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Chapter 2. Two channels transport in
MoS:

Abstract

Two-dimensional MoS. has shown promising characteristics for application in
electronic devices. In this chapter, we study the quantum transport properties of
MoS: field effect transistors on h-BN substrates. The results consist of two parts.
First, the electron mobility of MoS, is found to be significantly improved by
encapsulation between top and bottom h-BN flakes. With greatly reduced contact
resistance due to ionic liquid gating, the insulator to metal transition is observed.
Second, for the MoS,/h-BN structure without the top h-BN cap, superconductivity
is induced at the top layer of the MoS. by ionic liquid gating as expected;
surprisingly, the metallic bottom layers controlled by the back gate show
Shubnikov-de Haas oscillation under perpendicular magnetic fields after the
suppression of superconductivity. Hence, artificial electronic structures could be
developed by controlling the interaction between the hetero-states at the top and
bottom surfaces of a single few-layer MoS, flake. Variable electronic functionalities
could be developed through the interaction between the different electronic states,
similar to conventional van der Waals heterostructures that are prepared by
stacking different two-dimensional (2D) materials, where novel electronic
properties emerge from the realignment of dissimilar bands or tunneling through
them.

Submitted as
“Electrically tunable coupling between hetero surface states in few-layer MoS.”
Q.H. Chen, J.M. Lu, L. Liang, O. Zheliuk, A. Ali, P. Sheng and J.T. Ye
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Chapter 2

2.1 Introduction

In the modern electronic industry, silicon-based transistors are reaching their
scaling limit below 5 nm in size. Exploration of novel device structures and new
channel materials has therefore attracted growing interest. As a potential
alternative to Si, MoS. exhibits larger band gaps and lower dielectric constants [1].
Because of its layered structure, MoS, can be easily thinned down to uniformly thin
layers. Prototypes of few-layer and monolayer MoS, transistors have been reported,
showing promising device operation characteristics for applications [2—4].

In order to meet the requirements for high-speed electronic devices, it is
desirable to improve the electron mobility of MoS,-based transistors. Suspended
MoS. shows 2-10 times greater mobility enhancement compared to that supported
by conventional oxide substrates [5], but is still lower than the expectation for
high-speed electronic devices. In addition, the fabrication process for suspended
MoS. is very complicated, which means it is not practically efficient. Alternatively,
using hexagonal boron nitride (h-BN) as the substrates is an appealing approach to
improve the performance of MoS. transistors. h-BN is thermally and chemically
inert and electrically insulating. More importantly, the surface of h-BN is
atomically flat and free of dangling bonds, and it has a lattice constant similar to
that of MoS,. As a result, when a thin MoS. flake is encapsulated between two h-
BN flakes, the performance can be significantly improved; a Hall mobility of
34000 cm?V-ist has been reported [6,7].

On the other hand, improving the functional properties of gate control on the
channel material is beneficial for reaching a high on/off ratio as well as low power
consumption. Recently, ionic liquid has been increasingly used as gate media for
replacing the traditional oxide gate dielectrics. This is known as the electrical
double layer (EDL) technique. The biggest advantage of EDL is its ability to induce
extremely large carrier density at the sample surface. New electronic states are
observed in this regime that is not accessible with conventional solid gates. In two-
dimensional (2D) transition metal dichalcogenides (TMDs), the field effect doping
by ionic liquid induces high conductivity states for both electron and hole
transport [8,9]. Remarkably, superconductivity is observed at the liquid/TMD
interface in MoS; [10,11], MoTe, [12] and WS, [13], providing a playground for
studying and controlling 2D superconductivity. Interesting superconducting
properties in this system have been discovered, such as Ising pairing due to large
effective Zeeman fields, which results from the broken inversion symmetry and
strong spin-orbit coupling. As a result, the superconductivity is protected from
very strong magnetic fields parallel to the ab-plane of MoS, [14—-16].
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Two channels transport in MoS2

It is predicted that for multilayer MoS. electrical double layer transistors
(EDLTs), ionic gating confines the charge carriers mainly to the top-most layer,
hence the superconductivity at the liquid/MoS. interface shows strictly 2D
characteristics [14]. The top layer is well isolated electronically, acting like a free-
standing monolayer, whereas the bottom layers (two layers away from the top)
remain almost unaffected by ionic gating. It is expected that the top
superconducting layer and bottom layers are electronically separated, forming two
parallel conducting channels: a superconducting top channel and a normal bottom
channel. The different electronic states at the top and bottom surfaces mimic the
artificial van der Waals heterostructures stacked by different 2D materials, and
new functionalities could be developed through their interaction. Nevertheless, no
direct observation has been reported to corroborate this model of two conducting
channels.

In this chapter, we first study the quantum transport properties of a MoS,
transistor encapsulated between two h-BN flakes, with a partially exposed surface
designed for electrical contacts. With the application of ionic gating, the exposed
MoS:, surface is turned into a metallic state by inducing a large carrier density,
greatly improving the contact between the MoS. and electrodes. As a result,
transport properties can be precisely measured at low temperatures, where the
device shows improved carrier mobility. In addition, an insulator to metal
transition controlled by the back gate is observed, suggesting that h-BN
encapsulation suppresses the disordered potential so that the raised Fermi levels
by the back gate can easily exceed the mobility edge.

In this device configuration, however, superconductivity cannot be induced
because the ionic liquid and MoS. channel are separated by h-BN and the gating
effect on the channel is very weak, ionic gating mainly helps with improving the
contact. To overcome this difficulty and verify the two conducting channels model,
we fabricated a MoS,-EDLT on the h-BN substrate without a top h-BN capping
flake. In this way, superconductivity can be easily induced at the liquid/MoS,
interface, while high carrier mobility is maintained because of the atomically flat h-
BN substrate. At low temperatures a sharp resistance drop from finite to zero
resistance is observed, corresponding to the superconducting transition. After
suppressing superconductivity in the out-of-plane magnetic field B, the parallel
metallic state at the bottom surface of the MoS. is revealed by the observation of
Shubnikov-de Haas (SdH) oscillation, which serves as direct evidence for the
existence of a high mobility and low carrier density channel. The carrier density
extracted from the oscillation of high-mobility electrons is found to be more than
one order of magnitude smaller than that derived from the Hall effect, which
includes carrier contributions from the whole flake, thus unambiguously
confirming the formation of two spatially separated conducting channels.
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Chapter 2

2.2 Device fabrication

MoS:. flakes were prepared by mechanical exfoliation of the 2H polytype bulk
crystals (SPI supplies), using the well-known scotch tape method [17]. Silicon
wafers coated with 300 nm-thick SiO, were used as substrates. Optical microscopy
and atomic force microscopy (AFM) were used to identify the number of layers of
MoS.. h-BN flakes were prepared on different silicon wafers in a similar way.
Uniformly thin MoS. flakes in the range of 1-5 layers and h-BN flakes with
thicknesses of 10-30 nm were selected for device fabrication.

After preparing MoS, and h-BN flakes on separate Si/SiO. substrates, we use
the so-called dry transfer technique [18,19] to fabricate the van der Waals
heterostructure. The transfer process is illustrated schematically in Figure 2.1,
which shows an example of making the h-BN/MoS,/h-BN heterostructure. A thin
film of polycarbonate (PC) is prepared by first dissolving the PC pellets in
chloroform and putting a few droplets of the solution onto a cover glass. Another
cover glass is put on top to spread out the solution, and then the two cover glasses
are separated by sliding them over each other. After a few minutes, the chloroform
solvent evaporates and a thin uniform PC film is left on the glass. The PC film is
then carefully removed from the glass substrate and fixed on top of a piece of
polydimethylsiloxane (PDMS) on a thin glass slide with dimensions of ~3x3x1 mm.
The cover glass with the PDMS and PC film used as a stamp to pick up MoS. and h-
BN flakes; it is inverted and fixed on a micro-manipulator with xyz-movement. The
stamp is gradually brought into contact with the SiO,/Si substrate until the PC film
almost touches the target h-BN flake. Then the SiO./Si substrate with h-BN is
heated to about 9o °C, allowing the real contact of PC film and h-BN due to
thermal expansion. After that, the heating is stopped and the stamp gradually
retracts from the substrate. Because the adhesion between the h-BN and PC film is
stronger than that between the h-BN and substrate, the h-BN flake is picked up by
the PC film. The whole structure (h-BN + PC + PDMS) is used as a stamp to pick
up the target MoS. flake in a similar way, and this process can be repeated to pick
up other crystals to form the desired stacking of different 2D materials.

After all the target flakes are picked up, the whole stamp with the stacked
heterostructure is put in contact with the target substrate and heated up to 170 °C
to melt the PC film. The stamp is carefully retracted, leaving the PC film as well as
the stacked structure on the substrate. The PC film on top of the heterostructure
can be removed by dissolving it in chloroform. The flakes are not exposed to any
solvent until the whole heterostructure is completed; the interface remains
relatively clean, which is important for achieving high carrier mobility. Then
reactive ion etching (RIE) is used to shape the sample into Hall bar geometry, and
metal contacts are made by the standard electron beam lithography procedure.
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Two channels transport in MoS2

Ti+Au electrodes Ar Etching, BN/MoS,/BN

Figure 2.1 Dry transfer process for preparing the h-BN/MoSz/h-BN heterostructure. The top h-
BN flake is carefully chosen so that it covers the MoS2 surface only partially; the exposed area is
used for contact electrodes as well as ionic gating. Sandwiched MoS: is etched into Hall-bar
geometry with RIE etching, and Ti/Au electrodes are patterned using standard electron beam
lithography. The process can be modified to fabricate any other desired device structures, such
as MoSz/h-BN or MoS: transistors on an HfO2 substrate.

2.3 Results and discussions

In the following, we focus on the measurement results of two device
configurations. The first is a MoS. transistor encapsulated between top and bottom
h-BN flakes. For ionic gating, the MoS, conducting channel and liquid is separated
by h-BN; only the exposed area for contact electrodes is heavily doped by ionic
gating. The second is a MoS.-EDLT device on an h-BN substrate, without any h-BN
capping on top. The whole MoS, surface can be gated by ionic liquid and becomes
superconducting at low temperatures. The bottom layers stay semiconducting
which can be tuned by the back gate as a conventional transistor.

2.3.1 MoS: encapsulated between top and bottom h-BN

Figure 2.2(a) shows the optical image of an h-BN/MoS,/h-BN heterostructure
on SiO,/Si substrate. A few-layer MoS. flake is sandwiched between two h-BN
flakes, with a partially exposed surface designed for metal contacts. Figure 2.2(b)
shows the transfer curve at different temperatures before applying ionic gating.
The device can be switched on and off by the back gate, showing an n-type
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Chapter 2

transistor operation with a current on/off ratio higher than 102. However, a clear
decrease of the source-drain current is observed as the temperature decreases,
which is most likely associated with the increase in contact resistance. It is well
known that because of the work function difference between metal electrodes and
semiconducting MoS,, there is a potential barrier for electrons, namely the
Schottky barrier. For a fixed source-drain voltage, the temperature dependence of

the current is given by I = A*Tze_%(e% — 1), where A" is a constant and g and k
are the electron charge and Boltzmann constant, respectively. V is the source-drain
voltage and @, is the height of the barrier. From this relation we see that the
source-drain current decreases when the temperature decreases, in line with our
observation.

20

30 20 10 0 10 20 30 40
V. (V)

Figure 2.2 (a) Optical image of a typical h-BN/MoSz/h-BN device. Top h-BN is highlighted by
the blue dashed line in the center. The green dashed line depicts the edge of the MoS3z, and the
large dark area surrounded by the blue dashed line is the bottom h-BN flake. The top h-BN is
smaller than the MoS: flake, metal contacts are made in the exposed area. Electrodes are
composed of 5 nm Ti / 65 nm Au. (b) Transfer curves of transistor operations by the SiO2 back
gate at different temperatures, with fixed source-drain voltage Vps= 0.1 V. An n-type transistor
operation is observed with source-drain current on/off ratio ~ 102.

As mentioned above, the contact resistance can be greatly reduced by applying
ionic liquid gating. Figure 2.3(a) shows a schematic of the gating configuration.
When a positive voltage is applied between the gate pad and the MoS. flake,
cations are driven very close to the surface of the exposed MoS,, forming a
nanogap capacitor with very large capacitance. The induced carrier density is in the
order of ~10%“ cm=2; hence the Fermi level can be significantly altered by ionic
gating. According to the phase diagram [10,20], the insulator-metal transition
occurs at 8x1012 cm for multilayer MoS.. As a result, the exposed MoS, surface
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Two channels transport in MoS2

behaves like a normal metal, and the contact resistance is significantly reduced
locally at the exposed area.

(a) (b) 1000

DEME-TFSI @ 800 -
600

Figure 2.3 (a) Schematics of the MoS2-EDLT device and measurement configuration. With
positive liquid gate voltage, cations are driven very close to the exposed surface of the MoS:
and induce a lot of electrons in these local areas. (b) Transfer curves of transistor operations by
the liquid gate at T = 220 K, for the same device as shown in Figure 2.2, showing a remarkable
enhancement of gating effect compared with the SiO: solid gate.

The transfer curves by liquid gating are shown in Figure 2.3(b), where the
arrows indicate the gate voltage sweeping direction. To retain the high mobility of
cations/anions as well as protect the sample from the electrochemical reaction, the
ionic gating procedure is conducted at T = 220 K, as has been well established in
previous studies [9—14,21,22]. The device can also be switched on and off with
ionic gating, and the required voltage is much lower compared to that of the SiO.
back gate, suggesting that the efficiency of the liquid gate is much higher than that
of the solid gate. The source-drain current is nearly two orders of magnitude
higher than SiO, back gating at T = 200 K, showing a great improvement in the
FET performance. We also see that the first cycle (red) and the second cycle (blue)
almost coincide with each other, indicating that no chemical reaction happens
during the gating procedure, which means the doping is electrostatic. However, a
large hysteresis is observed due to the low ion mobility at relatively low
temperatures. This is the disadvantage of gating at low temperatures, and the
uniformity of the gating will also be affected.

We cooled the device down to liquid nitrogen temperature to measure the
temperature dependence of the MoS, channel resistance. Normally the gate voltage
is retained before it is cooled down to freeze the ion movement. Once the
temperature is below the freezing point of the ionic liquid, ions cannot move, and
the gate voltage can be retracted without losing the gating effect. As shown in
Figure 2.4(a), the two black curves represent the temperature dependence of the
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channel resistance before applying ionic gating. If the back gate voltage is zero,
which means that the MoS. channel is not gated, it behaves as an intrinsic
insulator with very high resistance (top black curve with label Vgg=0V, Vig=0V).
With applied back gate voltage Vss = 60 V, the MoS. channel shows a metallic
behavior at T > 120 K, where the resistance decrease as the temperature goes down.
With further cooling down to below 120 K, sample resistance starts to increase. We
did not perform the Hall measurement on this device because it was measured in a
setup that is not equipped with magnet. Therefore the carrier density cannot be
determined accurately. Alternatively, because the carriers are induced by back gate,
the corresponding carrier density can be estimated from the geometric capacitance
of back gate through n,p = Cy(Vgg — Vin)/e, where Vg is the applied back gate
voltage; e is the charge of electron; C; = 10.5 nF/cm?, which is the capacitance per
unit area considering the back gate of 300 nm SiO, and 30 nm h-BN used in this
experiment; and Vi, = 40 V, which is the threshold voltage that can be extracted
from the transfer curve, as shown in Figure 2.4(b) (black curve with Vic = o V).
Therefore, the induced 2D carrier density is n.p = 1.3x10*2 cm-2. This relatively low
carrier density with metallic behavior proves that the quality of the sample device
is good.

(a)

b
1.5x10° T T T T T (b) \
10°f 1 0 T=80K
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7 BG LT LG
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Figure 2.4 (a) Comparison of the temperature dependence of the channel resistance before
(black curves) and after (red curves) applying ionic gating. With the application of ionic gating
Vic = 5V, channel resistance undergoes a transition from insulating behavior (Vsc = 0 V) to
metallic behavior (Vsc = 20 V). (b) Transfer curve with SiO2 back gate at low temperatures (T =
80 K). Mobility extracted from the gate dependence of conductivity is 2700 cm2V-1s-1 before and
12000 cm?V-1s-! after applying ionic gating, showing great enhancement.

The red curves in Figure 2.4(a) show the temperature dependence of the MoS.
channel resistance under different back gate voltages, with the ionic gate voltage
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Two channels transport in MoS2

fixed at Vi = 5 V. A different behavior is observed comparing to before applying
ionic gating. For Vic = 5V and Vg = 0V, the RT curve is very similar to that of Vig
=0 V and Vgs = 60 V. This result implies that even though there is a top h-BN flake
covering the MoS., conducting channel, ions can still accumulate at the top surface
of the h-BN and induce carriers in the MoS. channel. With a 20 nm-thick h-BN
flake in this device, the induced carrier is similar to that of the 60 V back gate. For
Vic = 5 Vand Vge = 20 V, the sample shows metallic behavior (dR/dT > 0) until
the liquid nitrogen temperature, and becomes more conducting at the higher back
gate Vg =60 V.

Figure 2.4 (b) shows the conductivity as a function of back gate voltage, before
(black curve) and after (red curve) applying the liquid gate. The threshold voltage
shifts to the left side due to the weak doping effect by the ionic gating through the
h-BN, and for Vig = 5 V the conductivity increases much faster than Vig = 0V,

corresponding to a higher mobility. The FET mobility can be estimated by the back
1 do

——— , where ¢ is the
ngVBG

gate dependence of conductivity through upgr =

conductivity and C; is the gate capacitance per unit area. Here, for 300 nm SiO,
and 30 nm h-BN C, = 10.5 nF/cm?. We can estimate the mobility from the linear
fitting in the vicinity of threshold voltage. Before and after applying the ionic
gating, the extracted mobilities are 2700 and 12000 cm?V-is-, respectively. The
enhancement of mobility may be related to the fact that there is ion accumulation
at the surface of the top h-BN, these ions form a charge screening layer which helps
to reduce the scattering from the charged impurities in the MoS, channel. Hence
the mobility increases. It should be noted that the off-state current for Vig = 5V is
higher than that of Vi¢ = 0 V. While this may be due to the gating effect of the
MoS. channel edge, further investigation is needed to study this behavior.

2.3.2 MoS2-EDLT on h-BN substrate without top cover

With MoS, covered by a top h-BN, ionic gating is able to induce carriers in the
MoS., channel. However, the carrier density is not high enough to reach
superconducting state. To prove the two parallel conducting channels that form
due to the dual-gate configuration, we modified the device structure by removing
the top capping h-BN flake. With the application of ionic gating in this
configuration, the top surface of the MoS, becomes highly doped, whereas the
bottom layers remain almost unaffected. The high electron mobility nature of the
bottom layers is preserved due to the atomically flat bottom h-BN substrate. Novel
electronic functionalities emerge through the interplay of the superconducting top
surface and high mobility bottom surface. The device structure is similar to that of
high electron mobility transistors (HEMTs), which are conventionally fabricated
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with semiconducting planar junctions with different band structures, such as GaAs
and AlGaAs, using a molecular beam evaporation technique [23].

°© -] °© © o ©
© TFsH- © o o e ()
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Figure 2.5 Dual-gate device configuration of MoSz/h-BN transistor on SiOz2/Si++ substrate.
Without top h-BN cover, the MoS: surface is in contact with the ionic liquid; thus the whole
surface becomes highly doped by ionic gating.

- - oy - >
Sy @y '@\ S\ o
Q'_) 9'-) Q" GF’ lonic liquid induced

g,_, g,_, g,‘) g,_, superconductivity in =
-, -, -, -, top |ayer
S e—> -
2N
S—> o
o—> g
Mo -y Back gate tuned g
high mobility state ™
e > in bottom layers
e—> ®
e—>
e—> o

Figure 2.6 Illustration of the doping profile by the ionic liquid gate and solid-state back gate.
The layer number is labeled as “1” for the topmost layer and “5” for the bottommost layer. Due
to the strong Thomas-Fermi screening effect, the doping effect from ionic gating decays
exponentially for individual layers from top to bottom. The back gating effect also decays from
bottom to top, but it is much slower because the carrier density induced by the back gate is

much smaller.

The schematic device configuration of the MoS.,-EDLT device on the h-BN
substrate is shown in Figure 2.5. Since the top surface of the MoS. is not covered
by h-BN, superconductivity can be easily induced by ionic gating. Theoretical
calculations show that with 2D carrier density n.p of the topmost surface induced
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Two channels transport in MoS2

by ionic gating in the order of ~10*4 cm=2, the number of accumulated carriers for
individual layers decays exponentially from the top to bottom due to the strong
Thomas-Fermi screening effect [24]. The n.p of the second layer is reduced by
almost 90% compared to that of the first one. Therefore, the superconducting top-
most layer is well isolated electronically from the rest of the layers below and acts
like a freestanding monolayer [25]. The bottom layers remain almost undoped. On
the other hand, the back gate mainly induces carriers in the bottom layers. The
electron mobility in the bottom layers on h-BN is very high, suitable for making
HEMTs. The rough carrier density profile is shown in Figure 2.6, where the layer
number “1” denotes the topmost layer and “5” denotes the bottommost layer. The
screening effect is inversely scaled with the carrier density; the ionic gating induces
large carrier density but decays abruptly from top to bottom, while the back gating
induces smaller carrier density but tends to influence more layers.

(a) (b)
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Figure 2.7 (a) Top panel: optical image of a MoS2-EDLT device on an h-BN substrate, with MoS:
highlighted by the dashed line. Bottom panel: AFM height profile of the MoS: flake, showing
that the thickness of the MoS: in this study is 3.5 nm, corresponding to a layer number of five.
(b) Temperature dependence of the channel resistance with fixed ionic liquid gate voltage Vic =
6V.

For ionic gating, all the conditions are kept the same as detailed in the previous
section. Figure 2.7(a) shows the optical image (top panel) and the AFM height
profile (bottom panel) of the measured device. For a layered material with layer
number N, the corresponding thickness is d = a + (N — 1) X b, where a is the
height of the bottom layer (including the space between the bottom layer and the
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substrate) and b is the layer thickness. In MoS,, the typical value of a ranges from
0.8 to 1 nm depending on the adhesion between the flake and the underlying
substrates, while b is around 0.62 nm [26,27]. The thickness of the studied MoS,
flake is 3.5 nm characterized by AFM (Figure 2.7(a), bottom panel), and
consequently the number of layers is five. The ionic gate voltage Vi was applied at
T = 220 K, and then the sample was cooled down to measure the temperature
dependence of channel resistance. The channel resistance decreases as the
temperature decreases, showing metallic behavior. The RT curve becomes flat
below T = 30 K, which is likely due to the impurity scatterings and doping
inhomogeneity. A sharp resistance drop is observed below T = 10 K, corresponding
to the superconducting transition with T. = 7 K. The transition temperature T, is
defined as 50% of the normal state resistance. Zero resistance is observed with
further cooling down.

The RT behavior is different with different ionic gate voltages, as shown in
Figure 2.8. For Vigc = 3 V, the sample shows metallic behavior, but no
superconductivity is observed until T = 2 K, this state is very close to the quantum
critical point (QCP). With increasing liquid gate voltage, superconductivity starts
to appear. T. shifts to higher temperatures for higher gate voltages with a tendency
to saturate at Vig > 4.6 V.
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Figure 2.8 (a) Temperature dependence of MoS: channel resistance for different ionic gate
voltages. (b) Low temperature region of the same data set as in Figure 4-7(a).

At low temperatures, we measured the temperature dependence of resistance
under different magnetic fields, which were applied perpendicularly to the surface
of the MoS.. Figure 2.9 shows the results for liquid gate voltage Vig = 4.6 V. The
superconducting transition is dramatically suppressed by the magnetic field.
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Figure 2.9 Sheet resistance of the MoSz-EDLT device as a function of temperature for Vic = 4.6
V under perpendicular magnetic fields, 0, 0.05, 0.1T, 0.2 to 2.4 T in 0.2 T steps, 2.7, 3,3.5,4,5
and 6 T. Superconductivity is gradually suppressed by the magnetic field.

Without applying back gate voltage, the bottom layers remain insulating and
make no contribution to the conductivity of the MoS. channel. Superconductivity
originates solely from the top layer, which has a high carrier density (~104 cm-2).
With positive back gate voltage applied, electrons start to accumulate at the bottom
layers. As a result, the conductivity of the bottom layers increases and two parallel
conducting channels form in a single few-layer MoS flake.
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Figure 2.10 (a) Longitudinal resistance as a function of the magnetic field measured at T=2 K
and Vic = 6 V, for back gate voltages from 90 to 110 V in 5 V steps. (b) Magnified view of the
region between 6 and 12 T.

Figure 2.10 shows the longitudinal magnetoresistance (MR) for different Vig
values at T = 2 K and Vig = 6 V. Without the magnetic field, the MoS. is in a
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superconducting state, and resistance is zero. When the applied magnetic field
increases, the resistance also increases as expected due to the suppression of
superconductivity.  Surprisingly, pronounced Shubnikov-de Haas (SdH)
oscillations are observed after the superconductivity is suppressed by the magnetic
field. As the back gate voltage increases from 90 to 110 V, the amplitude of the
oscillation becomes notably larger, due to the enhanced conductivity of the bottom
layers. The peak and valley positions also change with different back gate voltages.
In contrast, all the curves almost coincide with each other at the low field region,
which suggests that the superconducting properties are not affected by the back
gate. This can also be verified from the doping profile in Figure 2.6; the influence
of the back gate on the superconducting layer is negligible due to the screening
effect.

‘O v =110V .

R (@)

B(T)

Figure 2.11 Determination of the magnetoresistance background for back gate voltage Ve =
110 V. The green and red dashed lines denote the top and bottom envelop which are
determined by the peaks and valleys of the oscillation, respectively. The average of the top and
bottom envelope (blue dashed line) is taken as the magnetoresistance background for
extracting the oscillation component.

According to theory, SAH quantum oscillations are a periodic function of the
inverse of the magnetic field 1/B. To carefully examine the oscillation behavior, we
first subtract the MR background. As shown in Figure 2.11, the top (green dashed
line) and bottom (red dashed line) envelope lines are determined by the peaks and
valleys of the oscillations, respectively. The blue dashed line is the average of the
top and bottom envelope lines and is taken as the MR background for extracting
the oscillation component.
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Figure 2.12 Oscillation amplitudes as a function of 1/B after subtracting the MR background
for different back gate voltages corresponding to the same data set as shown in Figure 2.10.
Curves are vertically shifted for clarity.

After subtracting the MR background and plotting as a function of the inverse
of the magnetic field 1/B, we see a clearly periodic oscillation and the oscillation
period decreases with the increasing back gate voltage, as shown in Figure 2.12.
According to theory, the envelope function of the oscillation in longitudinal
resistance can be described by the Ando formula [28,29]:

AR = 4R e “™T /sinh(aT)

Where R, is the classical resistance in zero applied field, = 2n2kg/hw. , w. =
eB/m* is the cyclotron frequency and m* is the electron effective mass. # is the
reduced Planck constant, kg is the Boltzmann constant. T, = #/2mwkgt is the Dingle
temperature and 7 is the scattering time. For 2D electron gas, the carrier density
n,p is related to the period of the quantum oscillations through n,, = geBg/h,
where g is the Landau level degeneracy and Br is the oscillation frequency in 1/B
which can be obtained from Figure 2.12. On the other hand, it is clear that the

oscillation behavior is well controlled by back gate, hence N,, can be obtained

from the gate capacitance n,p = C4(Vgg — Vin)/e. Here Vi is the threshold voltage
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and C, = 10.5 nF/cm? is the capacitance per unit area for the back gate of 300 nm
SiO, and 30 nm h-BN used in this experiment. Thus, we have
hC,
Br = W (Ve — Vin)
Hence Landau level degeneracy g can be obtained from the linear fitting of the

back gate dependence of By, as shown in Figure 2.13. The result shows that g = 3.16,
consistent with that of the previous report [7].
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Figure 2.13 (a) Oscillation period Br as a function of back gate voltage obtained from the
period of oscillation. The linear fitting yields a Landau level degeneracy of 3.16. (b) The density
of carriers that accounts for the quantum oscillations at different back gate voltages (solid dots
connected by black line), extracted from the oscillation period. Shaded area indicates the
carrier densities where MoS: is superconducting, the bottom of this area represents the
quantum critical point (QCP) of the superconducting phase diagram.

With the obtained Landau level degeneracy, we are able to estimate the density
of carriers that accounts for the SdH oscillations through n,, = geBg/h. The
results are shown in Figure 2.13(b). For all Vgg, the carrier densities that
accumulate at the bottom surface are more than one order of magnitude lower
than the lowest value for reaching superconductivity (~6x1013 cm-=). This
unambiguously confirms the existence of two conducting channels with high and
low carrier densities responsible for superconductivity and SdH oscillation,
respectively. This is exactly what was expected: ionic gating confines carriers to the
topmost layer, which becomes superconducting, while bottom layers remain
intrinsically semiconducting. With a positive back gate, the bottom channel
becomes electron doped and conducting. The electron mobility in the bottom
channel is very high due to the atomically flat h-BN substrate, and SdH oscillations
are contributed by this channel. SAH oscillations in MoS, have been observed in
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previous reports, either when graphene was used as contacts [6] or when MoS, was
encapsulated between the top and bottom h-BN [7]. In our case, the MoS, flake
was not covered with a top h-BN; the top superconducting layer of MoS, itself
becomes a piece of normal metal after the superconductivity is suppressed by the
magnetic field, acting as a screening layer that functions the same as or even better
than a top protecting h-BN. Furthermore, the induced superconducting top
channel (metallic at the high magnetic fields) serves as a metallic contact for the
encapsulated bottom layers that ensures the observation of SdH oscillations. These
advantages make the fabrication process very simple.
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Figure 2.14 (a) AR as a function of 1/B measured at different temperatures from 2 to 6 K, for
Vee = 110 V. The oscillation is gradually suppressed with increased temperature and almost
disappears at T = 6 K, owing to the enhanced electron-phonon scattering. (b) Solid dots show
the temperature dependence of the oscillation amplitude at B = 9.9 T. By using the Ando
formula AR « aT /sinh(aT), the best fitting (red curve) gives an electron effective mass of 0.59
me. Fittings at other magnetic fields are not shown here but give similar and consistent results.

Figure 2.14(a) shows the temperature dependence of the SdH oscillation
amplitudes at Vpg = 110 V. With increased temperatures, the quantum oscillations
are gradually suppressed due to the enhanced electron-phonon scattering. The
effective mass of the conducting electron can be deduced by fitting the
temperature-dependent oscillation amplitudes with the Ando formula at a fixed

magnetic field. With the amplitude proportional to AR oc T /sinh(aT) , as
shown in Figure 2.14 for B = 9.9 T, the best fitting yields an effective mass of m* =
0.59 me, where me is the bare electron mass. In theoretical calculations of the MoS.,
band structure there are two bands near the Fermi level (K and Q), while the

lowest energy is at the K valley (im* = 0.5 m.) for monolayer MoS,, the Q valley (m*
= 0.6 m.) becomes the lowest for layer number greater than 2L [6,30]. Since the
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MoS. flake in this study is five layers, the result is in excellent agreement with the

theoretical value.
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Figure 2.15 Conduction band edge corresponding to the Brillouin zone of the top and bottom
channels, where blue and red represent the spin-up and spin-down bands, respectively. For the
top superconducting channel, the minima of the conduction band reside at the K/K’ valleys;
whereas for the bottom high mobility channel, the conduction band minima are at the Q/Q’
valleys which sit in between the I' and K/K’ points. The large red and blue arrows indicate the
effective Zeeman fields that cause the spin splitting, which is opposite for the K(Q) and K'(Q’)
points.

To summarize, the electronic states of two channels are shown schematically in
Figure 2.15. The top-most layer is highly doped and well isolated
electronically [14,15], which behaves like a monolayer, with the lowest energy of
the conduction band located at the K/K’ valleys, whereas for the rest of the flake
the lowest energy of the conduction band is at the Q/Q’ valleys. Spin degeneracies
in each Q and Q’ valleys are lifted by the intrinsic Zeeman field Bes, which
accordingly aligns spin in opposite directions at the Q and Q’ valleys of the
Brillouin zone. The degeneracy 6 composed of 3Q and 3Q’ valleys is further
removed by the valley Zeeman effect with an applied external magnetic field [7,31].
Thus the Landau level degeneracy g equals 3, which is consistent with the g = 3.16
observed experimentally.
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An unusual behavior is observed in the transition temperature 7. of the top
superconducting channel, as shown in Figure 2.16. As the back gate voltage
increases, T, first increases and then decreases. According to the phase diagram,
the positive back gate accumulates electrons in the MoS, channel, which in
principle leads to the increase in Tc. The unusual decrease in T. suggests that due
to the growing conductivity of the bottom channel, enhanced interaction with the
top surface plays an important role in determining superconducting properties.
This behavior will be discussed in more detail in the next chapter.

T, (K)

Figure 2.16 Superconducting transition temperature Tc as a function of applied back gate
voltage, for Vic = 6 V. As back gate voltage increases, Tc first increases and then decreases,
which is not consistent with the phase diagram.

As a summary, Figure 2.17 plots the magnetoresistance of the MoS, device for
different applied ionic gate voltages at the lowest temperature T = 2 K, with fixed
back gate voltage Vpc = 100 V. The oscillations become more evident as the ionic
gate voltage increases, because higher ionic voltage induces higher carrier density
at the top surface, which leads to a stronger screening effect, so the bottom layers
are better protected from the environment. The peak and valley positions of the
oscillation remain almost unchanged, indicating that the band structure of the
bottom layers is not affected by the top ionic gating, consistent with the band edge
of the two parallel channels as shown in Figure 2.16.
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Figure 2.17 Magnetoresistance of MoS: for different ionic gate voltages, with fixed back gate
VBc =100V, at T = 2 K. The peak and valley positions of the oscillations remain almost the same.

2.4 Conclusion

This chapter studied the quantum transport of two types of MoS, transistor
devices:

(1) MoS:; encapsulated between two h-BN flakes. With protection from top and
bottom h-BN flakes, high electron mobility reveals the high quality and
homogeneity of our MoS. transistors. The insulator to metal transition is observed
at relatively low carrier density, providing additional evidence for the good quality
of the heterostructure. Ionic liquid gating is found to improve device performance
by greatly reducing the contact resistance. Surprisingly, although ionic liquid and
MoS. surface are separated by a 20 nm-thick h-BN flake, ions can still accumulate
at the surface of the h-BN. These ions act as a screening layer which further
improves the electron mobility of the MoS. channel.

(2) MoS, FET without a top h-BN flake. The top surface of the MoS, channel
can be directly gated by ionic liquid and becomes superconducting at low
temperatures. Clear SdH quantum oscillations are observed in the
magnetoresistance after the superconductivity is suppressed by the magnetic field.
The carrier density is more than one order of magnitude lower than the value
derived from the Hall measurements, which unambiguously confirms the existence
of two parallel conducting channels in few-layer MoS.-EDLT devices.
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Superconductivity is induced at the top surface of the MoS. by ionic gating; the
induced carrier is in the order of ~104 cm . Due to the strong screening effect of
the large carrier density, the bottom layers remain unaffected by the ionic gating,
and the conductivity of the bottom layers can be continuously controlled by the
back gate as a conventional field effect transistor. Therefore, two parallel
conducting channels form at the top and bottom surfaces of the MoS,, accounting
for the superconductivity and SdH quantum oscillation, respectively. The
superconducting channel acts as a screening layer as well as metal contact for
probing SdH oscillations under a high magnetic field when superconductivity is
suppressed. Furthermore, the effective mass and Landau level degeneracy
extracted from the oscillation amplitude are in excellent agreement with
theoretical calculations. This is the first experimental observation that firmly
confirms the coexistence of two parallel conducting channels in a single MoS. flake.
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