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Chapter 3. Dual-gate MoS2 

superconducting transistor 

 

 

Abstract 

In this chapter, we study a dual-gated MoS2 transistor on HfO2 substrate. Two 

parallel conducting channels (top superconducting layer and bottom normal layers) 

form due to ionic liquid and solid back gating. Superconductivity in the top 

channel can be effectively tuned through interaction with the bottom channel. 

When the bottom channel is insulating, superconductivity can be switched on and 

off continuously by field effect tuning of the carrier density of the top channel. For 

the metallic bottom channel, the superconducting state is suppressed by the anti-

proximity effect between these two channels. A “bipolar”-like superconducting 

transistor is realized based on this configuration.  

 

 

 

 

 

 

 

Submitted as  

“Continuous electrical tuning of superconductivity in two-dimensional MoS2” 

Q.H. Chen, L. Liang, J.M. Lu, O. Zheliuk, A. Ali, P. Sheng and J.T. Ye 



Chapter 3 

58 
 

3.1 Introduction 

Switching between super/non-superconducting states as controllable quantum 

phase transitions (QPT) has been widely studied in low-dimensional 

superconducting systems by adjusting static parameters such as film thickness [1], 

disorder [2], and chemical doping [3]. Alternative tunable parameters, best 

exemplified by field effect gating, have been increasingly used as continuous 

switching knobs to control superconductivity in systems with given chemical 

stoichiometry and disorder morphology. Continuous control of superconductivity 

through field effects is limited by the existing device technologies. General solid 

state gating is too weak to achieve this goal because switching superconductivity on 

and off usually requires tuning large amounts of carriers. Most previous efforts 

were focused on maximizing the field effect by using special gate dielectrics such as 

those with ferroelectric [4] or quantum paraelectric [5] properties. Solid state 

gating has been effective only in examples where tuning superconductivity requires 

changing a small amount of carriers such as realizing superconductor-insulator 

transition at the LaAlO3/SrTiO3 interface [5–7]. In previous reports, switching the 

super/non-superconducting states achieved by field effect tuning usually requires 

high gate voltages or very low temperatures, or is not continuous at the 

superconducting transition temperature.  

Recently, field effect tuning using ionic dielectric media has been demonstrated 

to be an effective method for inducing and manipulating superconductivity in 

many material systems including oxides [8–10] and layered compounds [11–15]. 

While ionic gating is very capable of handling large amount of carriers, it functions 

only when the ions are mobile above the glass transition temperature of the liquid. 

For this reason, ionic gating is not continuous at temperatures where most 

superconducting transitions happen. Hence, continuous tuning of 

superconductivity in systems with neither low carrier density nor exceptional 

dielectric properties remains a challenge that requires not only new ways of 

utilizing existing device technologies, but also alternative device operation 

concepts that go beyond the common wisdom of maximizing the carrier tunability 

through optimizing dielectrics.  

In 2D transition metal dichalcogenides (TMDs), field effect doping by ionic 

liquid induces superconductivity in MoS2 [11,14], MoTe2 [12] and WS2 [15] at the 

liquid/TMD interface. Interesting superconducting properties, such as Ising 

pairing induced by broken inversion symmetry and strong spin-orbit coupling, 

have recently been discovered [16–18]. In ionic gated MoS2 transistors on h-BN 

substrates, two parallel conducting channels have been firmly confirmed by the 

observed coexistence of superconductivity and SdH quantum oscillation in the 
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same few-layer MoS2 flake. The corresponding Cooper pairs and high mobility 

electrons are contributed by the top and bottom surface, respectively.  

In this chapter, we fabricated a dual-gate MoS2 transistor combining the 

advantages of ionic and solid gating. While ionic liquid gating induces 

superconductivity at the top surface, the solid back gate can continuously tune the 

electronic state of the bottom channel. Superconductivity can be effectively 

controlled by different working principles according to the electronic state of the 

bottom channel. When the bottom channel is insulating, it serves as an additional 

dielectric layer for the field effect tuning of the top surface by the back gate; when 

the bottom channel becomes metallic, strongly enhanced interaction between the 

top superconducting channel and the bottom normal channel leads to the anti-

proximity effect that influences the superconducting properties of the top channel.  

By precisely positioning the system close to the quantum critical point (QCP, 

the onset of superconductivity), the field effect tuning of carrier density by the back 

gate can easily change the state across the phase boundaries. When ionic gating 

induces states deep into the superconducting dome [11], the carrier density is 

beyond the tunable range of the back gate, and alternative control of 

superconductivity is achieved by inducing anti-proximity effect between the 

spatially separated top superconducting channel and bottom normal channel. The 

anti-proximity effect can be continuously controlled in a way that weakens and 

eventually suppresses the superconductivity of the top channel. 

3.2 Device fabrication 

Thin MoS2 flakes were prepared on substrates by micro-mechanically 

exfoliating bulk MoS2 crystals (2H polytype, SPI supplies), following the standard 

scotch tape method [19]. Optical microscopy and atomic force microscopy (AFM) 

were used to select thin and uniform samples. High-quality flakes with thicknesses 

of 2-5 nm were chosen for device fabrication. To improve the carrier tunability of 

the back gate, we chose high-κ dielectric HfO2 (50 nm, dielectric constant of ~24), 

which was deposited by atomic layer deposition (ALD) onto a Si substrate. 

Through the HfO2 back gate, the carrier density can be tuned in the order of 1013 

cm-2 with a moderate gate voltage and is effective at low temperatures. Electrodes 

composed of Ti/Au (5/65 nm) were deposited in a high vacuum evaporator, after 

patterning by standard e-beam lithography.  

Figure 3.1(a) shows the typical device configuration of a dual-gate few-layer 

MoS2 transistor on HfO2 substrates. The voltage bias (VLG) through ionic liquid 

induces superconductivity at the topmost layer by accumulating carriers of high 

density up to 1014 cm-2. Back gate bias (VBG) through high-κ HfO2 (50 nm) can be 
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applied up to ±20 V (with leak current less than 1 nA), reaching a continuous 

carrier density tuning of ±3×1013 cm-2. The left panel of Figure 3.1(b) displays the 

optical image of the studied device, and the right panel is the corresponding AFM 

height profile of this sample. As mentioned in the previous chapter, for a layered 

material with layer number N, the corresponding thickness is 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 layer thickness. In MoS2, the typical value of a 

ranges from 0.8 to 1 nm depending on the adhesion between the flake and 

underlying substrates, while b is around 0.62 nm [20,21]. AFM characterizes the 

thickness of the studied MoS2 flake as 2.85 nm (Figure 3.1(b) right panel). 

Consequently, the layer number is four.  

 

Figure 3.1 (a) Schematics illustration of the dual-gate MoS2 transistor on HfO2 substrates. With 

applied ionic gate voltage, ions move very close to the surface of the MoS2 and induce a high 

density of charge carriers (~1014 cm-2). (b) The optical image (left panel, dashed line depicts 

the edge of the MoS2 flake) and AFM height profile (right panel) of the MoS2 flake used in this 

study. The thickness of the MoS2 in this study is 2.85 nm, corresponding to a layer number of 

four. 

For ionic liquid gating, we used the well-known ionic liquid: N,N-diethy-N-(2-

methoxyethyl)-N-methylammonium bis-(trifluoromethylsulfonyl)-imide (DEME-

TFSI). To retain the high mobility of cations/anions as well as prevent 

electrochemical reactions, all the ionic gating procedures were conducted at T = 

220 K, which has been well established in previous studies [11,15–17,13,22,14]. 

When a gate voltage is applied between the ionic liquid and the sample, ions in the 

liquid are driven very close (~1 nm) to the sample surface, which induces carriers 

with the opposite polarity. The dynamic gating is transformed into static doping 

when the movements of ions is frozen, which is done by retaining the voltage bias 

while cooling the device to below the glass transition temperature of the ionic 

liquid. At low temperatures, the induced carriers are maintained even if the gate 

bias is grounded. After measurement, the gating effect can be thermally released by 

warming the sample up to T = 220 K, where ion movement resumes.  
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For transport measurement, liquid gate and back gate voltages were set by a DC 

source meter (Keithley 2450). Transport measurements at low temperatures were 

done by measuring voltage drops across the sample with a constant AC current, 

using standard lock-in amplifiers (Stanford Research SR830). I-V curves were 

measured with Keithley 2450. 

3.3 Results and discussion 

 

Figure 3.2 (a) Transfer curves measured at T = 220 K using liquid top gate (VLG) and solid back 

gate (VBG, HfO2), with fixed source-drain voltage VDS = 0.1 V. (b) Side view of a few-layer MoS2 

flake (left panel) and rough estimation of the carrier distribution (right panel) induced by 

liquid top gate (red) and back gate (green), respectively.  

At T = 220 K, the device can be switched on with either liquid gate (VLG) or back 

gate (VBG) as shown in the respective transfer curves (Figure 3.2(a)). To reach the 

same conductivity, VLG is typically ~1/10 of VBG, suggesting that the efficiency of 

the ionic gating is almost one order of magnitude higher than the back gating with 

50 nm HfO2 gate dielectric. Theoretical calculations showed that with 2D carrier 

density (n2D) of the topmost layer induced by ionic gating in the order of ~1014 cm-2, 

the amount of accumulated carriers decays exponentially for individual layers from 

top to bottom [23]. The n2D 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 [24]. On the other hand, VBG alone in limited bias VBG < 

Vth (where Vth is the threshold voltage indicated by the black arrow in Figure 3.2(a)) 

is not able to induce carriers as shown by the transfer curve (red) in Figure 3.2(a), 

which leaves the bottom layers of the flake simply as additional dielectric layers for 
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VBG to tune the superconductivity of the topmost layer. When VBG > Vth, carriers 

start to accumulate at the bottom layers. Although the bottom-most layer helps to 

screen out the applied VBG when it becomes more metallic, the field effect of the 

back gate can extend longer to more layers than the ionic liquid gate, because the 

screening effect scales inversely with induced carrier density [23]. The doping 

profile is shown schematically in Figure 3.2(b). Interaction appears when the 

electron wave functions of the top and bottom states overlap. Overall, doping by 

VLG exclusively affects the topmost layer, whereas doping by VBG tends to influence 

the whole flake, which tunes the superconductivity effectively. When VBG controls 

the bottom layers to be insulating or metallic, correspondingly, the operation 

mechanisms of controlling superconductivity could be switched between field 

effect and anti-proximity effect, respectively. 

By carefully adjusting VLG, we prepared the device in two different 

representative states: state A with n2D ~6×1013 cm-2 close to the QCP, and state B 

with n2D ~1×1014 cm-2, deep into the superconducting dome. In this device, some of 

the electrodes were not working so we were not able to determine the carrier 

density through the Hall measurement. The values shown here are estimated by 

mapping the transition temperature Tc with the established phase diagram [11]. 

The results for each sample state are presented below. 

3.3.1 Sample State A (close to QCP) 

In Figure 3.3 we summarize the measured data from sample state A. The 

temperature dependence of the sheet resistance Rs was measured at different VBG 

between -20 and 20 V (Figure 3.3(a)). At the most negative VBG hence the lowest 

n2D by depletion, 𝑑𝑅𝑠 𝑑𝑇 < 0⁄  indicates insulating behavior [25]. Increasing VBG 

gradually switches on the superconductivity. Transition temperature Tc shifts 

remarkably with higher VBG, where Tc is defined as 50% of the normal state 

resistance RN (Rs at T = 13 K). The evolution of the superconducting state is plotted 

as a quasi-continuous 2D map of the logarithm of Rs, as a function of temperature 

and VBG (Figure 3.3(b)), where the super/non-superconducting phase boundary 

(border line between the yellow and green areas) can be continuously accessed by 

varying VBG. It should be noted that with negative VBG the n2D spanned from 3×1013 

to 6×1013 cm-2; in this range, a metallic state should be observed referring to the 

phase diagram [11,26]. The observed insulating behavior can be attributed to 

reduced localization length and stronger inhomogeneity during the depletion of the 

superconducting top layer, which leads to faster crossover from weak to strong 

localization compared with pure ionic gating. In the normal state, RN decreases 

rapidly with increasing VBG (Figure 3.3(c), red triangle) from -10 to 10 V. A clear 

saturation of RN appears at VBG ~10 V accompanying the saturation of the Tc. 
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Figure 3.3 (a) Field effect switching of superconductivity near QCP for sample state A. (b) A 

quasi-2D color map of the logarithm of Rs versus T and VBG, showing the evolution between 

superconducting (green) and insulating (orange) phases. (c) The left axis shows changes of TBKT 

as a function of VBG. The green solid line describes the scaling relation 𝑇BKT ∝ (𝑉 − 𝑉c)𝑧𝜈, where 

zν = 2/3. Red triangles show the VBG dependence of normal state Rs measured at T = 13 K. 

The Mermin-Wagner theorem [27] has proven that no normal second-order 

phase transition occurs in the frame of the 2D XY model, which is a vector spin 

model of statistical mechanics in two dimensions. Nevertheless, there is a kind of 

transition that exists in two dimensions called the BKT transition [28,29], named 

after Vadim Berezinskii, John M. Kosterlitz and David J. Thouless. In the 2D XY 

model, vortices are topologically stable configurations. Thermal generation 

produces vortices with opposite sign, i.e. vortex and antivortex pairs. At low 

temperatures, the vortex and antivortex are bounded to pairs so that the free 

energy is lower, forming a quasi-long range order phase where the correlation 

function decays with distance like a power law. At high temperatures, the vortex-

antivortex pairs break into unpaired vortices, forming an unordered phase where 
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the correlation function decays exponentially. The BKT transition describes the 

transition from the disordered phase with bound vortex-antivortex pairs to 

unpaired vortices and antivortices that happens at some critical temperature TBKT. 

The BKT transition can be found in several systems, such as Josephson junction 

arrays and 2D superconducting systems [5,30]. Experimentally, the BKT transition 

can be observed by measuring the current and voltage V-I relation. Above a certain 

temperature, the voltage is a linear function of current 𝑉 ∝ 𝐼, while it becomes 

𝑉 ∝ 𝐼3 right below the critical temperature. The jump from linear to 𝐼3 relation is 

an indication of the BKT transition and the temperature where it happens is 

defined as TBKT.  

For the sheet resistance Rs, the temperature dependence of Rs above the critical 

temperature TBKT can be described by 𝑅s(𝑇) ∝ exp (−
𝑏

√𝑇−𝑇BKT
), where b is a constant 

related to the vortex-antivortex interaction strength. The TBKT extracted by fitting 

Rs (T) with the above relation at different VBG is shown in Figure 3.3(c) (dark blue 

circles). Access to the QCP is controlled by VBG, where TBKT = 0 is found at a critical 

back gate of VGC  = -1 V. The related variations of carrier concentration ∆𝑛2D = 𝑛 −

𝑛c serves as a direct control parameter for the quantum phase transition, where nc 

denotes the critical carrier density at QCP. Following the scaling theory of 

continuous quantum phase transition [31], TBKT is expected to scale near the QCP 

as 𝑇𝐵𝐾𝑇 ∝ (𝛿𝑛2𝐷)𝑧𝜈, where 𝑧𝜈 is the scaling factor and 𝛿𝑛2𝐷 is the variation of  𝑛2𝐷 

which is proportional to δV. Figure 3.3(c) shows that the TBKT at different VBG can 

be well described by 𝑇𝐵𝐾𝑇 ∝ (𝛿𝑉)𝑧𝜈, with 𝑧𝜈 = 2/3 being consistent with the 2D XY 

model at non-zero temperature [32], which was also observed in amorphous 

bismuth film [25] and at the LaAlO3/SrTiO3 interface [5]. 

By crossing the super/non-superconducting phase boundary, other physical 

parameters associated with the superconducting phase transition can also be 

continuously tuned by VBG. Figure 3.4(a) shows the temperature dependence of the 

critical field Bc. For each magnetic field, we measured the corresponding transition 

temperature and plot it as one data point in Figure 3.4(a). The transition 

temperatures are determined by the RT scans, using the 50% of normal state 

resistance criterion. The temperature dependence of the upper critical field Bc 

(𝐵 ∥ 𝑐 ) at different VBG shows a close association with the change in Tc. With nearly 

constant Tc when VBG > 10 V, Bc(T) almost coincides for VBG = 13 V (stars) and 20 V 

(pentagons). With Tc reduced by decreasing VBG, the Bc(T) curve shifts as parallel 

lines. It should be noted that a clear decrease of the slope of the Bc(T) curve is 

observed close to the QCP, which might be related to the progressive decrease of 

uniformity by depletion close to the QCP. Additionally, the VBG changes the I–V 

characteristics by controlling the superconducting critical current Ic, as shown in 

Figure 3.4(b). Corresponding to the continuous suppression of Ic towards the QCP, 
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the switching is characterized by the change in the line shape from the abrupt 

transition in the superconducting state to the linear behavior in the normal state. 

 

Figure 3.4 (a) Temperature dependence of Bc (perpendicular) for different VBG. (b) The I–V 

characteristics at T = 2.5 K for different VBG between -20 and 20 V (using the same color coding 

as data shown in Figure 3.3(a)).  

We also measured the temperature dependence of sheet resistance under 

different magnetic fields. Consistent with the device configuration that the strong 

field effect induces a highly two-dimensional electron gas [16], the present 

superconducting state is highly anisotropic as shown in the temperature 

dependence of Bc under perpendicular and parallel magnetic fields. 

Superconductivity is progressively suppressed by an increasing out-of-plane 

magnetic field before being completely quenched at 12 T (Figure 3.5(a)). In 

contrast, under an in-plane magnetic field, only a small shift of Tc is observed up to 

12 T (Figure 3.5(b)), suggesting a very strong 2D nature. The field-induced 

superconductivity can be described by the Tinkham model for 2D 

superconductors [33]: 

𝐵c
⊥(𝑡) =

Φ
0

2𝜋𝜉GL(0)2
(1 − 𝑡) 

𝐵c
∥(𝑡) =

Φ
0

√12

2𝜋𝜉GL(0)𝑑Tinkham

(1 − 𝑡)1/2 

where 𝑡 = 𝑇/𝑇c  denotes the reduced temperature, Φ
0

= ℎ/2𝑒 = 2.07 × 1015Wb  is 

the flux quantum and 𝜉GL(0) is the Ginzburg-Landau coherence length at zero 

temperature. By fitting experimental data, as shown in Figure 3.5(c), we obtained 

𝐵c
⊥(𝑡) = 9.6 T and 𝐵c

∥(𝑡) = 60 T for VBG = 20 V. Estimation using the Ginzburg-
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Landau theory gives coherence length 𝜉GL(0) = 5.9 nm  and the thickness of 

superconducting layer 𝑑Tinkham = 3.2 nm. Here, 𝜉GL is larger than 𝑑Tinkham, which is 

consistent with the 2D nature of superconductivity. However, it should be noted 

that dTinkham tends to overestimate the thickness of the superconducting layer, since 

the present estimation is even larger than the thickness of the whole MoS2 flake. 

This is because the Tinkham model does not consider spin-orbit interaction or 

Pauli paramagnetism, both of which are essential in our devices. Hence, the 

extracted dTinkham is an upper limit of the thickness of the superconducting layer, 

which is consistent with previous reports [34,35].  

 

Figure 3.5 Temperature dependence of Bc for state A at VBG = 20 V. Temperature dependence 

of normalized Rs under two magnetic field configurations. (a) Magnetic fields perpendicular to 

the ab plane of MoS2. (b) Magnetic fields parallel to the ab plane. Contrary to the effective 

suppression of superconductivity by the perpendicular field, the parallel fields have very little 

effect on the superconducting state. (c) Temperature dependence of Bc at VBG = 20 V in 

perpendicular (black open square) and parallel (red open circle) magnetic fields. Solid lines are 

the fittings by the 2D Ginzburg-Landau theory, which give  𝐵c
⊥(𝑡) = 9.6 T and 𝐵c

∥(𝑡) = 60 T. (d) 

Temperature dependence of in-plane Bc for different back gate voltages. Shaded areas in panels 

(c) and (d) denote the corresponding Pauli limit.  
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Figure 3.5(d) shows the temperature dependence of in-plane Bc at different 

back gate voltages, with the Pauli paramagnetic limit 𝐵p ≈ 1.86 𝑇c(0) denoted by 

the shaded areas. We consistently observed that in-plane Bc can easily exceed Bp 

for all back gate voltages, in agreement with 2D Ising superconductivity protected 

by large effective Zeeman field [16]. It is worth noting that despite the significant 

change of Tc at different back gate voltages (Figure 3.5(d)), Bc remains almost a 

vertical line without any sign of saturation in the whole accessible range of the 

magnetic field, indicating strong Ising protection throughout the whole 

superconducting dome. 

 

Figure 3.6 Evolution of current-voltage characteristics from superconductor to normal metal 

as temperature increases from 2.5 (red) to 13 K (blue). The exponent 𝛼 = 3 derived from 

𝑉 ∝ 𝐼𝛼  at TBKT = 6.6 K is denoted by the black dashed line.  

Figure 3.6 plots the V-I curves at different temperatures for state A at VBG = 20 

V. The V-I behavior changes from the abrupt transition to the linear relation with 

increasing temperature, indicating the transition from superconducting to normal 

metallic state. In 2D superconductors, this transition is consistent with the BKT 

theory. At the critical transition temperature TBKT, the V-I curve follows 𝑉 ∝ 𝐼𝛼 

with 𝛼 = 3 because the density of free vortices, which causes energy dissipation, 

scales with the square of the applied current. Figure 3.6 shows that this 

relationship is best fitted with TBKT = 6.6 K.  At temperatures lower than TBKT, free 

vortices are bounded as pairs. The system enters into a quasi-long range ordered 

phase where the correlation function decays like a power law. Resistance becomes 

zero below TBKT. 
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3.3.2 Sample State B (deep into the superconducting dome) 

Figure 3.7 shows the measurement results from sample state B, where 

superconductivity was induced deep into the superconducting dome (n2D ~1×1014 

cm-2). As shown in Figure 3.7(a), the Tc could be effectively tuned by VBG within the 

same bias range (as in Figure 3.3), but depletion by negative VBG is insufficient to 

reach the super/non-superconducting phase boundary. As a function of VBG from -

20 to 20 V, Tc first increases rapidly and reaches the maximum at VBG = 3 V. With 

further increases in VBG, Tc surprisingly goes down. From the phase diagram of 

MoS2, starting from QCP Tc rises with increasing n2D until dome peak, at 1.2×1014 

cm-2. Therefore, starting from n2D = 1×1014 cm-2 accessed by ionic gating, the 

maximum charge carrier density that can be achieved at VBG = 6 V is n2D ~1.1×1014 

cm-2, estimated by the geometrical capacitance of the back gate, which still remains 

on the left side of the dome peak. Tc is expected to increase monotonically with the 

increase of n2D. The decrease of Tc is not expected in this range. 

From the transfer curve of the normal state at T = 13 K (Figure 3.7(b) inset), 

depletion at negative VBG causes oscillations of Rs, a clear sign of universal 

conductance fluctuation due to the disordered potential. For positive VBG, the Rs 

decreases anomalously by over 40%. This amount of change is beyond the limit of 

the back gate, which is not capable of doping 40% more carriers to the MoS2 

channel (assuming that the mobility remains constant for the metallic state). 

Considering that pure ionic gating confines carriers and induces superconductivity 

mostly in the topmost layer, bottom layers (exclude the topmost layer) remain 

almost undoped. In the previous chapter, two conducting channels in dual-gate 

MoS2 transistors were confirmed by the coexistence of superconductivity and SdH 

oscillations. Positive back gate bias has negligible influence on the carrier density 

of top superconducting layer, but can significantly enhance the conductivity of the 

bottom channel when VBG > Vth. The significant resistance drop and overall 

metallic behavior are mainly contributed by the conductivity enhancement of the 

bottom channel.  

It is well known that the physical properties of superconducting thin films 

depend greatly on the choice of substrate. The Tc of superconducting thin film is 

close to that of the bulk material on insulating substrates, but is reduced on 

metallic substrates due to suppression by the anti-proximity effect [36–39]. In the 

present gating configuration, negative VBG depletes the carriers of the top 

superconducting layer continuously, and Tc decreases in accordance with the phase 

diagram. Positive VBG induces a metallic state in the bottom layers when VBG > Vth, 

similar to a conventional solid-state transistor. The conductivity of the bottom 

layers is significantly enhanced, and the structure becomes similar to that of a 

superconducting thin film sitting on a metallic substrate. As a result, the 
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superconductivity in the top layer is effectively weakened by the anti-proximity 

effect in this superconductor-normal metal heterostructure. This explains why Tc 

starts to decrease when VBG > 3 V, a behavior which is not consistent with the 

phase diagram. Here, we use the terminology “anti-proximity effect” to describe 

this phenomenon because in general, the proximity effect refers to the effect in 

which a normal metal becomes superconducting due to contact with a 

superconductor. It should be noted that the meaning of the proximity effect is two-

fold: (1) the pairing potential of the superconductor extends into the normal metal, 

so part of the normal metal becomes superconducting, and (2) the 

superconducting gap is lowered near the interface, so the transition temperature of 

the superconductor is reduced. These two processes always happen at the same 

time. To avoid any confusion, we use the “anti-proximity effect” to describe the 

influence of the bottom normal layers on the superconducting properties of the 

topmost layer. 

 

Figure 3.7 Interacting hetero-states for tuning superconductivity far from the QCP (sample 

state B). (a) Change of Tc as a function of VBG, where the solid line is a guideline for eyes. Inset: 

expanded temperature dependence of Rs for different VBG close to the superconducting 

transition, where Rs is normalized by the normal resistance measured at 13 K. (b) Calculated 

conductivity of bottom layers is plotted to the left axis (black solid curve). Red dots connected 

by the solid line are the inverse of the calculated inter-surface resistances 𝜌int (in analog of the 

inter-surface conductivity) between the top and bottom channels. The inset shows VBG 

dependence of Rs at 13 K, from which normal resistance of the top superconducting channel is 

estimated as 750 Ω (dashed red line).  

For a standard superconductor-normal metal (SN) sandwich structure where a 

superconductor is in contact with a normal metal [38–45], the interaction between 

them can be described by the Usadel equation [46], where the anti-proximity effect 

in the system is introduced by defining the inter-surface resistance 𝜌𝑖𝑛𝑡, which is 

small if the coupling between SN layers strong. The Tc of the SN sandwich 
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structure decreases exponentially with increasing normal metal thickness dN, 

approaching a finite value defined by the superconducting layer on the bulk metal 

substrate [47–50], as shown in the following equation [36]:  

In
𝑇cs

𝑇c

=
𝜏N

𝜏S + 𝜏N

[𝜓 (
1

2
+

ℎ(𝜏S + 𝜏N)

2𝜋𝑘B𝑇c𝜏S𝜏N

) − 𝜓 (
1

2
) − In√1 + (

𝜏S + 𝜏N

𝜏S𝜏N𝜔D

)2]             (1) 

where 𝜓(𝑥), h and kB are the digamma function, Planck constant and Boltzmann 

constants, respectively. Tcs and Tc are the transition temperatures of the bulk 

superconductor and SN sandwich structure. We denote 𝜏𝑁 = 2𝜋
𝑉N𝑑N

𝑉S
2 𝜌int and 

𝜏𝑆 = 2𝜋
𝑑S

𝑉S
𝜌int, where 𝑉N and 𝑉S are the Fermi velocities, dS and dN are the thickness 

of the superconducting and normal layers, respectively. 𝜌int defines the normalized 

inter-surface resistance between superconducting and metallic layers. The 

logarithmic term at the right hand side is only important for a perfect interface 

( 𝜌int ⟶ 0), which is omitted in our case because the superconducting and metallic 

layers are well separated. 

At VBG = 3 V, just before switching on the bottom parallel channel (when the 

bottom layers are still insulating), we obtain Tc = Tcs = 8.75 K. At higher VBG, using 

equation (1) we can estimate 1/ρint (as an analogy of inter-surface conductivity) as 

the coupling parameter between the SN heterostructure (Figure 3.7(b), dots and 

red guiding curve). The small inter-surface conductivity [51,52] also corroborates 

the omission of the logarithmic term in equation (1). With increasing VBG, 1/ρint 

increases rapidly as a result of conductivity enhancement in bottom layers. At 

higher VBG, due to the saturation of metallic conduction and reduced screening 

length, 1/ρint also saturates. Considering the rough doping profile as shown in 

Figure 3.2(b), we extract the contribution of the bottom channel by assuming that 

the VBG dependence of Rs (T = 13 K) (Figure 3.7(b) inset) is contributed by parallel 

conducting channels as 
1

𝑅𝑠
=

1

𝑅top
+

1

𝑅bottom
 . Rtop ≈ 750 Ω is obtained at negative VBG 

when the bottom channel is in off state. Using this model, the extracted gate 

dependence of the conductance of the bottom layers is shown in Figure 3.7(b) 

(black curve). The gate dependence of 1/ρint at positive VBG (Figure 3.7(b), right 

axis) is clearly correlated with the increasing conductivity of the bottom layers, 

which suggests that the increased conductivity in the bottom layers suppresses 

superconductivity in the topmost layer, due to the anti-proximity effect.  

As shown in Figure 3.7(a), compared with direct carrier depletion (VBG < 0), the 

anti-proximity effect (VBG > 3V) changes the Tc in much smaller amounts. The 

special carrier configuration might affect more subtly the other physical 

parameters associated with varying superconducting states. As shown in Figure 
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3.8(a), the upper critical field Bc (𝐵 ∥ 𝑐) is compared at two VBG regimes: field effect 

depletion (VBG < 0 V) and anti-proximity effect (VBG > 3 V). For VBG < 0 V, the 

temperature-dependent Bc curves are almost parallel to each other that is 

consistent with sample state A close to the QCP (Figure 3.4(a)), where the decrease 

of Bc is proportional to the decrease of Tc with reducing n2D. However, for VBG > 3V, 

the temperature dependence of Bc becomes clearly different with the increase of 

VBG. Phenomenologically, this is characterized as a significant decrease in the slope 

of the Bc(T) curve even though the change in Tc is very small.  

 

Figure 3.8 (a) Temperature dependence of Bc at different VBG. The top and bottom panels 

correspond to the field effect regime (VBG < 0 V) and anti-proximity effect regime (VBG > 0 V), 

respectively. (b) The calculated temperature dependence of Bc corresponding to the same 

regimes shown in panel (a). The trend of the Bc(T) curves agrees with the experimental 

observation.  
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To further investigate this unusual critical field behavior, we simulated Bc(T) at 

different VBG (Figure 3.8(b)), as described theoretically by Fominov etc. [36], and 

find good agreement between experimental data and calculations. Details of the 

simulation are described below. The behavior of Bc can be described by the 

following equation:  

ln
𝑇cs

𝑇
= −

𝜏N

𝜏S + 𝜏N

ln√1 + (
𝜏S + 𝜏N

𝜏S𝜏N𝜔D

)
2

− 𝜓 (
1

2
)

+
1

2
[1 +

휀S − 휀N

(휀S − 휀N)2 +
4ℎ2

𝜏S𝜏N

] 𝜓 (
1

2
+

1

4𝜋𝑘B𝑇
) [휀S + 휀N + √(휀S − 휀N)2 +

4ℎ2

𝜏S𝜏N

]

+
1

2
[1 −

휀S − 휀N

(휀S − 휀N)2 +
4ℎ2

𝜏S𝜏N

] 𝜓 (
1

2
+

1

4𝜋𝑘B𝑇
) [휀S + 휀N − √(휀S − 휀N)2 +

4ℎ2

𝜏S𝜏N

] 

where 휀S = 𝐷S𝑒𝐵c +
ℎ

𝜏S
 and  휀N = 𝐷N𝑒𝐵c +

ℎ

𝜏N
  depend on the upper critical field Bc. 

Here, 𝐷 =
1

3
𝑉F𝑙 denotes the diffusion constant, where 𝑉F is the Fermi velocity and 𝑙 

is the mean free path. The diffusion time constants 𝜏S and 𝜏N of normal carrier and 

Cooper pairs are determined by the interlayer resistance 𝜌int as 𝜏N = 2𝜋
𝑉N𝑑N

𝑉S
2 𝜌int 

and 𝜏S = 2𝜋
𝑑S

𝑉S
𝜌int, respectively. The mean free path 𝑙 can be determined by the 

Ginzburg-Landau theory: 𝑙 =
2.4𝜋𝐾B𝑇c𝜉(0)2

ℏ𝑉F
. Here, 𝜉(0)  is the coherence length 

derived from 𝐵c(0) =
Φ

0

2𝜋𝜉(0)2, where Φ
0

= ℎ/2𝑒 = 2.07 × 10−15 Wb is the quantum 

flux. Using 𝜌int obtained in the calculation of Tc, Bc(T) can be solved numerically by 

ignoring the negligible contribution of the logarithmic term due to the large 𝜌int. 

Here, Fermi velocity can be determined by 𝑉F = ℏ𝑘F/𝑚∗ ; 𝑘F = (4𝜋𝑛2D/𝑔s𝑔v)1/2 , 

where 𝑘F , 𝑚∗ , 𝑔s  , 𝑔v  are Fermi wave number, effective mass, spin degree of 

freedom, and valley degree of freedom, respectively. In this device, the 

superconducting top channel (one layer) is characterized by 𝑑S = 0.6 nm , 𝑚∗ =

0.5 𝑚𝑒, 𝑔s = 2, and 𝑔v = 2 (lowest band at the K/K’ point). For the bottom normal 

channel (three layers) 𝑑N = 1.8 nm, 𝑚∗ = 0.6 𝑚e, 𝑔s = 1, and 𝑔v = 6 (lowest band 

at the Q/Q’ points).  

As shown in Figure 3.9, the fitting results match well with the experimental 

data, except for the growing deviation at low temperatures. In our device, the 

mesoscopic universal conductance fluctuation is observed in the transfer 

characteristics measured at 13 K (inset of Figure 3.7(b)), indicating strong 

interference within the long coherence length. On the other hand, the magnetic 
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field plays an important role in setting the global phase coherence length. As a 

consequence, the interplay between interference and dephasing process might 

account for the deviation observed progressively at low temperatures, which 

manifests as an upturn in the temperature dependence of Bc. From this point of 

view, our result is in line with previous observations of a re-entrant 

superconducting phase at low temperatures [53–55]. 

 

Figure 3.9 Theoretical fittings of the temperature dependence of Bc at different back gate 

voltages. The solid dots and lines are experimental data and calculation results, respectively. 

The calculations fit well with the experimental data at relatively high temperatures, but not 

very well at low temperatures.  

Due to the different charge configurations hence different underlying 

mechanism, the theoretical simulation shown in Figure 3.8(b) clearly follows the 

experimental characteristics found in Figure 3.8(a), where the upper and lower 

panels can be described by the change of Tc and ρint due to the anti-proximity effect, 

respectively. It should be noted that although the significant suppression of the 

upper critical field at the positive back gate is clearly associated with the enhanced 

interaction between the top and bottom channels, the underlying physical 

interpretation is not established yet at this moment. One possible explanation is 

that according to the WHH theory, 
d𝐵c

d𝑇
|𝑇c

 is inversely correlated with the scattering 

time 𝜏, the anomalously large suppression of Bc with only small change of Tc might 

be explained by the significant enhancement of the screening effect due to the 

formation of metallic bottom state. With a more conductive bottom channel at 
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higher VBG, the scattering time of the top channel increases due to screening, which 

leads to the suppression of Bc. 

 

Figure 3.10 Continuous “bipolar” switching characteristics. (a) Back gate dependence of Rs at 

different temperatures. (b) Comparison between states A and B and the phase diagram from 

Ref. 11. For small or negative VBG, Tc of both states fit well with the phase diagram, while for 

both states A and B, the behavior of Tc shows clear deviations from the phase diagram due to 

the anti-proximity effect at large VBG.  

Based on the previous observations, we realize a “bipolar-like” superconducting 

transistor operation (Figure 3.10(a)). Here, “ON” means zero resistance at 

superconducting state, “OFF” means finite resistance at non-superconducting state. 

The device can be switched off by both positive and negative back gate voltages, 

supported by two different modes of working principles. With VBG < 0 V (field 

effect regime), superconductivity is tuned by charge carrier depletion; with VBG > 3 

V (anti-proximity effect regime), carriers accumulate at the bottom layers of MoS2, 

which interact with the top superconducting layer through the anti-proximity 

effect that suppresses the superconductivity. It is worth noting that moving deep 

into the superconducting dome (close to the dome peak) can enhance the doping 

uniformity which is crucial for device applications. On the other hand, larger n2D 

also makes back gate tuning more challenging because of the difficulty in handling 

the more robust superconducting phase compared with the low doping state close 

to the QCP. As shown in Figure 3.10(a), well below the Tc (for T < 5 K) where 

pairing is strong, both the carrier depletion and anti-proximity effect are too weak 

to affect the superconducting state. The transfer curve shows little VBG dependence. 

With weakened pairing at higher temperature, a bipolar response could be 

established in which the superconducting state is tuned with an OFF/ON/OFF 

pattern.  



Dual-gate MoS2 superconducting transistor 

75 
 

Figure 3.10(b) summarizes the data from both sample states A and B and 

compares them with the superconducting phase diagram of MoS2 (Ref. 11). For 

negative or small positive VBG, the data of states A and B can be mapped well to the 

phase diagram. For higher positive VBG, however, Tc starts to deviate significantly 

from the phase diagram due to the anti-proximity effect between SN channels. It 

should be noted that the 2D carrier densities at different back gate voltages are 

estimated from the HfO2 back gate capacitance through 𝑛2D = 𝑛0 + 𝐶g ∙ 𝑉BG, where 

𝑛0 is the carrier density at zero back gate voltage, induced by ionic liquid gating. 

𝐶g = 260 nF/cm2 is the gate capacitance per unit area for 50 nm-HfO2. We noticed 

that this estimation is reasonable at negative back gate voltages because the 

bottom channel is insulating, it serves as an additional dielectric layer for the field 

effect tuning of the top channel. The capacitance change due to this additional 

layer is negligible because it is very thin compared with HfO2, the estimation 

remains reasonable. However, at positive back gate the bottom layers become 

metallic, so the back gating effect decays from the bottom to top, which means the 

carrier densities of the top superconducting channel may deviate from the values 

calculated by the back gate capacitance. However, even after taking this into 

account, the decrease of Tc still disagrees with the phase diagram. The reason is 

that a positive back gate cannot reduce the carrier density in the top 

superconducting channel hence Tc should not decrease. Combined with the 

unusual behavior of critical field, we can conclude that the deviation is caused by 

the anti-proximity effect between the SN channels.  

Finally, we compare our transistor with other materials and devices reported to 

exhibit the field effect tuning of superconductivity (Figure 3.11). From application 

perspective, we seek ways of creating superconducting transistors that can operate 

at high temperatures with low gate voltage, corresponding to the top left corner of 

the diagram. The high-Tc cuprate YBa2Cu3O7-x is the closest to this goal, but the 

switching is realized through ionic gating hence superconductivity cannot be tuned 

continuously at low temperatures. Device has to be warmed up to above the glass 

transition temperature to change the gating status, therefore it is not practically 

efficient. This disadvantage also exists in LSCO and ZrNCl with relatively high Tc. 

Amorphous bismuth and LaAlO3/SrTiO3 can achieve continuous switching, but 

they either work at very low temperatures or require high gate voltages. Proximity-

induced superconductivity in metal-decorated graphene can be tuned at low 

temperatures with moderate gate voltages, by controlling the channel 

transmittance for Cooper pairs without turning the channel material into 

superconducting phase, which means it is not able to withstand a large 

supercurrent.  

Compared with previous materials, our MoS2 superconducting transistor can 

achieve high speed switching operations because it is continuously tuned by back 
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gate; this is an important factor towards the practical applications of 

superconducting transistors. In addition, it requires only a small gate voltage of 10 

V with bipolar response to the voltage bias and works in the helium-4 temperature 

range. The combination of the ionic liquid gate and HfO2 back gate presented in 

this work demonstrates an excellent candidate for balancing basic research and 

possible applications. 

 

Figure 3.11 Comparison of the performance of reported material systems that are capable of 

switching superconductivity on and off.  

3.4 Conclusion 

In this chapter, we studied the transport properties of MoS2-EDLT on HfO2 

substrate. Superconductivity is induced by ionic gating. Making use of the two 

conducting channels model, the superconducting state in the top surface of few-

layer MoS2 can be tuned as a function of the electronic state of the bottom normal 

layers. It is found that when the bottom channel is insulating (VBG < Vth), it serves 

as an additional dielectric layer for the field effect tuning of superconductivity by 

the back gate. When the bottom channel becomes metallic (VBG > Vth), strong anti-

proximity between these two channels could change the superconducting 

properties significantly.   

By applying different gate voltages, two different superconducting states in the 

top channel were studied. For state A with lower carrier density close to the 

quantum critical point, a continuous switching of superconductivity by the HfO2 

back gate is realized. For state B with higher carrier density close to the dome peak 

of the phase diagram, the unusual decrease in the transition temperature Tc with 
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increasing back gate voltage provides strong evidence that enhanced anti-

proximity can suppress and eventually destroy the superconductivity in the top 

layer.  

A “bipolar”-like superconducting transistor was realized based on the two 

conducting channels model. Different working principles are responsible for each 

regime: field effect tuning for VBG < Vth, and anti-proximity effect for VBG > Vth. Our 

superconducting transistor works in the helium-4 temperature range with 

moderate gate voltages, providing an ideal candidate both for basic research and 

device applications.    
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