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Chapter 4. Superconductor-normal 

metal junction in gated MoS2 

 

 

Abstract 

In previous chapters, we studied the transport properties of MoS2-EDLT 

devices on h-BN and HfO2 substrates, hetero electronic states can be induced in a 

single few-layer MoS2 flake and new device functionalities have be developed by 

controlling the interaction between the two states. The hetero-states at the top and 

bottom surfaces of few-layer MoS2 form a vertical junction similar to the 

conventional van der Waals heterostructure. In this chapter, we focus on the lateral 

transport properties of few-layer MoS2 superconducting transistor. By controlling 

the doping level in different regions of the MoS2 surface, we study the transport 

properties of the superconductor-normal metal junction formed at the surface of 

MoS2.  
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4.1 Introduction 

Electrical transport of the superconductor-normal conductor (SN) junction has 

shown a variety of interesting mesoscopic phenomena [1–3]. Given a particular 

superconductor, the normal conductor part of the junction can be a metal [4,5], 

semimetal [6–9] or degenerate semiconductor [10–12]. As shown in Figure 4.1, at 

the interface of an SN junction, the current is converted between a dissipative flow 

and non-dissipative supercurrent carried by normal electrons and Cooper pairs, 

respectively. The physical mechanism of this process was first proposed by 

Andreev in 1964 [13]. At the superconducting side of the junction, an energy gap 

opens up for single electrons. An electron injected from the normal conductor, 

having excitation energy slightly above the Fermi level but lower than the 

superconducting energy gap, cannot be accommodated in the superconductor as a 

single particle because only Cooper pairs are allowed in the superconductor [14]. 

Hence an additional electron with excitation energy below the Fermi level is 

required from the normal conductor to form a Cooper pair consisting of an up and 

down spin electron. This process leaves behind a hole in the normal conductor, 

with opposite spin and velocity to the incident electron. The energy state is shown 

schematically in Figure 4.2. The reflected hole traces the same path as the electron 

in the opposite direction. The reflection procedure is similar for an incident hole 

through time-reversal symmetry. This process is known as retro-reflection or 

Andreev reflection. 

 

Figure 4.1 Andreev reflection of an electron excitation from a normal metal (N) by a 

superconductor (S). A spin-up electron incident from the normal metal is reflected as a spin-

down hole with opposite velocity, at the same time a Cooper pair forms in the superconductor.   

Since the reflected hole has spin polarization opposite to that of the electron, 

then if only one spin band is occupied by the conduction electrons in the normal 
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conductor, Andreev reflection will be suppressed due to the lack of spin to form 

Cooper pairs. For example in a ferromagnetic material where spins have preferred 

orientation, the probability of the Andreev reflection (and hence the conductance 

of the junction) is a function of the spin-polarization in the normal state. 

 

Figure 4.2 Illustration of the energy state for Andreev reflection. Due to the quasiparticle gap 

in the superconductor, a potential barrier is formed at the interface between the normal 

conductor and superconductor.  

In a traditional SN junction, the superconductor and normal conductor are 

constructed by different materials. For electrical measurement, contact resistance 

between two different materials is unavoidable due to work function difference, 

residues from the fabrication process, etc. A perfectly clean interface is impossible, 

which means the probability of Andreev reflection is more or less affected by 

external factors. In order to study the intrinsic properties of Andreev reflection, we 

fabricated superconductor-normal metal (SN) junctions at the surface of few-layer 

MoS2 crystal. This idea was implemented by partially covering the surface of a 

MoS2-EDLT using an h-BN flake. The exposed surface of the MoS2 flake is turned 

into a superconductor by ionic gating, while the h-BN covered surface remains 

normal, forming an atomically sharp SN junction. For the normal side, 

pronounced Shubnikov-de Haas oscillations reveal the high quality and 

homogeneity of the MoS2. The SN interface is perfectly clean because both the 

superconducting and normal sides are formed in a single crystal; the transparency 

is expected to be high. Yet an intrinsic energy gap forms at the interface, due to 

different doping levels at the S and N sides. At low temperatures, a non-monotonic 

behavior of the Andreev reflection is observed as the magnetic field increases. This 

result is in line with the theoretical calculations of the Andreev reflection 

probabilities at the SN interface with intermediate barrier strength, providing an 

excellent platform for studying the transport properties of clean SN junctions. 
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4.2 Device fabrication 

To make the SN junction in a single crystal, we fabricated a MoS2-EDLT device 

on an h-BN substrate following the same fabrication procedure outlined in Chapter 

2. A few-layer MoS2 flake (2H polytype) was first transferred onto a uniformly thin 

h-BN flake, which served as the substrate. Another carefully chosen h-BN flake 

with a quasi-rectangular shape was put on top of the MoS2 flake to locally separate 

ionic liquid from the surface of the MoS2. Electrodes composed of Ti/Au (5/60 nm) 

were patterned with the standard e-beam lithography method.  

 

Figure 4.3 (a) Optical image of a typical h-BN/MoS2/h-BN device. The big dark blue flake with 

label “Bottom h-BN” is the bottom substrate, the light blue color in the middle is the few-layer 

MoS2 flake, a small h-BN flake is laid across the MoS2 channel, indicated by the black arrow with 

label “Top h-BN”. Scale bar: 5 μm. (b) Cartoon picture showing the SN junction. (c) AFM height 

profile of the MoS2 flake, showing that the thickness of the MoS2 in this study is 3.5 nm, 

corresponding to a layer number of five. 

The exposed MoS2 surface is in contact with the ionic liquid, so 

superconductivity can be easily induced in this area through ionic gating. For the 

h-BN covered area, however, the ionic liquid is separated from the sample surface. 

In our previous study we found that ions can still accumulate at the surface of the 

top h-BN, but the capacitance is much smaller compared with the exposed area, 

thus the gating effect is very weak. This area remains almost unaffected by ionic 

gating, showing intrinsic semiconducting properties of few-layer MoS2. Instead, 

the conductivity of this channel can be well controlled by the back gate through 

dielectrics composed of 300 nm SiO2 and the bottom h-BN flake. Figure 4.3(a) 

shows the device we measured in detail for the remaining part of this chapter, 

which was fabricated according to the aforementioned configuration. Electrodes 
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were patterned for both the exposed area and h-BN covered area. The 

corresponding AFM height profile of this device is shown in Figure 4.3(b), where 

the thickness of the studied MoS2 flake is 3.5 nm. Using the same calculation 

procedure as in previous chapters, the thickness was calculated by 𝑑 = 𝑎 +

(𝑁 − 1) × 𝑏, where a is the height of the bottom layer (including the space between 

the bottom layer and the substrate) and b is the layer thickness. In MoS2, the 

typical value of a ranges from 0.8 to 1 nm, while b is around 0.62 nm [15,16]. As a 

result, the number of layers of the studied flake is five. 

To avoid any confusion, in the following description “exposed MoS2 channel” 

refers to the surface of MoS2 that is exposed to ionic liquid, it becomes 

superconducting due to ionic gating; “h-BN covered MoS2 channel” refers to the 

surface of the MoS2 that is covered by the top h-BN flake, it remains 

semiconducting. The SN junction forms at the interface between the exposed and 

h-BN covered channel. For most of the electrical measurement (as shown in Figure 

4.3(a)), contact 1 and 6 are used as the source-drain electrodes to send current 

through the whole MoS2 channel, contacts 2 and 3 are used to measure the 

resistance of the h-BN covered MoS2 channel; contacts 4 and 5 are used to measure 

the resistance of the exposed MoS2 channel. The resistance measured by contacts 2 

and 3 includes both the resistance from MoS2 channel and the resistance from two 

SN interfaces (left and right side of the h-BN covered channel). The properties at 

these two interfaces are the same so it can be regarded as one SN junction.   

4.3 Field effect transistor characteristics 

 

Figure 4.4 Transfer curve by ionic gating at T = 220 K for the exposed area (contacts 4 and 5) 

as shown in Figure 4.3(a), with fixed VDS = 0.1 V. Arrows indicate the scan direction of the gate 

voltage.  Large hysteresis is observed due to low ion mobility at relatively low temperatures. 

The off-state gap ΔVLG = 2 V is consistent with the value from previous reports [17,18]. 
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The transfer curve for the exposed area (contacts 4 and 5) by ionic gating is 

shown in Figure 4.4, where the arrows indicate the gate voltage scan direction. 

Consistent with previous measurements, ionic gating procedure was conducted at 

T = 220 K. The device can be easily switched on and off with small ionic gate 

voltages. Both electron and hole conduction are observed, showing a bipolar 

transistor operation with a current on/off ratio higher than 105 for the electron side. 

Similar to the previous case, large hysteresis was also observed due to the low ion 

mobility at relatively low temperatures. With ionic gate voltage fixed, the 

temperature is quickly cooled to freeze the ionic liquid. Below T = 180 K, the gate 

voltage can be retracted without losing the gating effect, because ions cannot move. 

The gating effect can be released by warming up the sample to T = 220 K, where 

ion movement is resumed. Different ionic gate voltages were tested by repeatedly 

warming up and cooling down.  

 

Figure 4.5 (a) Channel resistance as a function of VBG for different temperatures from 170 to 2 

K. (b) FET mobility obtained by fitting the transfer curve with the back gate capacitance 

𝜇FET =
1

𝐶g

d𝜎

d𝑉BG
. The red dashed line shows the power law relation 𝜇(𝑇)~𝑇−𝛾 , with 𝛾 = 1.73 

which is smaller than the theoretical prediction but consistent with previous experimental 

observations [23,24]. 

At low temperatures where the ionic liquid is frozen, we measured the 

temperature dependence of the transfer curve by the back gate for the h-BN 

covered area (contacts 2 and 3). The measured four-probe resistance in the range 

of VBG = -50 to 80 V is shown in Figure 4.5(a). For all different temperatures, R 

decreases with increasing VBG, as expected for an n-type semiconductor. For VBG > 

0 V, sample resistance shows metallic behavior, where resistance decreases 

significantly with decreasing temperature. The FET mobility can be extracted from 

the gate dependence of conductivity by 𝜇FET =
1

𝐶g

d𝜎

d𝑉BG
 , where 𝜎 is the conductivity 
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and Cg is the gate capacitance per unit area. Here, for 300 nm SiO2 and 30 nm h-

BN 𝐶g = 10.5 nF/cm2. The extracted FET mobilities at different temperatures are 

shown in Figure 4.5(b). At T = 170 K, 𝜇FET ~ 100 cm2/Vs which increases with 

decreasing temperature, with a tendency to saturate below T = 80 K. At T = 2 K, 

𝜇FET ~ 1000 cm2/Vs, which shows almost one order of magnitude improvement. As 

we know, the measured mobility can be described by a simple formula: 1/𝜇(𝑇) =

1/𝜇imp + 1/𝜇ph(𝑇), where 𝜇imp(𝑇)  is the contribution from impurity scatterings 

and 𝜇ph(𝑇)  is the temperature-dependent contribution from phonon 

scatterings [19]. At high temperatures, phonon scatterings are the main source that 

limits the mobility of electrons. As the temperature decreases, phonon scatterings 

are gradually suppressed, and hence the mobility increases dramatically. The 

temperature dependence of 𝜇ph(𝑇) is described by the power law 𝜇ph(𝑇)~𝑇−𝛾. This 

behavior is consistent with mobility contributions from optical phonons. 

Theoretical calculations showed that the exponent is ~1.69 for monolayer [20] and 

~2.5 for bulk [21] MoS2. Here, in our measurement the best fitting gives an 

exponent of 𝛾 = 1.73, which is in the middle of previously reported values 1.9-

2.5 [19,22] and 0.55-1.7 [23,24]. At sufficiently low temperatures, the phonon 

scatterings are completely suppressed and the main scattering sources are from 

long-range Coulomb impurities and short-range atomic defects [25–27]. Since 

these scatterings have very weak temperature dependence, mobility saturates at 

low temperatures.  

 

Figure 4.6 Chanel resistance as a function of SiO2 back gate voltage at T = 2 K, VLG = 3 V. Black 

and red curves represent the MoS2 channel that is covered (contacts 2 and 3) and not covered 

(contacts 4 and 5) by h-BN, respectively. For the h-BN covered MoS2 channel, the transfer curve 

becomes flat at VBG < 30 V because the resistance exceeds the detecting limit of our setup.  

At low temperatures, the FET characteristics for the h-BN covered channel and 

exposed channel show distinctive response by the back gate tuning, as shown in 
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Figure 4.6. Since the exposed area is already highly doped (n2D ~ 1014 cm-2) by ionic 

gating, the back gate has almost no effect on the channel resistance. The h-BN 

covered MoS2 channel is only slightly doped by ionic gating, and thus can be easily 

switched on and off by the back gate. The on/off ratio is about 105.  

4.4 Superconductivity in the exposed MoS2 channel 

(contacts 4 and 5) 

No clear superconductivity is observed for the first cooling down with VLG = 3 V. 

When the sample is warmed up to T = 220 K and a higher ionic gate voltage is 

applied VLG = 3.8 V, the RT curve of the exposed MoS2 channel shows a clear 

superconducting transition, as shown in Figure 4.7(a). A more robust 

superconducting state with higher Tc is observed after applying a 100 V back gate 

voltage (red curve in Figure 4.7(a)). At low temperatures, the RT curves also show 

strong perpendicular magnetic field dependence. The superconducting transition 

is suppressed by applying magnetic fields perpendicular to the ab-plane of the 

MoS2 (Figure 4.7(b)).  

 

Figure 4.7 (a) Temperature dependence of the channel resistance for exposed MoS2 channel. 

Without applying back gate voltage (black curve), the superconducting state is close to the QCP. 

(b) Exposed MoS2 channel resistance as a function of temperature at VBG = 100 V, under 

different perpendicular magnetic fields: 0, 0.05 T, 0.1 to 1.5 T in 0.1T steps, 1.7, 2, 2.5, 3 and 5 T. 

Superconductivity is gradually suppressed by the magnetic field.  

4.5 Magnetoresistance in the h-BN covered MoS2 channel 

(contacts 2 and 3)  

When measuring the magnetoresistance (MR) of the h-BN covered MoS2 

channel, an unusual behavior is observed as shown in Figure 4.8(a). With the 



Superconductor-normal metal junction in gated MoS2 

89 
 

applied perpendicular magnetic field increases from 0 to 12 T, the resistance of the 

h-BN covered MoS2 channel first decreases and then increases. This behavior in 

the small field region is magnified and shown in Figure 4.8(b). At B > 2.5 T, MR 

shows a parabolic B-field dependence, which results from the semi-classical 

Lorentz deflection of carriers. As the field further increases to B > 5 T, pronounced 

Shubnikov-de Haas (SdH) oscillations appear as a manifestation of the high-

quality MoS2 channel covered by the h-BN flake. Thus, we divide the MR into two 

regions: the low field region with anomalous MR behavior, and the high field 

region with SdH oscillations.  

 

Figure 4.8 (a) Magnetoresistance of MoS2 covered by h-BN at T = 2 K and VBG = 100 V. (b) 

Magnification of the small field region in panel (a).    

4.5.1 SdH quantum oscillations 

We first focus on the SdH oscillations of the h-BN covered MoS2 channel in the 

high field region. MR curves for different back voltages are shown in Figure 4.9(a). 

Both the amplitude and frequency of the SdH oscillations change significantly with 

the increase of back gate voltage. Similar to the description in previous chapters, 

the oscillation components are extracted by subtracting the MR background. The 

top and bottom envelope lines are determined by the peak and valley positions of 

the oscillations, and the average of the two envelope lines is taken as the MR 

background. After subtracting the MR background, the oscillations shown in 

Figure 4.9(b) are unique periodic functions of 1/B. The period decreases with 

increasing back gate voltage.  

In 2D electron gas, the carrier density 2Dn  is directly related to the period of 

the quantum oscillations through 𝑛2D = 𝑔𝑒𝐵F/ℎ, where 𝑔 = 𝑔s ∙ 𝑔v  is the Landau 

level degeneracy and BF is the oscillation frequency in 1/B, which can be obtained 
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from Figure 4.9(b). On the other hand, carriers of the h-BN covered MoS2 channel 

are induced by the back gate (in the h-BN covered MoS2 channel, the ionic gating 

effect can be neglected because the top h-BN separate the ions from the MoS2 

surface), and thus the carrier density can be calculated through the geometric 

capacitance and gate voltage 𝑛2D = 𝐶g(𝑉BG − 𝑉th)/𝑒 . Here, Vth is the threshold 

voltage and 𝐶g = 10.5 nF/cm2 is the capacitance per unit area for the back gate of 

300 nm SiO2 and 30 nm h-BN used in this experiment. Hence 𝐵F =
ℎ𝐶g

g𝑒2 (𝑉BG − 𝑉th), 

the Landau level degeneracy g can be obtained from the linear fitting of back gate 

dependence of BF as shown in Figure 4.9(c). The result shows that g = 3.06, in 

excellent agreement with what was obtained in previous chapters, and also with 

values from the literature [22].  

 

Figure 4.9 (a) Magnetoresistance at high field region for VBG = 90 (blue), 95 (red) and 100 V 

(black), at T = 2 K. (b) After subtracting the MR background, ΔR is a unique period function of 

1/B, consistent with the behavior of a standard SdH oscillation. Curves are vertically shifted for 

clarity. (c) Oscillation period BF as a function of back gate voltage obtained from panel (b). With 

𝐵F =
ℎ𝐶g

g𝑒2 (𝑉BG − 𝑉th), the linear fitting yields a Landau level degeneracy of g = 3.06. 

According to the relation 𝜇𝑞 = 𝑒𝜏𝑞/𝑚∗ ≈ 1/𝐵𝑞, the quantum scattering time 𝜏𝑞 

can be obtained from the magnetic field corresponding to the onset of SdH 

oscillations [28]. Here with the onset of the oscillations at 𝐵𝑞 = 5 T, the quantum 

mobility is ~ 2000 cm2V-1s-1. A more accurate method of estimating the mobility is 

to use the Dingle plot in the Ando formula: 

04 exp( )th

c q

R R
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where, 𝛾𝑡ℎ = 𝛼𝑇/sinh (𝛼𝑇)  is the Dingle term 𝛼 = 2𝜋2𝑘B/ℏ𝜔c , 𝑅0  is the classical 

resistance in the zero applied field, 𝜔c = 𝑒𝐵/𝑚∗ is the cyclotron frequency and 𝑚∗ 

is the electron effective mass. ℏ  is the reduced Planck constant and 𝑘B is the 

Boltzmann constant. 𝜏𝑞 is the quantum scattering time, determined by the 

scattering event  that destroy quantized cyclotron orbits.  

In Figure 4.10(a) the red dashed lines are the amplitude fitted by the Ando 

formula for the oscillations at VBG = 100 V and T = 2 K. Figure 4.10(b) shows the 

ln (∆𝑅/4𝑅0𝛾𝑡ℎ) as a function of the inverse of the magnetic field. The best linear 

fitting gives the quantum scattering of 𝜏𝑞 = 801 𝑓𝑠 . From 𝜇 = 𝑒𝜏/𝑚∗  we can 

estimate the mobility of the electron to be 2348 cm2V-1s-1. This result is in good 

agreement with the value obtained from the onset of quantum oscillation. 

Quantum oscillation is the most accurate way to extract the carrier mobility, which 

is a well-established method in conventional 2D electron gas. In general, the 

mobility obtained from the SdH oscillations is smaller than the value obtained 

from FET fitting. In our device, however, it is the opposite, suggesting that the FET 

fitting underestimates the carrier mobility. As far as we know, the mobility 

extracted from the SdH oscillations in our experiment is the highest compared 

with previous reports [19,22]. This result provides strong evidence that the quality 

and homogeneity of the MoS2 channel covered by the top h-BN are very good.  

 

Figure 4.10 (a) ∆𝑅 plotted as a function of the inverse of the magnetic field at T = 2 K and VBG = 

100 V. The red dashed line is the amplitude fitted by the Ando formula. (b) Dingle plot of ∆𝑅 

(solid squares). ln (∆𝑅/4𝑅0𝛾𝑡ℎ) is proportional to the inverse of the magnetic field 1/B. From 

the best linear fitting (black solid line), the extracted quantum scattering time is 801 fs. The 

corresponding mobility is 2348 cm2V-1s-1. 
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Figure 4.11 (a) Magnetoresistance of h-BN covered MoS2 channel at temperatures from 2 K to 

10 K. Curves are vertically shifted by 30 Ω for comparison. The SdH oscillation disappears 

above 6 K due to enhanced electron-phonon scatterings. (b) Oscillation amplitude after 

subtracting the MR background, plotted with the inverse of the magnetic field 1/B. (c) 

Temperature dependence of oscillation amplitude at B = 9.4 T. The best fitting using the Ando 

formula yields an electron effective mass of 0.60 me. (d) Effective mass fitted at different 

magnetic fields. All the fittings give similar results of 0.6 ± 0.02 me, in excellent agreement with 

the theoretical calculation of 0.6 me for multilayer MoS2. 

Figure 4.11(a) and (b) show the temperature dependence of the SdH oscillations 

for VBG = 100 V, before (a) and after (b) subtracting MR background. According to 

the Ando formula, the oscillation amplitude at the fixed magnetic field is described 

by ∆𝑅 ∝ 𝛼𝑇/sinh (𝛼𝑇) . The effective mass of the conduction electrons can be 

deduced by fitting the temperature dependent oscillation amplitudes with this 

formula. As shown in Figure 4.11(c), the best fitting yields an effective mass of 

𝑚∗ = 0.60 𝑚𝑒 at B = 9.4 T, where me is the bare electron mass. Figure 4.11(d) shows 
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the fitting results for other magnetic fields, all of which give very similar values. 

This result matches well with the theoretical calculation of the MoS2 band 

structure, which predicts there are two bands near the Fermi level (K and Q 

valleys), with the lowest energy of the conduction band at the K/K’ valleys (𝑚∗ =

0.5 𝑚𝑒) for monolayer MoS2, the Q/Q’ valleys (𝑚∗ = 0.6 𝑚𝑒) become the lowest of 

conduction band for multilayer MoS2. Since the MoS2 flake in this study is 

composed of five layers, the result is consistent with the theoretical calculation.  

4.5.2 Anomalous magnetoresistance 

 

Figure 4.12 (a) Magnetoresistance at different temperatures from 2 to 10 K, with VBG = 100 V. 

Each curve is shifted by 50 Ω for clarity. (b) Magnified view of the low field region, showing the 

evolution of the unusual MR behavior at the low field region with different temperatures.  

As shown in Figure 4.8, for the h-BN covered MoS2 channel, an unusual MR 

behavior is observed. We measured the resistance of the h-BN covered MoS2 

channel using contacts 2 and 3, this also involves the resistance at the interface 

between exposed and h-BN covered channels. More specifically, the resistance 

between contacts 2 and 3 can be written as 𝑅23 = 𝑅SN + 𝑅MoS2
+ 𝑅SN, where 𝑅SN is 

the resistance at the SN interface and 𝑅MoS2
 is the channel resistance of MoS2. The 

interface resistance behaves similarly at the left and right side of the h-BN covered 

channel, so it can be regarded as one SN junction. Figure 4.12(a) shows the whole 

field range of MR at different temperatures from 2 to 10 K, and the magnified 

small field region is shown in Figure 4.12(b). An obvious negative MR is observed 

at low temperatures and low magnetic fields, which becomes less pronounced as 

temperature increases. At T > 3 K resistance increases monotonously with the 

increasing magnetic field. The positive MR with a dip at B = 0 T is clearly related to 

superconductivity, as it disappears above the superconducting transition 

temperature at T = 5 K. When the temperature further increases above Tc, the MR 
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shows a normal parabolic B-field dependence due to the Lorentz deflection of 

carriers.  

The behavior of the negative MR looks similar to that of weak localization, but it 

changes to a positive MR above 3 K, and the whole low field anomalous behavior 

disappears at temperatures above 5 K. It is therefore unlikely to be explained by 

the weak localization. In Figure 4.13, the different MR features at low fields are 

schematically mapped to the RT curve. It clearly shows that the unusual MR 

behavior is correlated with the superconducting transition. Above the 

superconducting transition, the MR shows a normal parabolic shape. Positive MR 

is observed in the middle of the superconducting transition. Negative MR appears 

when a more robust superconducting state with zero resistance is developed below 

T = 3.5 K.  

In previous reports, negative MR has been observed in granular or amorphous 

thin superconducting films and wires [29–31]. In these systems, Cooper pairs are 

localized in individual islands, and electrical transport is dominated by the 

tunneling between coupled superconducting grains. The tunneling effect is 

weakened due to the formation of a superconducting gap in the density of states. 

With the application of perpendicular magnetic fields, the superconducting gap is 

effectively reduced. As a result, the quasi-particle tunneling is enhanced, which 

leads to the increase in conductivity. However, this negative effect contributed by 

the tunneling effect normally occurs in relatively high fields, which is contrary to 

our case. In addition, although doping inhomogeneity may exist in our system, it is 

unlikely to be a granular system, as proved by the positive MR of the exposed MoS2 

channel. Hence, this model is not applicable to our system.  

 

Figure 4.13 (a) Schematic illustration of the unusual MR behavior of the h-BN covered MoS2 

channel corresponding to the RT curve of the exposed area at VBG = 100 V. Light grey region 

represent the negative MR, in light pink region positive MR is observed, and in the light blue 

region MR shows a normal parabolic behavior. (b) RT curves of the h-BN covered MoS2 channel 

under different perpendicular magnetic fields from 0 to 1.2 T.  
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Figure 4.14 (a) Energy band diagram showing the NS interface. The exposed MoS2 channel 

becomes highly doped by ionic gating and behaves similarly to a metal, while semiconducting 

properties are preserved in the h-BN covered MoS2 channel. The interface is analogous to a 

metal-semiconductor junction. A potential barrier forms at the interface with intermediate 

strength, judged by the intermediate resistance of the junction. (b) A blow-up around the Fermi 

level showing the ideal superconductor density of states (DOS). When the temperature is below 

the superconducting transition temperature, a gap opens in the energy states. The quasi-

particle tunneling is suppressed due to the lack of energy states to accommodate the incident 

electron. Andreev reflection could occur at this interface, but the probability is lowered by the 

finite potential barrier. (c) Plots of transmission and reflection coefficients at the NS interface 

for an intermediate barrier strength Z = 0.3. Curves A and B are the Andreev and ordinary 

reflection probabilities, respectively. Curve C(D) gives the transmission probability 

without(with) branch crossing. With intermediate barrier strength, the probability of Andreev 

reflection first increases and then decreases as a function of the electron energy. (d) Calculated 

differential conductance as a function of electron energy for barrier strength Z = 0.5 at absolute 

zero temperature, showing similar non-monotonic behavior with the energy of the electron. (c) 

and (d) are adapted from Ref. 32.  
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In our device configuration, the current flows through a SN junction. Figure 

4.13(b) shows the RT curves of the h-BN covered MoS2 channel under different 

magnetic fields. The drop in resistance around Tc in the RT curve and the 

resistance increase around Bc in the MR curve are clear signs of Andreev reflection 

at the SN interface. As a result, the observed negative and positive MR are likely to 

be explained by the BTK model [32] and Andreev reflection [13]. Because of the 

large inequivalent doping levels between ionic gated MoS2 channel and h-BN 

covered MoS2 channel, a Schottky-like barrier forms at the interface. The strength 

of the barrier is not very high, as inferred from the intermediate resistance (~1 kΩ, 

which is neither very high nor very low). The Andreev reflection process in our 

sample is shown schematically in Figure 4.14 (a) and (b). A potential barrier forms 

at the interface due to the large Fermi level difference between the exposed and h-

BN covered MoS2 channels.  

Blonder and coworkers [32] developed a theory for superconductor-normal 

metal micro-constrictions contacts, which describes the crossover from metallic to 

tunnel junction behaviors. In this model, a dimensionless δ-function potential 

barrier Z is used to describe the strength of the electrical tunneling at the NS 

interface. When Z is equal to zero, there is no tunneling barrier at the interface, 

such as a perfect normal metal-superconductor junction, the electrical transport is 

dominated by the Andreev reflection process. A very large Z indicates a substantial 

classical tunneling barrier, such as in a normal metal-insulator-superconductor 

(NIS) junction, where the electrical transport is dominated by electron tunneling. 

Figure 4.14(c) shows that the Andreev reflection probability (curve A) is not a 

monotonic function of electron energy [32]; the probability increases as the 

electron energy increases and  reaches a maximum at Δ (where 2Δ is the BCS 

superconducting gap), then the probability decreases dramatically with the 

increase of electron energy. Similar behavior is found in the differential 

conductance as shown in Figure 4.15(d), which shows a peak at Δ.  

Our observations may be well explained by this model. In our SN junction, Z is 

neither zero nor very large, thus there is a finite probability for the Andreev 

reflection, as shown in Figure 4.14 (a) and (b). According to the BCS theory, the 

effective superconducting gap shrinks with an increasing magnetic field. As a result, 

the probability of Andreev reflection increases and resistance decreases. The 

resistance reaches a minimum when Δ is equal to the electron energy. As the 

magnetic field further increases, the Cooper pair breaking effect dominates the 

transport, and the resistance increases monotonously. Overall, the experiment fits 

qualitatively with the theoretical calculations.  
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4.6 Conclusion 

We fabricated an SN junction at the surface of a few-layer MoS2 flake on the h-

BN substrate, with the middle of the MoS2 flake covered by a top h-BN flake. For 

the h-BN covered MoS2 channel, ionic gating had a small effect thus the 

semiconducting properties were preserved, providing an ideal device platform for 

probing the intrinsic properties of 2D layered materials. High quality and 

homogeneity in the h-BN protected MoS2 channel are strongly supported by the 

observation of pronounced SdH oscillations. The Landau level degeneracy and 

effective mass obtained from the oscillation period confirm that the electronic 

transport of few-layer MoS2 is dominated by the Q/Q’ valleys of the conduction 

band.   

Superconductivity was induced in the exposed MoS2 channel by ionic gating, 

while the back gate induced a metallic state in the h-BN covered MoS2 channel, 

forming a superconductor-normal metal (SN) junction. Due to the huge difference 

in the doping levels between the exposed and h-BN covered MoS2 channel, a 

Schottky-like barrier formed at the interface. An unusual magnetoresistance (MR) 

was observed in this region at the low magnetic fields and low temperatures. This 

unusual MR behavior can be explained by the Andreev reflection with an 

intermediate barrier. If the barrier strength is very high, the transport is 

dominated by single particle tunneling, like a tradition metal-insulator-

superconductor (MIS) tunneling junction. If the tunneling barrier is zero, 

corresponding to a perfectly clean interface, the transport is determined by the 

Andreev reflection process. With an intermediate barrier, the probability of 

Andreev reflection shows a non-monotonic behavior. The probability is maximized 

when the electron energy is equal to Δ (where 2Δ is the BCS superconducting gap 

size). Negative MR is observed because the superconducting gap decays with the 

increasing magnetic field. As the magnetic field further increases, the Cooper pair 

breaking effect dominates the transport hence positive MR is observed.   
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