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5.3.4 Quantum Hall Effect in p-n-p Junction

We present the magnetotransport properties of the fabricated graphene p-n-p junc-
tions. Figure 5.5a compares theG−VG curves of sample A at B � 0 T and B � 9 T.
The graphene sample exhibits two conductance minima at B � 0 T, corresponding
to the pristine and doped graphene regions mentioned above. Therefore, sample A
is in the unipolar regime for VG < 7 V and VG > 32 V and in the bipolar regime for
7V < VG < 32 V. At B � 9 T, sample A shows a pronounced QHE, revealing QH
plateaus for ν � 2, 6, and 10 in the unipolar regime and a QH plateau at ν � 2/3 in
the bipolar regime. In a graphene p-n-p junction, the direction of the chiral edge states
under a magnetic field is determined by the type of carriers. In the bipolar regime,
these chiral states circulate with opposite direction in p-type and n-type regions, as
shown in the schematic of Fig. 5.5b. When the edge states form at the p/n interface
with full mixing equilibrium [2], the conductance can be expressed as

G � vpnpe
2/h, (5.4)

with νpnp � |ν1||ν2|
|ν1|+2|ν2| (ν1ν2 < 0, ν1, ν2 � ±2,±6,±10 . . .) The mixture of ν1 � 2 of

the intrinsic graphene region and ν2 � −2 of the doped region results in the observed
ν � 2/3 of the first mixing filling factor. In the unipolar regime, the filling factor is
given by

G � min(|ν1|, |ν2|) × e2/h, (5.5)

which can account for the integer QH plateau of ν � 2, 6, and 10.
In Fig. 5.2a, b, we show two other graphene p-n-p junction devices (sample C and

sampleD),which exhibit a comparableQHE, indicating the validity of the fabrication
method. We note that despite the presence of charged impurity scattering introduced
by the oxide layer, the high mobility and the QH regime can still be attained in our
graphene samples. To evaluate the disorder in our graphene p-n-p junction devices,
we calculate the Ioffe-Regel parameter (kFλ)−1, where λ is the transport mean free
path, yielding (kFλ)−1 � 0.5, 0, 3, and 0.4 for samples A, C, and D, respectively.
The obtained (kFλ)−1 < 1 indicates that the graphene p-n-p junction samples have
reasonably low disorder. Furthermore, Fig. 5.5d shows the derivative of dG/dVG as
a function of VG for 2 K < T < 100 K. We note that the minimum for the zeroth
LL exhibits split peaks, while the minimum for the other LL only shows a single
peak. The presence of the split peaks of the zeroth LL may be attributed to sublattice
symmetry breaking in the samples with the small disorder strength [25], which is
consistent with the aforementioned low disorder of the sample.

A schematic diagram of the energy level of the LLs in the graphene p-n-p junction
is shown in Fig. 5.5e. Because of the extra carriers induced by the p-type doping, the
energy of the LLs in the doped region is higher than that of the same LL index in the
intrinsic region. We note that the device does not show a transition when the Fermi
level crosses the LLs of the doped graphene because the chiral edge states in those
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Fig. 5.5 The magnetotransport of the graphene p-n-p junctions. a The G −VG curves of sample A
at B � 0 T (black) and B � 9 T (red). b, c Edge state circulation of the graphene p-n junctions in
the QH regime. b Edge currents in p- and n-regions, which circulate in opposite directions and mix
at the p-n interface in the bipolar regime. c Edge currents in the unipolar regime, which circulate
in the same direction. d The differential conductance as a function of VG , indicating the plateau-
plateau transition points. e A schematic of the energy distribution of the LLs of the graphene p-n-p
junction

regions reflect back to the same electrodes (see schematics of Fig. 5.5b, c) and do
not contribute to the two-terminal resistance. Therefore, the transition of the QHE is
only manifested by the LLs of the intrinsic graphene. The doped graphene regions
thus act as a contact in this sense, offering a unique means to probe the LLs of the
intrinsic graphene region.

We further discuss the robustness of the QH state against the thermal energy.
Figure 5.5a shows the G − VG curves for 2K < T < 100 K. At T � 2 K, the
sample exhibits the pronounced QH plateaus at ν � 2, 6, 10 and ν � 2/3 for the
unipolar and bipolar regime, respectively. The QH plateau at ν � 2 is particularly
robust, persisting up to T � 100 K. Conversely, theQHplateaus at ν � 6, 10, and 2/3
are further subjected to the influence of the thermal energy. The energy quantization
of graphene in a magnetic field can be written as

EN � νF
√|2e�BN |, (5.6)

where νF is the Fermi velocity and N is the LL index. The energy gap of the QH
plateau at ν � 2 can be estimated as �E � E1 − E0 ≈ 1000 K at B � 9T. Because
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the cyclotron gap, �ωc, is larger than the thermal energy, kBT , by a factor of 10 [26],
the persistence of the QH plateau at ν � 2 for T < 100 K, which is comparable to the
observed critical T , is implied. Alternatively, the energy gap of the fractional-valued
QH plateau at ν � 2/3 is smaller than that of the QH plateau at ν � 2 (see Fig. 5.5e),
causing a weaker persistence of the QHE against thermal excitation.

5.3.5 Scaling Behavior

We now focus on the scaling behavior of the QH plateau-plateau transitions in our
graphene p-n-p junction devices. In the QH regime, both the localized and extended
states are critical to the development of the QHE, and the width of the QH plateaus
depends on the ratio of localized to extended states [27]. At the QH plateau-plateau
transition, the presence of the delocalized states results in nonzero σxx ; σxy becomes
non-quantized because these states condense into a fluid state, leading to a transition
region of nonzero width between quantized values [28]. The delocalization can be
described by the scaling behavior of the magnetoresistance (MR) as a function of
T in the transition region [29], which can be inferred as follows. In the center of a
LL, the localization length ξ of electronic states diverges as ξ ∝ |ν − νc|−γ , where
νc is the LL center and ν is its localization edge [30]. It can then be derived that
the maximum slope of dσxy/dν diverges as T−κ in the transition region, with the
exponent κ � p/2γ, where γ is the localization length exponent and p is the inelastic
scattering exponent [29, 30]. Hence, the deviation of the field from its critical value
(ν− νc) rescales by the factor T κ as T decreases; it follows that the transition region
becomes smaller as T decreases.

From Fig. 5.6a, we can extract (dG/dν)max , the maximum of the slope for each T ,
in which the filling factor ν is calculated using the relation ν � nh/eB. We can then
plot the T dependence of (dG/dν)max for the first and second LLs corresponding
to the intrinsic region of the p-n-p junction, as shown in Fig. 5.6b. The value of
(dG/dν)max is extracted up to the T value at which the QH plateaus are about to
disappear. Sample A exhibits a scaling behavior, and (dG/dν)max varies linearly
with T for 30K < T < 70K, yielding κ � 0.36± 0.01 and κ � 0.35± 0.01 for the
first and second LLs, respectively. Here, we assume that p � 2, which is generally
accepted for a 2D system dominated by short-range scattering [31, 32]. This is
conceivable because the carrier transport is dominated by short-range scattering for
TiO2 on graphene [33]. From the relation κ � p/2γ, we then obtain γ � 2.7,
which is in reasonable agreement with the theoretical calculation γ � 2.35 [27],
indicating that localization of the higher order LLs in our graphene p-n-p samples is
governed by a scaling behavior similar to that in conventional 2D systems. At lower
T , the T dependence of (dG/dν)max becomes smaller because the localization length
approaches the intrinsic scattering length, which is T independent [14]. We define
TC as the T where the data start to deviate from the scaling behavior. It is found that
TC for the first and second LLs are comparable (approximately 30 K), suggesting
that TC is associated with the dimension of the sample but not the LL index.
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Fig. 5.6 The scaling behavior of the QH plateau-plateau transitions. a The G − VG curves of
sample A from T � 2 K to T � 100 K. b (dG/dν)max as a function of T and the fits, which
yield the scaling exponent for the first and second LLs. c The G − VG curves of sample A from
T � 2 K to T � 20 K, exhibiting the transition region between the integer QH plateau ν � 2 and
the fractional-valued QH plateau ν � 2/3. d (dG/dν)max as a function of T and the fitting of the
scaling exponent for the zeroth LL

Notably, we observe the scaling behavior of the QH plateau-plateau transition
between integer and fractional-valued QH plateaus of graphene. Figure 5.6c shows
the G−VG curves at the transition region between the integer QH plateau ν � 2 and
the fractional-valued QH plateau ν � 2/3 for T ranging from 2 to 20 K. According to
the energy levels of the LLs shown in Fig. 5.5e, this transition occurs at the zeroth LL
of the intrinsic graphene region.Weobtain κ � 0.21±0.01 for the zerothLL,which is
smaller than those of the first and second LLs. A reduced value of κ for the zeroth LL
has been reported in the graphene Corbino device [14], which has been attributed to
the dominance of electron-hole puddles, as evidenced by an inhomogeneous charge
carrier distribution [13, 14]. Because the transition of the zeroth LL coincides with
the charge neutrality point, the reduced κ observed in the graphene p-n-p junction
may be related to the presence of the electron-hole puddles [34].

5.3.6 The MR and the Distribution of the Energy Levels
of the LLs

We estimate the energy level (EN ) for the LL index to validate the assignment of
the LLs of the QH plateau-plateau transition. Figure 5.7a shows the MR curves of
sample A for different VG in the unipolar regime. For −0.3 T < B < 0.3 T, we
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observe negative MR, which can be attributed to weak localization (WL) [35, 36].
Beyond the WL regime, sample A exhibits positive MR, which can be explained by
the classical Hall effect. Moreover, we observe oscillating peaks, which are coupled
by the Shubnikov-de Haas (SdH) oscillations in σxx for −50V < VG < −10 V.
For VG � 0 V V, sample A enters the QH regime for B > 3 T and shows a
pronounced QH plateau at ν � 2, which is consistent with the aforementioned QHE.
We then construct the Landau fan diagram by identifying the value of the 1/BN

field corresponding to the N th maxima and minima of the SdH oscillations and by
plotting against the Landau index N at different VG , as shown in Fig. 5.7b. The N
versus 1/BN data at different VG can be fitted linearly, and these lines extrapolate
and converge at y � −0.5 on the y-axis, indicating a nonzero Berry’s phase of
monolayer graphene [10]. From the slope of the linear fit, we can obtain the SdH
oscillation period 1/BF (VG), yielding the VG dependence of carrier density as n �
4e/hBF (VG), which is shown in Fig. 5.7c. We found that n varies linearly with VG ,
and the n capacitance of the graphene device on 300-nm-thick SiO2 is calculated as
α � n(VG)/VG � 4.77 × 1010 cm−2 V−1.

From the Landau fan diagram, the relationship between EF and n(VG) can be
derived using BF � E2

F/2ev2
F� [37–39], where vF � 106 m/s, as shown in the

inset of Fig. 5.7d. We note that EF varies linearly with the square root of n, which
is consistent with the behavior of relativistic Dirac particles described by EF �

Fig. 5.7 The MR and the distribution of the energy levels of the LLs. a The MR, showing SdH
oscillations in the unipolar regime. b A fan diagram showing the LL index as a function of 1/BN
at different VG . c The carrier concentration n � 4e/hBF (VG), which is linearly dependent on VG ,
from which the carrier density capacitance α is extracted. d The energy of the N th LL (EN ) as a
function of the LL index. Inset: Fermi energy as a function of carrier density
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�νFkF � �νF
√
nπ [40, 41]. We then identify VG(ν) for the LL index based on

the corresponding derivative minima from dG/dVG versus VG curves (Fig. 5.5d).
By converting VG(ν) to n(ν) and using the EF − n relation, we obtain the EN

corresponding to the LL index, as shown in Fig. 5.7d. The estimated EN versus the
LL index agrees well with theoretically derived values based on EN � νF

√
2e�BN

with B � 9 T, indicating the validity of the assignment of the LLs of the QH
plateau-plateau transition.

5.4 Conclusion

We report distinctive magnetotransport properties of a graphene p-n-p junction pre-
pared by controlled diffusion of metallic contacts. In most cases, materials deposited
on a graphene surface introduce substantial carrier scattering, which greatly reduces
the high mobility of intrinsic graphene. However, we show that an oxide layer only
weakly perturbs the carrier transport, which enables fabrication of a high-quality
graphene p-n-p junction through a one-step and resist-free method. The measured
conductance-gate voltage (G − VG) curves can be well described by a metal contact
model, which confirms the charge density depinning due to the oxide layer. The
graphene p-n-p junction samples exhibit pronounced quantum Hall effect, a well-
defined transition point of the zeroth Landau level (LL), and scaling behavior. The
scaling exponent obtained from the evolution of the zeroth LL width as a function
of temperature exhibits a relatively low value of κ � 0.21 ± 0.01. Moreover, we
calculate the energy level for the LLs as a function of the LL index based on the
distribution of plateau-plateau transition points, further validating the assignment of
the LL index of the QH plateau-plateau transition.
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Chapter 6
Extrinsic Origin of Persistent
Photoconductivity in Monolayer MoS2
Field Effect

6.1 Introduction

Following the discovery of graphene, [1–3] two-dimensional (2D) materials have
emerged as one of the most important research topics in condensed matter physics
because of promising applications of these materials [4–6]. In particular, semicon-
ducting layered materials, [7, 8] such as transition metal dichalcogenides (TMD), [9,
10] can complement graphene because of their intrinsic bandgaps [11, 12]. In partic-
ular, molybdenum disulfide (MoS2) is a layered semiconducting TMD and therefore
exhibits a bandgap, [13, 14] high mobility, [15, 16] and strong mechanical properties
[17]. Moreover, unique physical properties, including spin-valley coupling and the
layer dependence of the band structure in MoS2, have been demonstrated [18–20].
The combination of these interesting properties has made MoS2 very attractive for
new functionalities such as sensors, [21–23] logic circuits [24, 25] and optoelectronic
devices [26–30].

Recently, high photoresponsivity [31, 32], the photovoltaic effect [29] and
the photothermoelectric effect [28] have been reported in monolayer MoS2-based
photodetectors and phototransistors. Optoelectronic studies on these MoS2 devices
demonstrated persistent photoconductivity (PPC), which is sustained conductivity
after illumination is terminated [32–35]. However, a detailed understanding of PPC
and its mechanism in MoS2 are still not available. The origin of the trap states in
MoS2, which leads to the PPC effect, remains under debate [36–39]. Moreover, the
PPC effect modifies the transport properties of MoS2 samples, which are sensitive
to the history of photon irradiation. Therefore, it is essential to understand the PPC
effect to control transport phenomena in MoS2.

Here, we present a systematic study of PPC in monolayer MoS2 field effect tran-
sistors. The PPC dependence on the temperature, the photon dose, and the excitation
energy enabled us to attribute the PPC in MoS2 to random localized potential fluctu-
ations that hinder the recombination of photoexcited electron-hole pairs. Comparing
the PPC in suspended and substrate-supported MoS2 devices led us to conclude that
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PPC originates primarily from extrinsic sources. Moreover, we could correlate PPC
phenomena with transport, whereby carriers transfer among nearest low-potential
puddles. This work was done in collaboration with Yueh-Chun Wu.

6.2 Fabrication

MoS2 flakes were mechanically exfoliated onto octadecyltrichlorosilane (OTS) self-
assembled monolayer (SAM) functionalized SiO2 (300 nm)/Si substrates. The sur-
face of the OTS-functionalized SiO2/Si substrate was hydrophobic with a typi-
cal contact angle above 110°. The hydrophobic surface decreased the number of
absorbate molecules, thereby decreasing the charged-impurity scattering in MoS2
and charge traps [40]. First, the MoS2 flakes were identified and characterized under
an optical microscope using variations in contrast. Figure 6.1a shows a typical optical
microscopy image of the MoS2 sample after deposition of the electrode. Figure 6.1b
shows the photoluminescence (PL) spectrum of a typical monolayer and bilayer
MoS2 sample that were fabricated on OTS-functionalized substrates, showing the
exciton peak A and peak B. Due to the difference in the quantum efficiency, the
intensity of the exciton peak A and peak B in the monolayer MoS2 are larger than
those in the bilayer MoS2 samples. Another PL peak (I) at � 1.6 eV corresponding
to the indirect interband transition was observed in bilayer MoS2. Figure 6.1c shows
a Raman spectrum (blue curve) of a monolayer MoS2 sample with two character-
istic peaks at 388.7 and 407.0 cm−1 that correspond to the E2g and A1g resonance
modes, respectively. The difference between the two peaks is � 18.3 cm−1, which
is consistent with that obtained for the monolayer MoS2 from previous reports [41].
For comparison, the Raman spectra of the bilayer and trilayer MoS2 samples are also
shown in Fig. 6.1c.

First, the MoS2 flakes were identified and characterized under an optical micro-
scope using variations in contrast and then were examined by Raman and photolu-
minescence spectra. We adopted resist-free fabrication to prevent contamination of
the MoS2 samples from the resist residue of the conventional lithography process.
We used nanowire as a shadow mask to deposit metallic contacts (Au, 50 nm) with
an electron-beam evaporator at a base pressure of 1.0 × 10−7 Torr in a two-probe
geometry using a residue-free approach [42, 43] to minimize contamination from the
conventional lithography process. TheMoS2 devices were transferred into a cryostat
(Janis Research Company, ST-500) for electrical and optical characterization. The
samples were stored under a high vacuum of 1 × 10−6 Torr to minimize the unde-
sirable adsorption of chemical substances. This procedure enabled us to investigate
the photoresponse of MoS2 without interference from the gas adsorbate effect [44].
Figure 6.1d shows the source-drain current (ISD) as a function of the source-drain
bias (VSD), which is linear over the small bias region.
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Fig. 6.1 a Optical image of MoS2/OTS FET device (sample A). The channel length is � 1 μm.
b PL spectra of monolayer and bilayer MoS2 on OTS-functionalized substrates. c Raman spectra
of monolayer, bilayer, and trilayer MoS2 on OTS-functionalized substrates, showing E2g and A1g
peaks of different MoS2 layers. d The ISD − VSD curve of the MoS2/OTS/SiO2 device

6.3 Measurement Method

As mentioned in Chap. 3, the measurement system that consists of optical
microscopy, and Raman/PL spectroscopy is used in this experiment. A solid-state
CW laser (Nd: YAG, 532 nm) was employed as the light source in the photoresponse
measurements. The incident light was guided into the microscope and focused by
an objective (10×, NA 0.3) with a spot size of � 1.5 μm. The power density on the
sample was estimated at � 5.6×104 W/cm2 for an illumination power of 1 mW. For
Raman and PL spectroscopy, a 100× objective (NA 0.6) was used with a spot size
of � 0.7 μm. A mercury-xenon lamp (Hamamatsu Photonics, 150 W) was used as
the broadband white light source for the excitation energy dependence of photore-
sponse. The white light was selected using a band-pass filter for peak wavelengths
from 450 to 850 nm (spacing: 50 nm; full width at half maximum (FWHM): 40 nm).
The dependence of the photoresponse on the excitation energy was measured by
fixing the power density at 15.9 W/cm2 for different excitation energies.
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Fig. 6.2 The PPC effect in a monolayer MoS2 transistor. a Conductance as a function of VG in
the dark and after illumination at room temperature in a vacuum, showing that the conductance of
the device is greatly enhanced after illumination and remains in a high-conductivity state for a long
period of time. Inset: a schematic of a MoS2 device on an OTS-functionalized substrate. b The
photoresponse of the MoS2 device for VG � 0V and VSD � 50mV, which can be classified into 5
stages. In addition to the photoresponse due to band-to-band transition (stages 2 and 4), the device
exhibits a slow increase in the photocurrent under illumination (stage 3) and the PPC effect (stage
5)

6.4 Experimental Results and Discussion

6.4.1 The PPC Effect in a Monolayer MoS2 Transistor

Figure 6.2a shows the two-probe transconductance of sample A as a function of
the back-gate voltage (G − VG). The MoS2 device exhibited typical n-type channel
characters with a mobility of 0.7 cm2/Vs and an on/off ratio of 2 × 104. The MoS2
transistor was then illuminated by a laser (wavelength � 532 nm) with a spot size
of � 1.5 μm. After the illumination was terminated, the conductance of the device
was greatly enhanced and remained in a high-conductivity state for a time period
from 2 min to 2 h, depending on the irradiated photo-dose. It is noted that the longer
the illumination time, the higher the conductance.

We subsequently investigated the PPC effect in the MoS2 transistor in greater
detail. Figure 6.2b shows the temporal evolution of the source–drain current (ISD − t)
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in vacuum. The fast response of the current (stage 2) was attributed to a band-to-
band transition that created conducting electrons and holes [26, 27]. After the initial
upsurge from the dark current (Idark) level, the ISD increased gradually to over 2
orders of magnitude (stage 3) above the dark current. This slow increase in the
ISD could not be attributed to the common band-to-band transition. After the laser
irradiation was terminated, the ISD exhibited a rapid drop because of the band-to-
band transition (stage 4), followed by noticeable PPC (stage 5).

We characterized the PPC relaxation by choosing the starting point of the PPC (I0)
in Fig. 6.2b as the first data point after the photocurrent sharply dropped. Here, we
assumed that the band-to-band recombination time was comparable to the lifetime
of the PL (� 100 ps) [45, 46]. Because the time delay of the PC measurement was
200ms, which was much larger than the photocurrent relaxation due to band-to-band
recombination, the photocurrent after I0 was dominated by PPC.

This PPC effect was consistently observed in all of our 10 MoS2 devices. For
MoS2 under ambient conditions, a short photoresponse time below 1 s has been
previously reported [26] and attributed to the presence of gas adsorbates [44]. How-
ever, adsorbates were not a significant factor in the present study because our MoS2
samples were treated in vacuum.

We first discuss the temperature dependence of PPC in the MoS2 devices,
which provides important indications of the PPC mechanism [47]. Figure 6.3a is
a comparison of three characteristic PPC relaxations for sample A at T � 80,
180, and 300 K. For purposes of comparison, the dark level was subtracted, and
the PPC was normalized by I0. It is noted that the PPC was more pronounced at
high temperatures, although the photocurrent decreased very fast and the PPC was
considerably weakened at low temperatures. The temperature dependence of the
PPC was measured by heating the samples up to room temperature, allowing the
carriers to relax to equilibrium, [48] and then cooling the samples down in the dark
to the target temperature. The PPC relaxation curves were well-fitted by a single
stretched exponential decay, [49]

IPPC (t) � I0 exp[−(t/τ )β], (6.1)

where τ is the decay time constant, and β is the exponent. The stretched exponential
decay has been widely used to model relaxation processes in complex and slowly
relaxing materials [47–50]. Therefore, this photocurrent decay suggests that PPC is
related to disorders in the MoS2 devices.

The fitted τ and β values at different temperatures are shown in Fig. 6.3b. Clearly,
the MoS2 device exhibited a shorter τ at low temperatures, which is a signature
of the random local potential fluctuations (RLPF) model [48, 51]. In the RLPF
model, local potential fluctuations arise either because of intrinsic disorders in the
materials or extrinsic charged impurities. Therefore, low-energy electrons and holes
become localized in potential minima and are spatially separated, resulting in a long
recombination lifetime. The thermal excitation of carriers to higher energy states
above the mobility edge produces a photocurrent after the irradiation is terminated,
resulting in the PPC effect. At low temperature, the carriers are well-confined inside
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Fig. 6.3 The temperature dependence of PPC. a Three characteristic PPC relaxations (circles) at
T � 80, 180, and 300 K. PPC is more pronounced at higher temperatures, but is greatly suppressed
at T � 80 K. The PPC relaxations are well described by a stretched exponential decay (solid line).
The stretched exponential decay is IPPC � I0exp

[−(t/τ)β
]
with the dark current subtracted. I0 in

the PPC relaxation curves is normalized to 1 for comparison of the decay rate. b The temperature
dependence of the decay time constant (τ ) and the exponent (β). The grey region indicates the
temperature range over which PPC is not observed

charge traps and therefore, negligible PPC is observed. This RLPF model has been
widely used to explainPPC in II-VI compound semiconductors [48, 50, 51].However,
this model has not been used to explain the PPC effect in 2D TMD materials.

6.4.2 Temperature Dependence of PPC Relaxation

Before eachmeasurement, theMoS2 sampleswerewarmedup to room temperature to
ensure that the dark current had reached equilibrium and then cooled down in the dark
to the desired temperature. Detailed data on the temperature dependence of PPC are
shown in Fig. 6.4, in which the PPC is normalized by I0 for purposes of comparison.
PPC clearly weakened as the temperature decreased for sample A and sample B. As
shown in Fig. 6.3b, both τ and β decreased as the temperature decreased. At low
temperatures, the PPC dropped more quickly for t < τ but became more persistent
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Fig. 6.4 Temporal evolution of the photoresponse for a sample A and b sample B at different
temperatures. The PPC is normalized by I0 and offset vertically for purposes of comparison

for t > τ , which could be accurately described by a stretched exponential function
with a small β [52].

6.4.3 The Subtract Effect of PPC

The PPC in the MoS2 samples was attributed to the RLPF model in which the
potential fluctuations originate from extrinsic [36, 53] or intrinsic [54, 55] sources.
Extrinsic adsorbates or chemical impurities in the vicinity of the MoS2 samples can
lead to trap states [36, 53]. Alternatively, sulfur vacancies [37] and the formation of
MoO3 in bulk MoS2 have intrinsic causes. We determined the origin of the potential
fluctuations by investigating the substrate effect on the PPC. We first measured the
PPC in suspendedMoS2 devices that were fabricated by exfoliatingmonolayerMoS2
onto SiO2/Si substrates with trenches (width � 2 μm). Figure 6.5a shows the optical
images of a fabricated suspended MoS2 device before and after deposition of the
electrodes. To verify the suspension of theMoS2 sample, wemeasured the PL spectra
of the sample, which are very sensitive to the existence of SiO2/Si substrates [56].
Figure 6.5b is a comparison of the PL spectra of a suspended MoS2 device (sample
B) and a SiO2-supported MoS2. The PL spectrum of the suspended MoS2 exhibited
a strong exciton peak (A), along with trion (A−) and exciton (B) peaks. The presence
of the pronounced exciton peak A indicated that the MoS2 sample was free from
the strong n-type doping effect of the SiO2 substrate, [56] indicating a suspended
structure. In contrast, only trion (A−) and exciton (B) peaks were observed in the PL
spectrum of SiO2-supported MoS2.

Next, we discuss the photoresponse of the suspended MoS2 (sample B) that is
shown in Fig. 6.5c. Interestingly, sample B exhibited a negligible PPC effect at
T � 300 K, in contrast to the photoresponse of the substrate-supported MoS2 at
the same temperature. Only the photoresponse from the band-to-band transition was
observed in this suspended MoS2 device. The absence of the PPC effect in this
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Fig. 6.5 The substrate effect of PPC. a Upper panel: optical images of the suspended MoS2 device
before and after deposition of the electrode. Lower panel: a schematic of the suspended monolayer
MoS2 device. b PL spectra of suspended (upper panel) and SiO2-supported (lower panel) 20 mono-
layer MoS2 devices. c Photoresponse of the suspended MoS2 device showing negligible PPC at
T � 300 K (VG � 0V, VSD � 5V). d Photoresponses of monolayer MoS2 on OTS-functionalized
and conventional SiO2 substrates (VG � 0V, VSD � 5V). The photocurrents are normalized by I0
for purposes of comparison

control sample clearly indicated that the potential fluctuations in our MoS2 devices
had extrinsic sources. We also compared the PPC effect for MoS2 devices that were
fabricated on an OTS-functionalized SiO2 surface and those were fabricated on con-
ventional SiO2 substrates, as shown in Fig. 6.5d. The PPC effect in the MoS2/SiO2

devicewas stronger than that in theMoS2/OTS/SiO2 device. This substrate effect was
consistently observed in several samples, suggesting that there were fewer charge
traps in the MoS2/OTS/SiO2 devices than in the MoS2/SiO2 device. This differ-
ence was reasonable because the OTS-functionalized SiO2 surface is known to be
hydrophobic and could therefore reduce surface adsorbates, [57] resulting in smaller
potential variations. Further study is required to identify these extrinsic sources in
detail, e.g., gas adsorbates and/or chemical impurities on the SiO2 interface. Never-
theless, our finding demonstrates the importance of extrinsic sources, thereby pro-
viding a means of eliminating the PPC effect to control the photoresponse in TMD
materials.
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Fig. 6.6 Photon dose and excitation wavelength dependences of the PPC relaxation. a Excitation
power dependence of the decay time constant for VG � −60V, VSD � −50mV. b The PPC relax-
ations for different illumination times (10 s and 120 s) atVG � ±60VandVSD � 50mV. cThe tem-
poral evolution of ISD for excitation energies below (Eex � 1.55 eV) and above (Eex � 1.91 eV)

the bandgap at T � 300K and VG � 0V. d The PPC build-up level
(
Ibuild−up

)
at different excited

photon energies and VG � 0V. The photon dose and excitation energy dependences of the PPC are
consistent with the RLPF model in the monolayer MoS2 devices

6.4.4 Discussion of PPC Mechanism

We now present the PPC dependence on the photon dose and the excitation energy
to further validate the RLPF mechanism in our MoS2 samples. Figure 6.6a shows
the excitation power dependence of τ at room temperature, where the PPC increases
with the excitation power. In the RLPFmodel, more carriers are excited under higher
photon doses, and more electrons and holes can redistribute to occupy the sites of the
local potential minima. This redistribution of carriers is therefore enhanced under
high excitation power, resulting in a larger τ after the photoexcitation is terminated
[50]. Figure 6.6b shows the PPC relaxation for different illumination times at room
temperature, where τ increases with the illumination time. This behavior is similar
to the effect of excitation power. Therefore, the PPC dependence on the photon dose
in MoS2 devices is in good agreement with the RLPF mechanism.
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We further investigate the PPC of monolayer MoS2 at different excitation
energies ranging from 1.46 to 2.75 eV, which includes the optical bandgap in
monolayer MoS2 � 1.8 eV [13, 14]. Figure 6.6c is a comparison of the tempo-
ral evolution of the photoresponse for excitation energies below (Eex � 1.55 eV)

and above (Eex � 1.91 eV) the bandgap. While the ISD − t curve for Eex � 1.91 eV
exhibites a typical photoresponse (which is similar to that in Fig. 6.1b), the photore-
sponse is insignificant for Eex � 1.55 eV. Figure 6.6d shows the excitation energy
dependence of the PPC build-up level

(
Ibuild−up

)
, which is defined as I0 − Idark.

Here, Ibuild−up represents the charging process in which photoexcited carriers fill
up the local potential minimum during illumination. The photoresponse is clearly
activated at Eex ∼ 1.8 eV, showing that the bandgap of monolayer MoS2 is related
to the PPC [58]. In the RLPF model, Ibuild−up is initiated by the photoexcited car-
riers through the band-to-band transition, which are subsequently confined by the
trap states. Therefore, PPC can only occur when the photon energy is higher than
the bandgap. To briefly summarize, our observations of the PPC dependence on the
temperature, the substrate effect, the photon dose, and the excitation energy fully
support the RLPF model as the mechanism of PPC in the monolayer MoS2 devices.

In addition to RLPF, two other mechanisms, large lattice relaxation (LLR) [59,
60] and the microscopic barrier (MB) [61, 62], are well-known mechanisms for
PPC in a variety of materials, including mixed crystals, semiconductors, and het-
erostructures. In the LLR model, electrons are photoexcited from deep-level traps,
and an energy barrier prevents the recapture of the electrons, [59, 63] resulting in the
PPC effect. Because the recapture is a thermally activated process, the PPC due to
LLR is more pronounced at low temperatures, which is inconsistent with our obser-
vations in sample A and sample B. Another feature of the PPC that results from
LLR is that a photocurrent can be activated by excitation from deep-level traps to
conduction bands [64] with energies below that of the bandgap, which also con-
tradicts the observed dependence of the PPC on the excitation energy. The MB is
another mechanism for PPC in which photoexcited electron–hole pairs are spatially
separated by a macroscopic potential barrier, followed by charge accumulation or
trapping by barriers/spacers [61, 62]. Recent studies on various structures, including
MoS2/graphene, [30] quantum-dot/graphene [65] and chlorophyll/graphene [66] het-
erostructures, demonstrated noticeable PPC due to this MB model. However, there
were no such artificially created structures in our MoS2 devices that could yield a
macroscopic potential barrier. The PPC effect in theMBmodel also follows a single-
exponential decay, [61] unlike the stretched exponential decay that was observed in
our samples. We therefore conclude from our experimental data that LLR and MB
are not mechanisms for PPC in our MoS2 devices.
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6.4.5 The Relationship Between the PPC Effect
and Transport Behavior

We consider the connection between the PPC effect and the transport properties of
the MoS2 devices. Figure 6.7a is an Arrhenius plot of the conductance of sample C
at different VG values and shows that insulating behavior (dG/dT > 0) was found
over the temperature range 80K < T < 300K. For T > 200K, the MoS2 sample
exhibited thermally activated behavior, where the activation energy was extracted
from the linear fit (Ea � 98 meV at VG � 0V). The carrier transport in this tem-
perature regime could be described by a percolation model, in which conduction
occurs via a network of spatially distributed charge puddles [67]. The activation
energy then corresponded to the average potential barrier of the charge puddles. For
80K < T < 200K, the correlation of the puddles decreased because of the decrease
in the thermal energy, and the carriers could only conduct by tunneling between
localized states [67]. Therefore, there was a phase transition from localized to per-
colation transport. The transition temperature of sample C was TC ∼ 200K, which
corresponded to the temperature at which the G − T−1 curve deviated from ther-
mally activated behavior. To compare the temperature dependence of the PPC and
transport properties, we plot Ibuild−up as a function of temperature in Fig. 6.7b. The
PPC is insignificant for T < 200K because of the low conductivity in the localized
transport regime. Notably, Ibuild−up exhibited an activated behavior for T > 200K,
where the transition temperature coincided with the Tc value that was extracted from
the transport behavior. Ibuild−up could be described by a percolation approach [47]

Ibuild−up ∝ (T − TC )
μ, (6.2)

where μ is the characteristic exponent. We found that this function fits the data
reasonably well (μ � 2.6), indicating that the PPC relaxation was consistent with
the percolation transport picture.

6.4.6 Fitting of the PPC Relaxation Curves

To verify the validity of stretched exponential decay for describing the observed PPC
in monolayer MoS2, we consider other possible relaxation approaches, including
single exponential, double exponential and logarithmic decay. The fitting results of
two representative PPC relaxation curves at T � 300K and 180 K by these different
schemes are shown in Fig. 6.8. It can be seen that only the stretched exponential
decay yields satisfactory fits for the whole temporal range at different temperatures.
As mentioned in Sect. 6.4.1, the observed stretched exponential decay of the PPC
relaxation in our MoS2 devices suggests a disordered system, which is consistent
with the transport model discussed in Fig. 6.7.
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Fig. 6.7 Correlations between PPC and transport behaviors. a The Arrhenius plot for the con-
ductance of sample C at different VG values. The solid lines indicate linear fits in the thermally
activated regime. b The temperature dependence of the PPC buildup level

(
Ibuild−up

)
at VG � 0V.

For T > 200K, Ibuild−up is well described by a percolation model, which is shown as a solid line.
The shaded region denotes the temperature regime over which transport is dominated by tunneling
between localized states

6.4.7 Gate Voltage Dependence of the PPC

We discuss the back gate voltage (VG) dependence of the PPC relaxation here. We
show the PPC relaxation for VG � −60V and VG � +60V in Fig. 6.9a (also in
Fig. 6.6b), as well as the VG dependence of τ in Fig. 6.9b. The position of Fermi level,
which is controlled by VG , can greatly affect the carrier density and consequently the
conductance in the MoS2 channel. This VG dependence of conductance is revealed
in Fig. 6.2a and the related discussion. Nevertheless, the PPC relaxation is mainly
determined by the density of the trap states and the extent of the carrier trapping in
the RLPF model. Because there are various possible sources of trap states, including
electron traps, hole traps, and mid-gap states in MoS2 samples, [68] it is plausible
that the strength of the PPC is correlated to the density of the trap states as the Fermi
level is tuned with VG . However, we note that the correlation may be complicated
and further study is required to elucidate detailed VG dependence of the PPC effect.
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Fig. 6.8 Two representative PPC relaxation curves at a T � 300K and b 180 K and the fits
with various schemes, including stretched exponential, single exponential, double exponential and
logarithmic decay

6.4.8 Transport Characteristics of the MoS2 FET

In addition to characterizing the transport behavior of sample B, we show the transfer
curves for sample A at different temperatures in Fig. 6.10a. Figure 6.10b shows
an Arrhenius plot for the conductance of sample A at different VG values. The
transport behavior of sample A could be classified into three different regimes. (1)
For T > 240K, the MoS2 sample exhibited metallic behavior where σ decreased
rapidlywith the temperature. Over this temperature range, carriers above themobility
edge dominated the transport, resulting in metallic behavior. (2) For 160K < T <

240K, the sample exhibited thermally activated behavior. The carrier transport in this
temperature regime could be described by a percolating picture in which conduction
occurred via a network of spatially distributed puddles. (3) For 80K < T < 160K,
the correlation of the puddles decreased because of the decrease in the thermal energy,
and the carriers could only conduct by tunneling between localized states. Similar to
sample B, the build-up level of the PPC was closely related to the carrier transport,
which exhibited percolation behavior (μ � 2.2) above the transition temperature
TC � 160K, as shown in Fig. 6.10c.
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Fig. 6.9 a The normalized PPC relaxation curves at VSD � 50mV under VG � −60V (left panel)
and VG � 60V (right panel). Two different irradiation duration (10 s and 120 s) were used to
excite the MoS2 sample. No significant difference between the PPC relaxation for VG � 60V
and VG � −60V was observed. b The fitted τ versus applied VG at VSD � 5V for illumination
duration of 10 s

Fig. 6.10 Transport characteristics and PPC for sample A: a The two-probe transfer curves at dif-
ferent temperatures. bArrhenius plots of the conductance at different VG values. c The temperature
dependence of the PPC buildup level

(
Ibuild−up

)
, where the solid line is the fitted result using the

transition temperature Tc � 160K, which is obtained from the transport measurement

6.4.9 Carrier Mobility Dependence of the PPC

Figure 6.11 shows a distribution of τ versus mobility for 7 monolayer MoS2 samples
that were obtained by same illumination condition. The data suggest that the PPC
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Fig. 6.11 The distribution of τ versus mobility for 7 monolayer MoS2 samples that were obtained
by the same illumination condition

becomes more persistent for higher mobility samples. It is conceivable that more
persistent PPC is caused by higher density of the trap states in the MoS2 channel.
This could result in shorter average distance between the localized states and greater
hopping rate among these states, leading to higher mobility. However, the detail
mechanism behind the relation between τ and mobility requires further study.

6.5 Conclusion

Among the various types of photoresponses of MoS2, PPC at different levels has
been reported. However, a detailed study of the PPC effect and its mechanism in
MoS2 is still not available, despite the importance of this effect on the photoresponse
of the material. Here, we present a systematic study of the PPC effect in monolayer
MoS2 and conclude that the effect can be attributed to random localized potential
fluctuations in the devices. Notably, the potential fluctuations originate from extrinsic
sources based on the substrate effect of the PPC.Moreover, we point out a correlation
between the PPC effect in MoS2 and the percolation transport behavior of MoS2.
We demonstrate a unique and efficient means of controlling the PPC effect in mono-
layer MoS2, which may offer novel functionalities for MoS2-based optoelectronic
applications in the future.
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Chapter 7
Conclusion

In this dissertation, investigations of a variety of physical phenomena in graphene
junctions were reported. These measurements revealed interesting features such
as SdH oscillation, weak localization, scaling behavior, the fractional-valued QH
plateau, and plateau-plateau transition points between the quantum Hall plateau.
In MoS2 devices, the PPC effect was found after illumination is terminated. The
mechanism of PPC effect can be well explained by the RLPF model.

In Chap. 4, I presented the distinctive magneto transport properties of graphene
p-n-p and p-n junction devices enabled by the resist-free and one-step method. We
demonstrate precise control of lateral diffusion and interfacial oxidation of themetal-
lic contact, which leads to the fabrication of high-quality graphene hetero structures.
The fabricated graphene p-n-p and p-n junction samples exhibit pronounced QH
effect with fractional-valued plateaus due to the full mixing of the edge states. The
positive MC of the graphene p-n-p junction devices at low magnetic field is well
described by the WL theory and the extracted coherence length is found to be cor-
related to the conductance in the back-gate dependence measurement. The demon-
strated method can offer novel scheme for the fabrication of high-quality devices
composed of general 2D materials.

In Chap. 5, I demonstrated a unique method of fabricating a graphene p-n-p
junction by controlling the lateral diffusion of the metallic contacts. The measured
G − VG curves can be thoroughly described by the metal contact model, confirming
the charge density depinning and the presence of interfacial oxidation. The graphene
p-n-p junction devices showed quantization condition in the unipolar regime is
described by pronounced half integer in QHE due to the contribution of the non-
trivial Berry’s phase. In the bipolar regime, a well-defined transition point of the
zeroth LL, and the scaling behavior has been observed, indicating the non-localized
states in the zeroth LL. In addition, we can estimate EN for the LL index which
is consistent with the theoretically values. The demonstration of a high-quality
graphene p-n-p junction with controlled diffusion of the contacts provides an alter-
native fabrication method for future graphene-based electronics. A clear indication
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of a phase shift of π in the magnetoconductance clearly indicates again the existence
of a non-trivial Berry’s phase.

In Chap. 6, we have demonstrated that PPC in monolayer MoS2 can be controlled
by temperature, the photon dose, the excitation energy, and the substrate effect. These
characteristics show that PPC inMoS2 canbewell-explained by theRLPFmodel. The
potential fluctuations could be attributed to extrinsic sources because of the absence
of PPC in the suspendedMoS2 devices.Moreover, the temperature dependence of the
PPC could be described as a transition from localization to percolationmodels, which
was in agreement with the transport properties of MoS2. The results of this study can
provide insight into PPC phenomena in monolayer MoS2, which is important for the
development of MoS2-based optoelectronic applications.
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