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3. Superconducting 
dome of strong Ising 
protection in WS2 
monolayers. (𝛽𝛽𝑆𝑆𝑆𝑆 ≫ Δ) 

 
Abstract 

Many recent studies show that superconductivity not only exists in 
atomically thin monolayers but can exhibit enhanced properties such as a higher 
transition temperature and a stronger critical field. Nevertheless, besides being 
unstable in air, the weak tunability in these intrinsically metallic monolayers has 
limited the exploration of monolayer superconductivity, hindering their potential 
in electronic applications (e.g., superconductor–semiconductor hybrid devices). 
Here we show that using field-effect gating, we can induce superconductivity in 
monolayer WS2 grown by chemical vapour deposition, a typical ambient-stable 
semiconducting transition metal dichalcogenide (TMD), and we are able to access 
a complete set of competing electronic phases over an unprecedented doping 
range from band insulator, superconductor, to a re-entrant insulator at high 
doping. Throughout the superconducting dome, the Cooper pair spin is pinned by 
a strong internal spin-orbit interaction, making this material arguably the most 
resilient superconductor in the external magnetic field. The re-entrant insulating 
state at positive high gating voltages is attributed to localization induced by the 
characteristically weak screening of the monolayer, providing insight into many 
dome-like superconducting phases observed in field-induced 
quasi-2D superconductors. 
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3.1. Full electronic spectrum of monolayer WS2 

 

The last decade has witnessed the flourishing development of isolating 
layered materials to their 2D limit [1]. Reducing the dimensionality of an 
electronic system from three to two dimensions often conserves its fundamental 
electronic properties while simplifying the theoretical description; hence, a 
number of exact solutions of important physical models exist in 2D [2,3]. 
Although quantum confinement is gradually enhanced with reduced thickness, 
significant modifications to the electronic states sometimes are observed when the 
system approaches the monolayer limit such as the massless Dirac band in 
graphene [4, 5] and indirect-to-direct bandgap transition in MoS2 [6]. On the other 
hand, the dimensionality of a system is not an invariable but is rather related to 
specific phases [7], determined by the ratio of the geometrical thickness d to 
fundamental electronic length scales such as the phase or superconducting 
coherence length 𝜉𝜉. For instance, 2D superconductivity is well established in 
amorphous films of superconducting metals [8] far thicker than a single atom 
because 𝜉𝜉 can easily exceed 𝑑𝑑. However, due to the large carrier density in metals, 
the corresponding Fermi wavelength 𝜆𝜆𝐹𝐹 of diffusive electrons appearing after a 
quantum phase transition is typically smaller than 𝑑𝑑. This means that the transition 
coincides with a dimensional crossover from a 2D superconductor to a quasi-2D 
or 3D diffusive system. Such a dimensional crossover has also been observed in 
superconducting interfaces and cuprates when approaching the optimal gating and 
doping, respectively [9, 10].  

These constraints have motivated the search for truly monolayer 
superconductors [11, 12]. Recently, epitaxial growth on optimized substrates has 
given rise to elemental monolayer films [13, 14] (Pb, In, Ga, etc.), monolayer 
FeSe [15], as well as monolayer cuprate [16], heavy fermion [17], and organic 
superconductors [18]. The interaction between these monolayers and their 
substrates appears to be strong, with the electronic and vibrational couplings in 
the third dimension believed to be responsible for a reduced critical temperature 
𝑇𝑇𝑐𝑐 in metallic monolayers and a significantly enhanced 𝑇𝑇𝑐𝑐 in FeSe, respectively. 
Van der Waals layered materials [19-21] are 2D systems where electrons are 
mainly confined in a covalently bonded crystalline plane. Therefore, by breaking 
the van der Waals stacking, monolayer superconducting transition metal 
dichalcogenides (TMDs) [such as NbSe2 [22, 23]] and high-𝑇𝑇𝑐𝑐 cuprates 
Bi2Sr2CaCu2O8 [24] could exhibit truly 2D characteristics. However, due to their 
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large intrinsic carrier density, switching electronic phases in these 
superconductors appears to be limited [25]. Another strategy is to induce 
superconductivity in a semiconducting TMD monolayer such as MoS2 in ref. 26, 
though here, the availability of possible electronic phases and their variation by 
field-effect has yet to be explored.  

 

 
Figure 3.1 Electrical transport of ion-gated monolayer WS2. A. Schematic of measurement set-
up with both ion liquid 𝑉𝑉𝐵𝐵𝑇𝑇 and solid back gates 𝑉𝑉𝑉𝑉𝑇𝑇. (Inset) Optical image of the monolayer 
etched into standard Hall-bar geometry. B. Transfer characteristics measured by scanning 𝑉𝑉𝑉𝑉𝑇𝑇 
at 70 K with various 𝑉𝑉𝐵𝐵𝑇𝑇 were concatenated, as indicated by the black line. The origin of 
effective gate voltage 𝑉𝑉𝑒𝑒𝑜𝑜𝑜𝑜 was extrapolated using gate dependence of Hall carrier density (Fig. 
3.8). Square resistance 𝑅𝑅𝑆𝑆 at typical temperatures (150 K, circle; 70 K, square; 10 K, triangle; 
2 K, diamond) are shown for many different 𝑉𝑉𝑒𝑒𝑜𝑜𝑜𝑜 to reveal the evolution from an insulator to a 
superconductor and finally, to the reentrant insulator. Each colour represents a specific 𝑉𝑉𝐵𝐵𝑇𝑇. C 
and D. Temperature-dependent 𝑅𝑅𝑆𝑆 is plotted for regimes before C and after D the peak of the 
superconducting dome, where each curve corresponds to one 𝑉𝑉𝑒𝑒𝑜𝑜𝑜𝑜 of the same colour in B. 
(Insets) Details around the superconducting–insulating transition on a linear scale. 

 
Here we demonstrate that monolayers of the semiconducting TMD WS2, 

where both carrier tunability and true 2D characteristics are accessible, provide 
an extremely versatile option for field-effect control of various quantum phases. 
By field-effect gating, WS2 flakes evolve from a direct band insulator into a metal 
that exhibits superconductivity [27–35] at low temperatures. The significant spin-
orbit coupling in the conduction band leads to so-called Ising superconductivity 
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[23, 36, 37] that is remarkably robust against external in-plane magnetic fields. 
Beyond the peak of the superconducting dome, the normal state becomes more 
resistive with increasing gate bias, eventually quenching the superconductivity, 
and a second distinct insulating ground state develops beyond the 
superconducting dome. 

The 𝑉𝑉𝑒𝑒𝑜𝑜𝑜𝑜 dependence of the sheet resistance 𝑅𝑅𝑠𝑠 (Fig. 3.1B) at 2 K 
(diamond), 10 K (triangle), 70 K (square), and 150 K (circle) give an overview of 
the whole spectrum of electronic states. Between two insulating phases, metallic 
transport appears at intermediate values of 𝑉𝑉𝑒𝑒𝑜𝑜𝑜𝑜 accompanied by a transition into 
a superconducting state. At 𝑉𝑉𝑒𝑒𝑜𝑜𝑜𝑜 = 1130 V, optimal transport shows the lowest 
𝑅𝑅𝑠𝑠 and the highest superconducting transition temperature Tc. 
The temperature dependence of 𝑅𝑅𝑠𝑠 on the left and right sides of optimal doping is 
shown in Fig. 3.1 C and D, respectively. The curves reveal that superconductivity 
emerges from a non-metallic state (𝑑𝑑𝑅𝑅𝑠𝑠/𝑑𝑑𝑇𝑇 < 0, Fig. 3.1C) when approaching 
optimal doping from the low gating side and quenches into another insulating state 
at high gating (Fig. 3.1D). In this way, a full spectrum of electronic phases can be 
prepared using a single tuning parameter 𝑉𝑉𝑒𝑒𝑜𝑜𝑜𝑜, allowing the properties of different 
quantum phases—such as the quantitative dependence of superconductivity on 
𝑉𝑉𝑒𝑒𝑜𝑜𝑜𝑜 (Insets in Fig. 3.1 C and D) – to be analysed in detail.  
 
3.2. Superconducting phase diagram 

 

The full phase diagram is shown in Fig. 3.2, with the superconducting dome 
spanning the range 0.8 kV ≤ 𝑉𝑉𝑒𝑒𝑜𝑜𝑜𝑜 < 1.6 kV. (Throughout, 𝑇𝑇𝑐𝑐  is defined as the 
temperature at which 𝑅𝑅𝑠𝑠 falls to 50% of its normal state value.) The 𝑉𝑉𝑒𝑒𝑜𝑜𝑜𝑜 
dependence of the Hall carrier density 𝑛𝑛𝐻𝐻𝑅𝑅𝐻𝐻𝐻𝐻 (Fig. 3.2, Lower) indicates that 𝑇𝑇𝑐𝑐 is 
mainly driven by changes in the carrier density. However, the separation between 
the maxima of 𝑇𝑇𝑐𝑐 and 𝑛𝑛𝐻𝐻𝑅𝑅𝐻𝐻𝐻𝐻 (10 K) suggests that 𝑇𝑇𝑐𝑐 may also be affected by 
electron-impurity scattering, as inferred from the opposite 𝑉𝑉𝑒𝑒𝑜𝑜𝑜𝑜 dependence of 
carrier mobility μ (T = 10 K, the right axis in Fig. 3.2, Lower) extracted from 𝑅𝑅𝑠𝑠 
(Fig. 3.1B) above and below the 𝑇𝑇𝑐𝑐 maximum. Notably in MoS2 [27], a similarly 
gated superconducting dome follows 𝑇𝑇𝑐𝑐 ∝ (𝑛𝑛2𝐷𝐷 − 𝑛𝑛0)𝑧𝑧𝑧𝑧, where 𝑧𝑧𝑧𝑧~0.6 is the 
product of exponents for correlation length 𝑧𝑧 and correlation time 𝑧𝑧 in scaling 
theory [3, 7], in analogy to that found for LaSrO3/SrTiO3 interfaces [40]. In the 
present monolayer superconductor, the limited temperature range precludes a 
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resolution of the scaling exponents and the exact locations of the two quantum 
critical points (QCPs, denoted roughly by two dashed circles). Nevertheless, 
within the experimentally accessible phase space, the voltage dependence of Tc 
does not contradict the relationship seen in the other two systems.  

 
Figure 3.2 Phase diagram of monolayer WS2 and critical scaling of quantum phases. (Upper) 
Superconducting critical temperatures 𝑇𝑇𝑐𝑐 are plotted (solid circle) as a function of the effective 
back gate 𝑉𝑉𝑒𝑒𝑜𝑜𝑜𝑜. Quasi-metal (qM) regime is bounded by metal-insulator crossover temperature 
(empty square). The initiation and suppression of the superconducting dome are indicated by 
dashed circles. (Lower) Hall carrier density measured at 160 and 10 K are plotted on the left 
axis; Hall mobility at 10 K on the right axis. 

In many quasi-2D superconductors, quasi-metallic (qM) regions have been 
inferred [7, 40, 41], in which 𝑅𝑅𝑠𝑠 exhibits a temperature dependence weaker than 
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exponential although overall 𝑑𝑑𝑅𝑅𝑠𝑠/𝑑𝑑𝑇𝑇 < 0. Here, we define 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 as the 
temperature at which 𝑅𝑅𝑠𝑠 reaches a minimum (Fig. 3.1 C and D) presumably from 
competition between electron-phonon scattering and Anderson localization. In 
Fig. 3.2, the trace of 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 (empty squares, Upper) marks the boundary of the qM 
regime. It is worth noting that the qM region here is manifest in a finite-size 
sample at intermediate temperatures, which might cross over to insulating 
behaviour at lower temperatures and/or in larger samples. We leave this question 
open to future investigations to be conducted at milliKelvin temperatures. 
 

3.3. Strong Ising protection over the entire dome 

 

An outstanding feature of the 2D superconductivity in TMD materials is 
the Ising pairing [23, 36, 37] that originates from the valley coupled spin texture 
found in monolayer TMDs. In this circumstance, the spins of the Cooper pairs 
become pinned by a strong out-of-plane effective magnetic field that is generated 
by an intrinsic Zeeman-type spin-orbit interaction (SOC) pointing oppositely in 
𝐾𝐾/𝐾𝐾′ valleys (Fig. 3.3B, Inset). The Zeeman field—normally the universal pair-
breaking mechanism in superconductors—here strongly protects the Cooper pair 
against an orthogonal (in-plane) external magnetic field. Compared with other 
quasi-2D Ising superconductors such as ion-gated multilayer MoS2, where the 
electronic wave function is confined to the uppermost layer and Ising pairing is 
protected by SOC ∼ 6 meV [36], the much heavier transition metal in WS2 creates 
SOC that is five times larger ∼ 30 meV [42], pointing to an even higher in-plane 
upper critical field 𝐵𝐵𝑐𝑐2. This stronger SOC in WS2 and hence larger spin splitting 
can result in an archetypal spin texture for Ising pairing, which avoids the crossing 
of two lower-lying spin-split conduction bands in MoS2 when the Fermi level 
moves further away from the band edge at 𝐾𝐾/𝐾𝐾′ points [43]. More importantly, 
the SOC in WS2 is more than one order of magnitude larger than the 
superconducting order parameter calculated from maximum 𝑇𝑇𝑐𝑐. In this sense, 
monolayer WS2 may provide an elegant platform to probe unconventional Ising 
pairing theoretically predicted for this system [44, 45]. 
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Figure 3.3 Ising pairing over the entire superconducting dome. A Upper critical field 𝐵𝐵𝑐𝑐2 was 
measured on the left side (Upper), the peak (Middle), and right side (Lower) of the 
superconducting dome (Inset to A). Superconducting critical temperature Tc is defined by 50% 
of normal state resistance denoted by the dashed line. Each state is highlighted by an empty 
circle in the dome. B Normalized 𝐵𝐵𝑐𝑐2 with respect to the Pauli limit in WS2 is denoted by the 
solid red circle, which exceeds that of many well-known superconductors with high 𝐵𝐵𝑐𝑐2, 
including TMDs, triplet pairing, and monolayer Pb film. (Inset) Schematic of Zeeman type 
effective magnetic fields (green arrows) with alternating directions in 𝐾𝐾/𝐾𝐾′ valleys in a 
hexagonal Brillouin zone, which stabilize electron spins (red/blue denotes spin up/down) in a 
Cooper pair against the external in-plane magnetic field 𝐵𝐵𝑒𝑒𝑥𝑥. 
 

Guided by the phase diagram established in Fig. 3.2, we succeeded to 
induce superconductivity in another sample B with an optimal 𝑇𝑇𝑐𝑐 = 3.15 K (Fig. 
3A, Inset). The observed lower 𝑇𝑇𝑐𝑐 here is possibly due to the more defective 
crystal, as the interaction between electrons and charged scatterers would 
renormalize the superconducting order parameter [46]. This is also consistent with 
the lower mobility of sample B. The 𝐵𝐵𝑐𝑐2s were measured in three representative 
regions of the dome, as shown in Fig. 3. Interestingly, the strongest Ising 
protection was measured near the lower edge of the dome, where relatively weak 
electric fields cause a minimum Rashba effect [36] (Fig. 3.3A, Upper: 𝑇𝑇𝑐𝑐 =
1.54 K only shifted by Δ𝑇𝑇𝑐𝑐 = 0.08 K for an in-plane field 𝐵𝐵∥ as high as 35 T]. 
Following mean-field theory [36] (also see section 2.5), we can estimate the 
contribution from Zeeman-type SOC and Rashba splitting to the enhancement of 
𝐵𝐵𝑐𝑐2 (relative to the Pauli limit 𝐵𝐵𝑝𝑝 = 1.86 𝑇𝑇𝑐𝑐). The comparison with experimental 
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data (solid red points) is shown in Fig. 3.3B (red line). Assuming a Rashba effect 
created through ionic gating of order 0.7 meV – that is, as found near the left QCP 
of MoS2 [36] – the obtained Zeeman-type SOC is found to be 30 meV, consistent 
with theoretical calculations. Neglecting the Rashba contribution, our data set a 
lower bound of 19.5 meV for Zeeman SOC. Because of the very large 𝐵𝐵𝑐𝑐2 for 
states at the peak (Fig. 3.3A, Middle) and the upper edge (Fig. 3.3A, Lower) of 
the dome, the change of 𝑇𝑇𝑐𝑐 at a maximum field of 12 T is below the measurement 
accuracy for extracting quantitative values of the SOC.  

In Fig. 3.3B, we compared the ratio 𝐵𝐵𝑐𝑐2/𝐵𝐵𝑝𝑝 of other superconductors where 
the Pauli limit is significantly violated. For the gated monolayer WS2, 𝐵𝐵𝑐𝑐2/𝐵𝐵𝑝𝑝 is 
at least as large as those in the UCoGe [47] and the submonolayer Pb film [48] 
protected by triplet pairing and Rashba splitting, respectively. It is much larger 
than other recently discovered Ising-protected superconductors such as multilayer 
MoS2 [36] and monolayer NbSe2 [23]. It is noteworthy that the Zeeman SOC in 
the NbSe2 (∼ 70 meV, valence band) is even larger than that in both MoS2 (∼
6 meV) and WS2 (∼ 30 meV), yet the level of protection in monolayer NbSe2 and 
bulk (LaSe)1.14(NbSe2) [49] (resembling decoupled monolayers at low 
temperatures) merely approaches that found in gated MoS2. A similar mismatch 
also appears in TaS2(Py)0.5 [50], where the pairing occurs also in the valence band. 
This reduction in Ising protection could be influenced by a competing charge 
density wave (CDW) phase and the contributions from a spin degenerate 𝛤𝛤 point 
[51], which might effectively weaken the strong Ising pairing formed at the 𝐾𝐾/𝐾𝐾′ 
valleys of NbSe2 and TaS2. 
 
 
3.4. Re-entrant insulating phase at strong gating 

 
Another prominent feature of the data is the reversible re-entrance into a 

strongly insulating state at high 𝑉𝑉𝑒𝑒𝑜𝑜𝑜𝑜, which is closely related to how the 
superconductivity is suppressed beyond optimal doping. First, we rule out the 
possibility of electrochemical reaction between WS2 and ion liquid as seen from 
the high repeatability of sample performances in consecutive gating processes 
(more is elaborated in, section 3.7.). Second, recent advances in studies of 
semiconducting WS2 [42] could safely exclude many exotic(intrinsic) 
mechanisms as well, such as the opening of a Mott, CDW, or Kondo gap, and the 
enhanced correlation effects [52, 53]. Alternatively, extrinsic mechanisms, which 
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take into account the charged ions on the sample surface [54], may be more 
relevant. Typical examples include narrow-band materials such as rubrene [55] 
and ReS2 [56] where Mott- and Anderson type localization were proposed, 
respectively, and wide-band materials like silicon inversion layers [54, 57, 58] 
with Coulomb traps and strong short-range scattering from rough surfaces. To 
address this universal insulating phase, in the following, we focus on the common 
fact that all of the above examples involve ionic gating (either by ion liquid or 
alkaline metal). 

Inspection of Arrhenius plots (Fig. 3.4A) yields similar insulating 
behaviour at high temperatures for both the low and high gating sides of the dome. 
Without knowledge of the underlying transport mechanism, we tentatively extract 
a characteristic energy scale. As shown in Fig. 3.4B, although the two energy 
scales are similar in magnitude, their dependences on 𝑉𝑉𝑒𝑒𝑜𝑜𝑜𝑜 have the opposite sign. 
The temperature dependence of 𝑛𝑛𝐻𝐻𝑅𝑅𝐻𝐻𝐻𝐻 also confirms insulating behaviour at large 
𝑉𝑉𝑒𝑒𝑜𝑜𝑜𝑜, manifesting as a freeze-out of carriers within a large range of gate voltages 
including the whole superconducting dome (𝑉𝑉𝑒𝑒𝑜𝑜𝑜𝑜 from 0.8 to 1.6 kV, Fig. 3.4C). 
In contrast, a nearly temperature-independent 𝑛𝑛𝐻𝐻𝑅𝑅𝐻𝐻𝐻𝐻 is observed only in the qM 
region near the left QCP at low 𝑉𝑉𝑒𝑒𝑜𝑜𝑜𝑜.  

To account for the above observation about activation energy and Hall 
carrier density, we adopt a scenario of a gate-induced band variation as sketched 
in Fig. 3.4D, which is based on the fact that randomly arranged charged ions can 
trap the induced carriers [54, 58] as well as disturb periodic lattice potential [56]. 
In such a truly 2D system, weak out-of-plane screening exposes induced carriers 
directly to the potential of ions lying on the surface. The localization effect 
depends on the distance 𝑙𝑙 between induced carriers and charge centres of the 
cations (Fig. 3.4D). At low 𝑉𝑉𝑒𝑒𝑜𝑜𝑜𝑜 ≪ 1.1 kV, ions accumulated by the weak electric 
field create a uniform potential, while at large 𝑉𝑉𝑒𝑒𝑜𝑜𝑜𝑜 ≫ 1.1 kV, the discreteness of 
the ions at a reduced 𝑙𝑙 can no longer be averaged out by the characteristically 
weak 2D screening effect. This increased randomness enlarges the band tail (Fig. 
3.4E) where more carriers localize, reducing the number of free carriers available 
for band transport. In the high gating limit and low temperature, every induced 
carrier is localized/bounded on-site by the potential of an adjacent ion – that is, 
forming electron–cation pairs that mimic the hydrogen impurity model (Fig. 3.4E, 
Right). Strongly localized electrons in the reentrant regime would form an 
impurity band, thereby reducing the Fermi level with increasing gate voltage. 
When the temperature is lower, charge transport deviates from single thermal 
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activation from impurity band to conduction band, which is likely due to an 
additional conduction channel involving hopping between localization centres.  

 
Figure 3.4 Reentrant insulator induced in monolayer WS2 by ionic gating. A. Arrhenius plot of 
conductance defined as 1/𝑅𝑅𝑠𝑠 in insulating (Left) and reentrant insulating (Right) regimes. The 
characteristic energy scales are extracted in terms of thermal activation transport (dashed lines). 
In Right, the long tail at low temperature may suggest complicated hopping mechanisms along 
with the increasing 𝑉𝑉𝑒𝑒𝑜𝑜𝑜𝑜. B. Extracted characteristic energy is plotted as a function of effective 
gate voltages. Black squares and blue triangles correspond to the reentrant insulator and band 
insulator. C. Normalized Hall carrier density at various gate voltages as a function of 
temperature. Free carriers freeze out during cooling down in the reentrant insulating regime 
(red), while the carrier concentration almost remains constant in the metallic regime (blue and 
purple). D. Schematics of electron (blue sphere) localization in the Coulomb traps (black curve) 
due to the poorly screened cations (organic molecular DEME+, the positive charge centre is 
highlighted by a solid ball in purple) in proximity to monolayer WS2 film. E. Representation of 
the density of states (DOS) as a function of energy, E, in the insulating phase (left of the dome) 
and the reentrant insulator (right of the dome), in both of which a disorder potential results in a 
localized band tail below the spin–split conduction band (red and blue denote spin up and down, 
respectively). The insulating side has a low density of localization centres (Left), whereas 
overlapping of high-density localized states on the reentrant insulating side plausibly forms an 
impurity band. 

 
With this physical picture in mind, we can understand the shift in maxima 

between 𝑛𝑛𝐻𝐻𝑅𝑅𝐻𝐻𝐻𝐻 (10 K) and 𝑇𝑇𝑐𝑐 in Fig. 3.2. Starting from 𝑉𝑉𝑒𝑒𝑜𝑜𝑜𝑜~1130 V, where 𝑇𝑇𝑐𝑐 
peaks, 𝑛𝑛𝐻𝐻𝑅𝑅𝐻𝐻𝐻𝐻 decreases from 160 K to 10 K more rapidly at higher 𝑉𝑉𝑒𝑒𝑜𝑜𝑜𝑜, due to the 
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stronger localization originating from more and deeper Coulomb traps. Such 
localization of induced carriers neutralizes Coulomb traps (Fig. 3.4D, dashed 
line), which then acts as short-range scattering centres and leads to a decrease in 
mobility (Fig. 3.2, Lower). As a result, compared with its counterpart (with the 
same 𝑇𝑇𝑐𝑐) on the left side of the dome peak, the state on the right side resides in a 
more disordered environment that cancels out the effect of higher carrier density 
on critical temperature. In other words, the interplay between carrier density and 
disorder shapes the superconducting dome versus 𝑉𝑉𝑒𝑒𝑜𝑜𝑜𝑜.  

Considering that electrostatic gating by polarizing dielectrics (polarized 
dipole) and ionic media (cation-anion pair) is similar in principle, the competing 
quantum phases induced in the present study represent the high field limit with 
respect to those superconducting domes reported previously [27, 29, 31–33, 40, 
53], where either a very strong field effect or an isolated monolayer crystal was 
missing. In this truly 2D system, localized states can now be easily formed 
because of the slow 1/𝐶𝐶3 decay of the ion potential, indicating that any disorder 
in the potential landscape has a long-range effect. In contrast, in quasi-2D 
systems, gate induced carriers always extend to a finite thickness; strong gating 
populates multiple subbands, causing crossover to 3D, which enhances screening 
and thereby reduces carrier localization. In this sense, the proposed scenario 
provides a clear understanding of the power-law/logarithmic correction in the 
normal state resistance as the precursor of a re-entrant insulator in ion-gated bulky 
materials (silicon, rubrene, etc.) and universally observed superconducting dome 
in gated multilayer MoS2 [27], TiSe2 [31], ZrNCl [32], as well as LaAlO3/SrTiO3 
interface [40, 59], where accessing the right QCP and the insulating state 
subsequent to the superconducting dome is prohibited by the enhanced screening 
in these quasi-2D systems. 
 

3.5. Material and Device 

 

WS2 monolayers were grown in a quartz tube by low-pressure chemical 
vapour deposition (CVD). The temperatures of the sulfur source and the growth 
zone were independently controlled by a band heater (150 °C) and a tube furnace, 
respectively. The sulfur sublimation was carried by Ar flow (20 sccm). We used 
a highly doped silicon wafer with thermally grown silicon dioxide (285 nm) as 
the growth substrate. Before growth, the substrate was cleaned by hot acetone and 
isopropanol, followed by oxygen plasma (40 W/1 min). The substrate was placed 
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on top of a thin layer of WO3 powder in a face-to-face configuration with 1–3 mm 
separation and heated to 800 °C for 30 min. After growth, the furnace was 
naturally cooled down.  

 
Figure 3.5 Basic characterization of CVD-grown WS2 flakes. A. Typical morphology of CVD-
grown flakes under optical microscopy. B. AFM characterization of a typical triangular sample. 
C. PL of the sample after etching into Hall-bar geometry (Left) and optical image of as-made 
device A studied in the main text. D. Raman (enlarged by 100× for clarity) and PL spectrum 
was taken on the bright area of the studied sample. 
 

CVD-grown monolayers are triangular single crystals with occasional 
bilayer/multilayer imperfections (Fig. 3.5A). We noted that the atomically flat 
surface characterized by atomic force microscopy (AFM) is not sufficient to 
guarantee the electrical uniformity (Fig. 3.5B). As PL depends sensitively on the 
intrinsic carrier doping, which is contributed mainly by sulfur vacancies, we only 
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selected an area with uniform and strong PL intensity for making our devices (Fig. 
3.5C, Left).  

A field-effect transistor with Hall-bar geometry was patterned using 
standard e-beam lithography, followed by reactive ion etching (RIE) (Fig. 3.5C, 
Right). The contact electrodes of Ti/Au (0.5/50 nm) are thermally evaporated. 

We used the ionic liquid, N, N-diethyl-N-(2-methoxyethyl)-N-
methylammoniumbis(trifluoromethyl sulphonyl)-imide (DEME-TFSI), for ionic 
gating, which was applied just before loading the device into a cryostat 
(Cryogenic Limited). 

 
 
3.6. Gating protocol 
 

The gating protocol to access the full superconducting dome comprises two 
steps: 

Step 1: Fixing a Gating State. As shown in Fig. 3.6A, we first bias the 
ionic gating 𝑉𝑉𝐵𝐵𝑇𝑇  at 220 K for several bias cycles until the transfer characteristics 
are stable. The maximum 𝑉𝑉𝐵𝐵𝑇𝑇  applied is +4 V for the samples investigated in the 
main text. The stable state at 𝑉𝑉𝐵𝐵𝑇𝑇 = +4V is then fixed by cooling the sample 
quickly down to 180 K at a rate of ∼ 3 K/min to freeze the ionic motion. Since 
the ions are static at 180 K and below, the 𝑉𝑉𝐵𝐵𝑇𝑇  is then set to zero. All of the 
processes related to the ionic gating are completed after this step. The evidence of 
electrostatic gating in step 1 is discussed in detail in 3. Electrostatic Nature of 
Ionic Liquid Gating in WS2 Monolayers.  

Step 2: Electrostatic Mapping of the Superconducting Dome by 
Thermal Release and Solid-State Back Gating. Throughout this step, the ionic 
gate voltage is always zero, and the different electronic states are accessed by 
either thermal release or solid-state back gating 𝑉𝑉𝑉𝑉𝑇𝑇  that is purely electrostatic. In 
the former, we activate the motion of the ion by keeping 𝑉𝑉𝐵𝐵𝑇𝑇 = 0 V and warming 
the sample up to 192 K, at which the ionic movement is so slow that the decrease 
of accumulated ions can be finely controlled. The new state after this thermal 
release can be fixed again by fast cooling down below 190 K. With the back gate 
𝑉𝑉𝑉𝑉𝑇𝑇 , electronic states can be continuously accessed in very fine steps between 
adjacent thermal releases over the whole superconducting dome. Details of how 
to seamlessly link adjacent states before and after the thermal release are shown 
in section 3.8. Linking Transfer Curves and Determining the Effective Gate 
Voltage 𝑉𝑉𝑒𝑒𝑜𝑜𝑜𝑜. 
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Figure 3.6 Electrostatic nature of ionic gating of WS2 monolayers. A. Typical gating cycles of 
a monolayer WS2 device with a maximum bias 𝑉𝑉𝑇𝑇 = 5.5 V. Repeated response of the source-
drain current 𝐼𝐼𝑆𝑆𝐷𝐷 was observed. No significant change could be observed in the leakage current 
𝐼𝐼𝑇𝑇  for all cycles. B. No visible damage is detected in the AFM characterization of the sample 
before and after the ionic gating. Note that the white dots are typical polymer residues from e-
beam lithography. Finer scanning of the area within the white boxes indicates nearly the same 
surface roughness (RMS ∼ 0.58 nm) for both Left and Right graphs, indicating the WS2 channel 
remains unchanged after the gating. 
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3.7. Electrostatic nature of ionic gating in WS2 monolayers 
 

An ion-gated transistor comprises three main parts: a conducting channel, 
a gate electrode, and the ionic media in between (DEME-TSFI in the present 
work). In general, the electrochemical window – specified for ionic media to have 
an electrostatic operation – is defined as the difference between the cathodic and 
anodic limits, which are the potentials at which reduction and oxidation of the 
ions in the media take place. Namely, the cathodic limit is set by the reduction of 
the cations and the anodic limit by the oxidation of the anions. However, in an ion 
gated device, even if the gate voltage is well within the electrochemical window 
of the ionic media, either the conducting channel or gate electrode may show non-
volatile change induced by the large electric field (e.g., deoxygenation in VO2 as 
revealed in ref. 60) before any chemical change of ionic media. Therefore, this 
sets the “effective” voltage window, which depends on which materials were 
chosen for the three active components. As a result, for a given ionic media, this 
bias limit is not a universal physical parameter. On the other hand, from the device 
point of view, the nature of transistor operation can be compared by a well-
established reference: the silicon-based MOSFET. The device operation of a 
MOSFET sets a widely accepted standard for an electrostatic process. 
Considering the key characteristics of this natural guidance, gating the present 
monolayer WS2 device in step 1 fulfils all key requirements discussed below for 
supporting the electrostatic device operation. 

1) Repeatability. In a typical WS2 sample measured at 220 K as shown in 
Fig. 3.6A, the repeated gate voltage 𝑉𝑉𝐵𝐵𝑇𝑇  ramping cycles generate a reproducible 
response of source-drain current 𝐼𝐼𝐷𝐷𝑆𝑆 with a negligible leakage current that is 
beyond the sensitivity of our measurement setup. The repeatable response is 
consistent with the fundamental requirement for the electrostatic operation. It is 
worth noting that the full superconducting dome can be repeatedly accessed (for 
each gating cycle) if we prepared the initial state as discussed in step 1 (see 2. 
Gating Protocols). The electrostatic operation is also consistent with the recent 
report of reversible accessing of a dome structure of the metallic state in ReS2, 
another 2𝐻𝐻-type semiconducting TMD [56]. Similar repeatability was also 
observed in multilayer MoS2 for continuous gating cycles [27], as well as another 
2D covalently bonded single crystal ZrNCl, where the electrostatic gating 
maintains up to +6.5 V at 220 K [32]. Besides the repeatability at a single 
temperature 220 K, to further confirm the sample is indeed electrically repeatable 
for all gating cycles, the temperature dependence of resistivity 𝑅𝑅(𝑇𝑇) was 
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measured for two consecutive gatings. The precise overlapping can be observed 
in many pairs of 𝑅𝑅(𝑇𝑇) curves (coloured and grey, respectively, as shown in Fig. 
3.10) when the carrier density of the states denoted by coloured curves is carefully 
tuned by 𝑉𝑉𝑉𝑉𝑇𝑇  to match that of grey curves. The overlapping over a wide 
temperature range requires the two states to have identical properties of both 
carrier density and mobility, which is consistent with a purely electrostatic gating.  

2) Volatility. Repeatable electric performance alone does not sufficiently 
rule out the possibility of a chemical reaction. For electrostatic operation, the 
volatile gating effect is also required – that is, when the gate voltage is removed, 
the channel must return to its pristine state. This actually rules out the possibility 
of having a reversible chemical reaction, where the same electronic state can be 
accessed repeatedly, but not at the same gate voltage [62]. Fulfilling this 
requirement can be seen in the gating cycles shown in Fig. 3.6A, where the sample 
restores its insulating states when the gate voltage ramps down to zero. It is also 
verified by the insulating 𝑅𝑅(𝑇𝑇) curves are shown in Fig. 3.1C, which is obtained 
by a step-by-step thermal release of the gating effect (see step 2 in 3.6. Gating 
Protocols).  

3) Structure Integrity After Gating. The volatility discussed above is not 
only reflected in electrical measurement but also suggests the structural integrity 
of channel materials. In the present monolayer, this is related to the surface 
morphology before and after the measurement. The AFM images before and after 
ionic gating are shown in Fig. 3.6B. Guided by the device features—for example, 
the shape of the electrodes shown in Left (pristine) and Right (after gating) – no 
visible change of surface morphology could be observed. More detailed imagining 
in the reduced size denoted by the white box in Fig. 3.6B confirms that the 
roughness of channel, RMS ∼0.6 nm, remains the same before and after ionic 
gating. The identical surface morphology suggests that the whole 
gating procedure is free from an electrochemical reaction. This is also consistent 
with the previous AFM characterization on ion-gated ZrNCl [32]. 

4) Fast Response of the Ionic Gating. One distinct property between 
electrostatic and electrochemical gating, although not frequently mentioned, is the 
response speed to the applied gate voltage. For a bulk sample, the response time 
of an electrostatic gating at the interface is mainly limited by the mobility of 
cation/anion in the ion liquid, but the response of an electrochemical reaction 
involves, besides the ionic motion, the diffusion of ions inside the bulk sample as 
well [e.g., the oxygen diffusion in VO2 [60] and the lithium intercalation in bulk 
TaS2 [61]]. Therefore, the gate response is usually limited by the slower diffusion 
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in the chemical process, which takes a much longer time to reach a stable state. 
Unlike the gating with solid dielectrics, polarizing the ionic media is intrinsically 
slow if we perform gating at 220 K, at which the ionic motion becomes very slow. 
Nevertheless, each ramping cycle can be finished within tens of seconds at 220 K 
for a repeatable electrical response for gating monolayer WS2 shown in Fig. 3.6 
and gating multilayer MoS2 (figure S2 in ref. 27]. In contrast, the ion movement 
in the ionic media is much faster at room temperature compared with 220 K. 
Nevertheless, the much slower diffusion process of chemical reaction still requires 
many hours of gating to realize a single switching for the reversible chemical 
reaction in SrCoO3 [62] at room temperature.  

Finally, we would like to compare our system to contrasting examples, 
which indeed showed gate-induced electrochemical reactions. While electrostatic 
gating of FeSe could be observed at 220 K, the intentional chemical reaction is 
introduced when the same gating is performed at ∼245 K (𝑉𝑉𝐵𝐵𝑇𝑇 = 5 V) [63]. Note 
that irreversible change was observed in transfer characteristics (𝐼𝐼𝐷𝐷𝑆𝑆 as a function 
of 𝑉𝑉𝐵𝐵𝑇𝑇). In contrast, our sample was always gated at 220 K, showing reversible 
transfer characteristics in step 1 and the temperature never exceeded 192 K in step 
2 with 𝑉𝑉𝐵𝐵𝑇𝑇 = 0 V (see 3.6. Gating Protocols). Moreover, in the high-temperature 
gating of FeSe, the electrochemical reaction was characterized by the layer-by-
layer etching as confirmed by X-ray scattering. Considering our monolayer 
sample – if a similar etching process happened in the gating cycles in Fig. 3.6A – 
we would not expect to see the very reversible electrical response because only 
one layer of WS2 would be etched away. Similar to the etched multilayer FeSe 
[63], this kind of damage could have been easily observed in AFM 
characterization. In VO2 films, the non-volatile gating effect [60] was observed 
due to the oxygen migration driven by the strong electric field, and the material 
stoichiometry was permanently changed with a high positive gate voltage. 
Therefore, when the gate voltage is removed, the sample cannot go back to its 
original status (Mott insulator in this case) unless a negative gate voltage is 
applied to drive the oxygen atoms back to the material. Such a deoxygenation 
process (here, sulfur instead of oxygen) is not expected in the WS2 sample because 
of the volatile and fast response to the gate bias.  

Based on detailed discussions above referring to the key characteristics of 
electrostatic gating, consistent observations of repeatable electric performance 
and stable surface morphology suggest that ionic gating in monolayer WS2 is 
distinct from an electrochemical reaction, confirming the electrostatic nature of 
gating.  
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3.8. Linking transfer curves and determining effective gate 
voltage 𝑉𝑉𝑒𝑒𝑜𝑜𝑜𝑜 
 

In the present study, we adopted a step-by-step thermal release of ionic 
gating at zero 𝑉𝑉𝐵𝐵𝑇𝑇 . Namely, after being gated at 220 K, the sample always stays 
at temperatures below 192 K (close to the glass transition of ion liquid). For all 
electronic states shown in Fig. 3.2, the sample is gated by ion liquid only once. 
As a result, only 𝑉𝑉𝐵𝐵𝑇𝑇  voltage is not able to label the various states of samples due 
to the sequential thermal releases, neither does the carrier density, which loses its 
one-to-one correspondence to the electronic states due to the reentrant insulating 
states. Instead, we took the dielectric back gate 𝑉𝑉𝑉𝑉𝑇𝑇  (285 nm SiO2 grown on 
highly doped silicon substrates) as the internal gauge to evaluate the gating 
strength for all the states accessed. 

 In the following, we first get the relative effective back gate voltage for 
each thermal release and then determine the absolute value of every electronic 
state. 

(i) Relative 𝚫𝚫𝑽𝑽𝒆𝒆𝒆𝒆𝒆𝒆 Before and After Each Thermal Release. The overlap 
in transfer characteristics and 𝑅𝑅(𝑇𝑇) curves before and after each thermal release 
allow us to determine the relative gating effect Δ𝑉𝑉𝑒𝑒𝑜𝑜𝑜𝑜 in terms of 𝑉𝑉𝑉𝑉𝑇𝑇 . Specifically, 
we choose 70 K for measuring the transfer characteristics because at this 
intermediate temperature the sample shows clear back gate dependence of sheet 
resistance for both insulating and superconducting states. For simplicity, the state 
fixed in step 1 (of 3.6. Gating Protocols) is temporarily taken as the origin of 𝑉𝑉𝑒𝑒𝑜𝑜𝑜𝑜. 
Therefore, the electronic states are always associated with negative 𝑉𝑉𝑒𝑒𝑜𝑜𝑜𝑜 after 
thermal releases of ionic gating.  

Fig. 3.7A and B show a typical example – that is, the 𝑅𝑅(𝑇𝑇) curves before 
and after the fourth thermal release at 192 K. Before the release, several 𝑉𝑉𝑉𝑉𝑇𝑇s 
ranging from +70 to −50 V are applied to obtain 𝑅𝑅(𝑇𝑇) curves are shown with the 
light green colour (Fig. 3.7A). The 𝑅𝑅(𝑇𝑇) curves with blue colour are from the 
states after the thermal release. Corresponding transfer curves are also recorded 
at 70 K as shown in Fig. 3.7B, labelled for fourth and fifth thermal release, 
respectively. Therefore, the state fixed right after the fourth thermal release 
(denoted by a dashed arrow) is equivalent to applying +68.2 V to the state after 
fifth thermal release because of 𝑅𝑅(𝑇𝑇) curves of these two states coincide exactly.  
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Figure 3.7 Determination of relative 𝑉𝑉𝑒𝑒𝑜𝑜𝑜𝑜 for thermal releases. A. Temperature dependence of 
sheet resistance 𝑅𝑅(𝑇𝑇) is plotted with different 𝑉𝑉𝑉𝑉𝑇𝑇s before (green) and after (blue) the fourth 
thermal release. The colour-coding scheme is the same as curves shown in Fig. 3.1 C and D. B. 
Corresponding to the fourth thermal release (dashed arrow) in A, transfer curves for fourth and 
fifth thermal releases (measured at 70 K) are concatenated. Filled circles denote electronic states 
shown in A. The relative 𝑉𝑉𝑒𝑒𝑜𝑜𝑜𝑜 on the x-axis starts state fixed in step 1, associated with the state 
after the initial cooling down. C. The 𝑅𝑅(𝑇𝑇) curves before (thick) and after (thin) the sixth release 
(dashed arrow) on the right side of the superconducting dome peak, in which the state with 
𝑉𝑉𝑉𝑉𝑇𝑇 = −75 V after the sixth thermal release matches the state with 𝑉𝑉𝑉𝑉𝑇𝑇 = 0 V after the seventh 
thermal release in both normal and superconducting regions. D. The 𝑅𝑅(𝑇𝑇) curves before (thick) 
and after (thin) the 12th release (dashed arrow) on the left side of the superconducting dome 
peak, where the state with 𝑉𝑉𝑉𝑉𝑇𝑇 = +20 V of the 12th release matches well with 𝑉𝑉𝑉𝑉𝑇𝑇 = +60 V of 
the 13th release. 
 

In superconducting regimes, the electronic state is also characterized by Tc 
in addition to the normal state resistance. Fig. 3.7C shows 𝑅𝑅(𝑇𝑇) curves at low 
temperatures before (thick lines) and after (thin) the sixth thermal release. 
Obviously, the critical temperature increases after the release, indicating both 
thermal released states are on the right side of the superconducting dome peak. 
One can also find the curve with 𝑉𝑉𝑉𝑉𝑇𝑇 = −75 V in the state after the sixth thermal 
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release coincides exactly with the 𝑉𝑉𝑉𝑉𝑇𝑇 = 0 V state of the seventh release. As a 
result, the sixth thermal release of the ionic liquid gating effect is equivalent to 
75 V. Similarly, in Fig. 3.7D, before (thick) and after (thin) the 12th release, the 
𝑅𝑅(𝑇𝑇) curve with 𝑉𝑉𝑉𝑉𝑇𝑇 = +20 V in the 12th state matches precisely with the state 
of 𝑉𝑉𝑉𝑉𝑇𝑇 = +60 V of the 13th release. Therefore, the state after the 12th thermal 
release is denoted by 40 V of 𝑉𝑉𝑉𝑉𝑇𝑇 .  

For all 𝑅𝑅(𝑇𝑇)  curves are shown in Fig. 3.1, there are 27 thermal releases in 
total spanning ∼ 1,600 equivalent volts of 𝑉𝑉𝑉𝑉𝑇𝑇 . We would like to point out that 
these relative 𝑉𝑉𝑒𝑒𝑜𝑜𝑜𝑜s are precise for the individual electronic states, although at this 
stage the absolute 𝑉𝑉𝑒𝑒𝑜𝑜𝑜𝑜 is yet to be determined.  

(ii) Absolute Magnitude of Each Effective Gating. The origin of the 
relative 𝑉𝑉𝑒𝑒𝑜𝑜𝑜𝑜 – that is, the 𝑉𝑉𝑒𝑒𝑜𝑜𝑜𝑜 = 0 V – should be assigned to the state fixed in 
step 1. Nevertheless, it would be more physical to associate this origin with state 
of zero carrier density determined by the Hall effect, although it is still an 
idealized scenario without considering the disorders in the mobility edge or any 
localized electronic puddles.  

To find 𝑉𝑉𝑒𝑒𝑜𝑜𝑜𝑜 = 0 V, Hall carrier density was measured at temperatures from 
10 K to 160 K for many states after thermal releases. Note that the 𝑉𝑉𝑉𝑉𝑇𝑇  dependence 
of 𝑛𝑛𝐻𝐻𝑅𝑅𝐻𝐻𝐻𝐻  at the left dome edge (Fig. 3.8) shows a capacitive efficiency of changing 
carrier density: Δ𝑛𝑛𝐻𝐻𝑅𝑅𝐻𝐻𝐻𝐻 = 1012cm−2 for Δ𝑉𝑉𝑉𝑉𝑇𝑇 = 38.2 V. Compared with the 
geometrical capacitance of 285 nm SiO2, the derived capacitance is less than half 
of the theoretical value, which may be correlated to the nonstandard device 
configuration with an additional ionic gate on top of the channel. As shown in 
Fig. 3.9, on the left side of the superconducting dome, 𝑉𝑉𝑉𝑉𝑇𝑇  is found to be linear 
with 𝑛𝑛𝐻𝐻𝑅𝑅𝐻𝐻𝐻𝐻  which has also been confirmed in Fig. 3.8. This linearity allows us to 
extrapolate 𝑉𝑉𝑒𝑒𝑜𝑜𝑜𝑜 to the point with 𝑛𝑛𝐻𝐻𝑅𝑅𝐻𝐻𝐻𝐻 =0 and get 𝑉𝑉𝑒𝑒𝑜𝑜𝑜𝑜 = −2161.7 V. With this 
offset value determined one could rescale all relative 𝑉𝑉𝑒𝑒𝑜𝑜𝑜𝑜s to set the absolute 
magnitude for each electronic state.  

At last, we would like to emphasize again that the extrapolated 𝑉𝑉𝑒𝑒𝑜𝑜𝑜𝑜(0 V) 
is only true when inhomogeneous doping and/or defects trapping is omitted. 
Nevertheless, it does not affect the precision of relative 𝑉𝑉𝑒𝑒𝑜𝑜𝑜𝑜 over the whole phase 
diagram is shown in Fig. 3.2. because of the relative 𝑉𝑉𝑒𝑒𝑜𝑜𝑜𝑜, by definition, will be 
shifted always by the same offset. 
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Figure 3.8 Back gate-dependent carrier 
density measured by the Hall effect. Raw 
data of the Hall effect in A after 
antisymmetrization in B with a different 
back gate 𝑉𝑉𝑉𝑉𝑇𝑇 at 70 K, fitted linearly by 
dashed lines. C. The carrier concentration 
induced by 𝑉𝑉𝑉𝑉𝑇𝑇 shows a linear dependence 
near the left dome edge, consistent with 
the well-defined metallic behaviour also 
observed there. For a series of states 
accessed by 𝑉𝑉𝑉𝑉𝑇𝑇, we obtained a consistent 
gating efficiency by using 𝑉𝑉𝑉𝑉𝑇𝑇 (dashed 
line) in this double gating configuration, 
which is reduced to ~37% of the 
calculated geometrical capacitance (solid 
line). 
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Figure 3.9 Carrier density as a function of effective gate voltage at different temperatures. The 
dashed lines, as a guide for the eyes, denote linear dependence of carrier density 𝑛𝑛𝐻𝐻𝑅𝑅𝐻𝐻𝐻𝐻 on 𝑉𝑉𝑒𝑒𝑜𝑜𝑜𝑜 
away from the dome peak, whereas close to the dome peak, the positive dependence cross overs 
to a negative one. 

 
Figure 3.10 Overlay of two sets of sequentially measured transport data close to the 
superconductor-to-insulator transition. The data labelled by grey colour correspond to the 
initial gating (Fig. 1D), while the colour curves represent data from the next gating where 
electronic states are traced with fine voltage steps (ΔVBG = 5 V). The high repeatability rules 
out any possible chemical reaction during gating processes.  
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