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1. Experimental methods, device configuration and characteristics 

Few-layer MoS2 flakes were prepared on h-BN/SiO2(300 nm)/Si or HfO2(50 nm)/Si 

substrate following the standard scotch tape method [1] and transfer process [2]. For the ionic 

gating, we used the well characterized ionic liquid: N,N-diethy-N-(2-methoxyethyl)-N-

methylammonium bis-(trifluoromethylsulfonyl)-imide (DEME-TFSI). To keep high mobility 

of ions while prevent electrochemical reaction, all the ionic gating procedures were conducted 

at T = 220 K. When a gate voltage is applied between the ionic liquid and sample channel, 

ions in the liquid are driven very close (~ 1 nm) to the sample surface and induce carriers with 

the polarity opposite to the ions close by. Transfer characteristics using only VLG or VBG [Figs. 

S1(b) and S1(c)] indicate that, to reach similar conductivity, VLG is typically ~1/10 of VBG, 

suggesting that ionic gating is about 10 times more efficient than 50 nm high-κ HfO2 gate. 

The dynamic gating is transformed into static doping when movement of ions is frozen, which 

is implemented by keeping voltage bias while cooling the device down to below the glass 

transition temperature of the ionic liquid. At low temperatures, the induced carriers maintain 

even if we ground the gate bias. After measurement, the gating effect can be thermally 

released by warming up to T = 220 K, where ion movement is resumed. 

 

2. Superconducting properties of the topmost layer 

Figure S2(a) shows a typical RT curve of a dual-gate MoS2 transistor, where 

superconductivity can be easily induced. By applying perpendicular magnetic fields, 

superconductivity is gradually suppressed as shown in Fig. S2(b). The superconductivity at 

the MoS2/liquid interface can be well described by the Tinkham model for two-dimensional 

superconductors [3]: 𝐵c
⊥(𝑡) =

Φ0

2𝜋𝜉GL(0)2
(1 − 𝑇/𝑇c)  and 𝐵c

∥(𝑡) =
Φ0√12

2𝜋𝜉GL(0)𝑑Tinkham
(1 −

𝑇/𝑇c)1/2, where Φ0 =
ℎ

2𝑒
= 2.07 × 10−15 Wb is the flux quantum, 𝜉GL(0) is the Ginzburg-

Landau coherence length at zero temperature. As can be seen in Fig. S2(c), by fitting with the 



experimental data we obtain 𝐵c
⊥(0) = 9.6 T  and 𝐵c

∥(0) = 60 T . Estimation using the 

Ginzburg-Landau theory gives the coherence length 𝜉GL(0) = 5.9 nm and the thickness of 

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

in line with the two dimensional (2D) nature of the superconductivity. The inversion 

symmetry broken by the perpendicular electrical field of ionic gating and strong spin-orbit 

interaction in MoS2 induce a Zeeman-like effective magnetic field which points to the out-of-

plane direction. As a result, the spins of the electrons in the Cooper pairs are strongly pinned 

to the out-of-plane direction (Ising pairing) by this effective Zeeman field and thus protected 

from being aligned by in-plane magnetic field, which explains the observed large in-plane 

critical field [4]. This also corroborates that the superconductivity only exist in the topmost 

layer, since for bilayer MoS2 the inversion symmetry is resumed and the Ising pairing is 

significantly weakened thus the superconductivity cannot survive in very large in-plane 

magnetic fields.  

 

3. Shubnikov-de Haas oscillations and scattering time for different ionic gating 

By applying different ionic gate voltages, the temperature dependence of the sheet 

resistance of MoS2 behaves differently, as can be seen in Fig. S3(a). For VLG = 3 V, sample 

shows small resistance drop at ~2 K due to superconductivity transition. This state is very 

close to the quantum critical point (QCP). With increasing ionic gate voltage, full transition of 

superconductivity starts to emerge. The Tc increases with the increase of gate voltage showing 

a tendency to saturate at VLG > 4.6 V, which is consistent with the dome-like phase diagram 

reported previously [5]. As shown in Fig. S3(b), the Shubnikov-de Haas (SdH) oscillations 

also become more evident as the ionic gate voltage increases. The peak and valley positions 

of the oscillations remain almost unchanged for fixed VBG = 100 V, indicating that the energy 

bands that account for the SdH oscillations are not affected by the ionic gating. Therefore, 

instead of being contributed by the electrons induced by ionic gating, the SdH oscillations are 



clearly associated with the electrons injected by back gate, consistent with the band diagram 

of the two hetero-electronic states shown in Fig. 1(b). Using the Lifshitz-Kosevich formula 

∆𝑅 = 4𝑅0𝑒−𝛼𝑇D 𝛼𝑇/sinh (𝛼𝑇) , we extract the quantum scattering time, where  𝛼 =

2𝜋2𝑘B/ℏ𝜔c, 𝑅0 is the resistance at zero field, 𝜔c = 𝑒𝐵/𝑚∗ the cyclotron frequency, 𝑚∗ the 

effective mass of electron, ℏ the reduced Planck’s constant and 𝑘B the Boltzmann constant. 

𝑇D = ℏ/2𝜋𝑘B𝜏 is the Dingle temperature, where 𝜏 is the scattering time. As shown in Fig. 

S3(c), ln (∆𝑅sinh (𝛼𝑇)/4𝑅0𝛼𝑇) shows linear dependence as a function of 1/B for different 

ionic gate voltages. The scattering time is inversely proportional to the slope of 

aforementioned linear relationship. With the increase of ionic gate voltage, the extracted 

scattering time  [Fig. S3(d)] clearly increases, hence the electron mobility also enhances. This 

is because higher ionic gate voltage induces higher carrier density on the top surface with 

stronger screening effect, the bottom layers are better protected from scattering centers such 

as the charged impurities. Compared with the previously reported devices that have either 

fully encapsulated MoS2 by the top and bottom h-BN [6] or specially prepared graphene 

contacts [7], present MoS2 device exhibit pronounced SdH oscillations in spite of the exposed 

top surface and normal metal contacts. A plausible explanation is that the induced top 

superconducting state not only serves as an effective screening layer [8,9] but also provides 

metallic contact for the encapsulated bottom state. With the enhancement in both screening 

and contact, our device structure is attractive for making high-electron-mobility transistor 

(HEMT) devices with top-gated Schottky contact and bottom high-mobility TMD layers with 

minimal scattering [10]. 

 

4. Back gate dependence of the SdH oscillations 

As shown in Fig. S4, the SdH oscillations shows strong back gate dependence, where the 

oscillation behavior can be completely switched on (VBG = 100 V) and off (VBG = 50 V). This 

also proves that the SdH oscillations are not related to the electrons induced on the topmost 



layer by ionic gating, since they always present with or without applying back gate voltage. In 

addition, the electron mobility (~100 cm
2
/Vs, estimated from 𝜎 = 𝑛𝑒𝜇 at VBG = 0 V) in the 

topmost layer is too low to account for the well-behaved quantum oscillation starting from B 

~ 5 T. Therefore, the SdH oscillations are clearly originated from the electrons in the bottom 

layers induced by back gate. 

Figure S5 shows a series of back gate scan at different temperatures, for the same device 

discussed in the Figs. 1 and 2. The forward (black curves) and backward (red curves) scan 

perfectly overlap with each other except for very small hysteresis observable only at high 

temperatures (> 120 K) and large back gate (> 80 V). No hysteresis can be observed below T 

= 80 K, which ensures that the back gate tuning of the SdH states is stable and repeatable. 

Accordingly, it is reasonable to calculate the carrier density that accounts for the SdH 

oscillations by the applied gate voltage and the geometric gate capacitance. 

 

5. Hall measurement 

The carrier density can be determined through the Hall effect measurement as 𝑛Hall =

𝐵/𝑒𝑅Hall. The Hall measurement are performed for the normal state at T = 13 K with back 

gate voltage VBG = 0 and 100 V. As shown in Fig. S6, the Hall resistance shows a normal 

linear dependence on the B field at VBG = 0 V. At VBG = 100 V, however, obvious curvature is 

observed in contrast to the linear fitting (blue dashed line in Fig. S6). This nonlinear behavior 

is consistent with previous report in the 2D electron gas (2DEG) formed at the LaTiO3/SrTiO3 

interface [11], where two types of spatially separated carriers are identified: the majority of 

intrinsically doped low-mobility electrons located precisely at the interface, responsible for 

the superconductivity; and low-density, high-mobility electrons lying beneath the 

superconducting 2DEG on the SrTiO3 side, which is induced by electrostatic gating through 

SrTiO3. The Hall resistance as a function of magnetic field up to 45 T shows two distinct 

slopes, which can be nicely fitted with a two-band model: 



𝑅Hall =
𝐵

𝑒

𝑛1𝜇1
2

1 + 𝜇1
2𝐵2 +

𝑛2𝜇2
2

1 + 𝜇2
2𝐵2

[
𝑛1𝜇1

1 + 𝜇1
2𝐵2 +

𝑛2𝜇2

1 + 𝜇2
2𝐵2]

2

+ [
𝑛1𝜇1

2𝐵

1 + 𝜇1
2𝐵2

𝑛2𝜇2
2𝐵

1 + 𝜇2
2𝐵2]

2                             (1) 

Where 𝑛1 and 𝑛2 are the 2D electron densities of the two types of carriers, and 𝜇1 and 𝜇2 the 

corresponding mobilities.  

Employing the model above, as shown in Fig. S6, our data can be fitted by the solid lines that 

agree well with the experiment data. The fitting parameters are: 𝑛1 = 2.15 × 1014 cm−2 , 

𝜇1 = 80 cm2/Vs , 𝑛2~0 , 𝜇2~0  for VBG = 0 V; and 𝑛1 = 2.17 × 1014 cm−2 , 𝜇1 =

268 cm2/Vs, 𝑛2 = 6 × 1012 cm−2, 𝜇2 = 1300 cm2/Vs for VBG = 100 V. The high-mobility 

electron density 6 × 1012 cm−2 at VBG = 100 V is in good agreement with the values (~5 ×

1012 cm−2 ) obtained from the SdH oscillations [as shown in Fig. 2(b)]. From the SdH 

oscillations we can also calculate the carrier mobility as 𝜇 =
𝑒𝜏

𝑚∗. Taking 𝑚∗ = 0.6𝑚𝑒 [Fig. 

2(d)] and 𝜏 ≈ 550 fs [Fig. S3(d)], the obtained 𝜇 = 1600 cm2/Vs is comparable to the value 

obtained for high-mobility electrons from fitting the Hall resistance (𝜇2 = 1300 cm2/Vs). 

These consistencies further confirm the existence of two types of carriers in spatially 

separated layers: high-density, low-mobility carriers in the topmost layer and low-density, 

high-mobility carriers in the bottom layers. 

 

6. Calculation of Bc2 as a function of T for different back gate voltages 

As we can see from Fig. 4(c) in the main text, the suppression of the critical field is not 

proportional to the decrease of the transition temperature for positive back gate voltages. 

While Bc2 decreases dramatically, Tc drops only a small amount. This unusual behavior of Bc2 

can be described by the theory developed by Ya. V. Fominov et al. [12]:  



ln
𝑇cs

𝑇
= −

𝜏N

𝜏S + 𝜏N
ln√1 + (

𝜏S + 𝜏N

𝜏S𝜏N𝜔D
)

2

− 𝜓 (
1

2
)

+
1

2
[1 +

𝜀S − 𝜀N

(𝜀S − 𝜀N)2 +
4ℎ2

𝜏S𝜏N

] 𝜓 (
1

2
+

1

4𝜋𝑘B𝑇
) [𝜀S + 𝜀N + √(𝜀S − 𝜀N)2 +

4ℎ2

𝜏S𝜏N
]

+
1

2
[1 −

𝜀S − 𝜀N

(𝜀S − 𝜀N)2 +
4ℎ2

𝜏S𝜏N

] 𝜓 (
1

2
+

1

4𝜋𝑘B𝑇
) [𝜀S + 𝜀N − √(𝜀S − 𝜀N)2 +

4ℎ2

𝜏S𝜏N
] 

where 𝜀S = 𝐷S𝑒𝐵c2 +
ℎ

𝜏S
 and 𝜀N = 𝐷N𝑒𝐵c2 +

ℎ

𝜏N
  depend on the upper critical field Bc2. Here, 

𝐷 =
1

3
𝑉F𝑙 denotes the diffusion constant, 𝑉F and 𝑙 are the Fermi velocity and mean free path, 

respectively. 𝜏S and 𝜏N of the normal carrier and Cooper pairs are related to the dimensionless 

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-Laudau theory [13]: 𝑙 =
2.4𝜋𝐾B𝑇c𝜉(0)2

ℏ𝑉F
. Here, 

𝜉(0)  is the coherence length derived from 𝐵c(0) =
Φ0

2𝜋𝜉(0)2 , where Φ0 =
ℎ

2𝑒
= 2.07 ×

10−15 Wb is the flux quantum. Using the 𝜌int obtained in Fig. 3(c) of the main text, Bc2(T) 

can be solved numerically by ignoring the negligible contribution of logarithmic term due to 

large 𝜌int. Here, the Fermi velocity is given by 𝑉F = ℏ𝑘F/𝑚∗, 𝑘F = (4𝜋𝑛2D/𝑔s𝑔v)1/2, where 

𝑘F, 𝑚∗, 𝑔s , 𝑔v are the Fermi wave number, effective mass, spin degree of freedom and valley 

degree of freedom, respectively. In the device, the top superconducting layer is characterized 

by 𝑑S = 0.6 nm, 𝑚∗ = 0.5 𝑚𝑒, 𝑔s = 2, and 𝑔v = 2 (lowest band at the K/K’ valleys), while 

the bottom normal layers have 𝑑N = 1.8 nm, 𝑚∗ = 0.6 𝑚𝑒, 𝑔s = 1, and 𝑔v = 6 (lowest band 

at the Q/Q’ valleys). As shown in Fig. S7, the calculation result agrees well with the 

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

mesoscopic universal conductance fluctuation is clearly observed in the transfer 

characteristics measured at 13 K (inset of Fig. 3(c) in the main text), indicating strong 

interference within long coherence length. On the other hand, magnetic field plays an 



important role in setting global phase coherence length. As a consequence, the interplay 

between interference and dephasing processes might account for the deviation progressively 

observed at low temperatures, which manifests as an upturn in the temperature dependence of 

Bc2. In this picture, our result agrees well with the previous observation of re-entrant 

superconducting phase at low temperatures [14–16]. 
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Figures and captions 

 

 

 

 

 

 

FIG. S1. (a) Schematics of the gating and measurement configuration. (b) Transfer curves 

measured with only ionic liquid gate (VLG). (c) Transfer curves measured with only back gate 

(VBG, HfO2), For panel (b) and (c), temperature is maintained at 220 K and source-drain 

voltage is VDS = 0.1 V. 

  



 

 

 

 

 

 

FIG. S2. (a) Typical temperature dependence of Rs, which shows superconductivity with a 

transition temperature of ~7 K. (b) Sheet resistance as a function of temperature under 

different 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. (c) Phase diagram of the perpendicular (black squares) and parallel (red circles) 

critical fields at VBG = 20 V. The solid lines indicate the best fittings using the 2D Ginzburg-

Landau model, and the grey dashed line is the Pauli paramagnetic limit 𝐵p ≈ 1.86 𝑇c(0). 

Panel (a) and (b) are from MoS2 on h-BN substrate, and panel (c) is from MoS2 on HfO2 

substrate.  

  



 

 

 

FIG. S3. (a) Temperature dependence of the sheet resistance for different ionic gate voltages. 

(b) Magnetoresistance at T = 2 K for superconducting state induced at different ionic gate 

voltages. The back gated is fixed, VBG = 100 V. (c) Dingle plot of the SdH oscillations at T = 

2 K for different ionic gate voltages and solid lines are the best linear fittings. The fittings for 

different superconducting states induced at different ionic gating are parallel lines if VBG is 

fixed at 100 V. (d) Extracted scattering time from the linear fittings in panel c. 

  



 

 

 

 

FIG. S4. Magnetoresistance with VBG = 50 and 100 V for the same device discussed in Figs. 1 

and 2, measured at T = 2 K.` 

  



 

 

 

 

 

 

FIG. S5. The sheet resistance Rs as a function of back gate voltage VBG at different 

temperatures from 10 to 170 K. At each temperature both forward (black) and backward (red) 

scan is performed. Below 80 K, the forward and backward scan curves exactly coincide with 

each other. 

  



 

 

 

 

 

FIG. S6. Hall resistance measured at T = 13 K as a function of magnetic field with gate 

voltage VBG = 0 and 100 V. The open symbols correspond to experimental data. The solid 

lines are the fitting with Eq. (1). For clarity, the data and fitting for VBG = 0 V is shifted 

vertically by 5 Ω as indicated by the black horizontal bar and arrow. The blue dashed line is a 

linear guidance for eyes, which highlights the non-linear behavior of the Hall effect. 

  



 

 

 

 

 

 

FIG. S7. Calculations of the temperature dependence of Bc2 for different back gate voltages. 

The solid dots and lines are the experimental data and calculation result, respectively. 

 

 


