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Abstract 17 

Electronic correlation in a flat band has been a longstanding interest because of emergent 18 

phenomena such as Mott insulator and superconductivity. Besides recent Moiré superlattice, 19 

transition metal dichalcogenides (TMDs) may directly, e.g. by forming a charge density wave 20 

in 1T-TaS2, reconstruct a narrow band that exhibits a correlated insulator. Here we report an 21 

emergent insulator in electron doped monolayer WSe2, a prototypical TMDs with direct 22 

bandgaps. By detailed mapping a cascade of phases “band insulator-superconductor-emergent 23 

insulator-metal”, we can identify, besides the superconducting dome, a narrow miniband split 24 

from the conduction band, half filling of which coincides with the insulating state. The 25 

correlation picture is supported by a density wave that possesses an isolated flat band. Finally, 26 

through evolutionary changes within the same class of materials, multivalley population is 27 

suggested to account for enhanced superconductivity and the insulator. Our finding provides 28 
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new opportunities to explore correlated physics within traditionally non-correlated materials. 29 

Introduction 30 

Whenever an insulator takes place in systems where a metal is predicted in the single particle 31 

picture, many-body physics is usually found to set in, opening an emergent energy gap at the 32 

Fermi surface. Mott insulator usually involves a narrow band composing of ‘localized’ orbital 33 

electrons such as d electrons in copper oxide, iron pnictide, nickel oxide and f electrons in heavy 34 

fermion materials1–4. With seemingly itinerant electrons, strong correlation can be introduced 35 

as well, e.g. by the confinement of Landau levels as in two-dimensional electron gas subjected 36 

to strong magnetic fields5, or by Moiré superlattice potential modulation that converts two Dirac 37 

cones into a flat band as in twisted bilayer graphene (TBG)6,7. Besides Mott insulator, charge 38 

density wave (CDW) could also gain an energy gap at the boundary of folded Brillouin zones 39 

in one-dimensional conductors, leading to an insulating behavior in the otherwise metallic 40 

system8. These many-body states are possibly entangled with each other in low-dimensional 41 

systems of significant electron-electron interaction and electron-phonon coupling that are 42 

preferred by various electronic instabilities. An outstanding case in transition metal 43 

dichalcogenides is 1T-TaS2, where the so-called Davis star CDW establishes a Mott insulating 44 

phase9–11.  45 

 46 

Recently, two dimensional TMDs have attracted enormous attention because of exceptional 47 

physical properties such as the direct bandgap, tightly bound excitons, Berry curvature related 48 

valleytronics and Ising superconductivity12–21, many of which involve many-body effects due 49 

to quantum confinement and the reduced Coulomb screening in two-dimensional crystals21–23. 50 

Upon heavily doped with electrons, semiconducting TMDs in most cases behave like a normal 51 

Fermi liquid where single particle picture dominates the electrical transport, although negative 52 

electronic compressibility has been found to persist to carrier density in the order of 1013 cm-2 53 

in MoS2 and WSe2
24–27. In this regard, the insulating phase of a monolayer WS2 seems to be 54 

unusual as it lies on the high-density side of the Ising superconducting dome where a metal is 55 

expected17. Similar unexpected insulators were also recorded in ionic liquid gated rubrene, 56 

monolayer ReS2, silicon etc., and explained by disorder enhanced Anderson localization or 57 
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carrier trapping induced mobility degradation28–35. Since ionic liquid was found to enhance 58 

mobility in suspended MoS2 or at least did not show increasing mobility degradation at high 59 

gate voltages36–38, one should carefully examine the universality of localization models in these 60 

semiconducting TMDs. On the other hand, substantial doping was predicted to trigger a unique 61 

sequence of ‘band insulator-superconductor-CDW’ in monolayer TMDs39. Despite the 62 

proposed metallic CDW contradicts experimental observations, the involvement of CDW may 63 

shed new light on the vanishing electronic correlation (by mimicking 1T-TaS2) and hence the 64 

emergent insulator. 65 

 66 

Here by taking advantage of coarse ionic liquid gating and fine dielectric gating, we are able to 67 

map in detail a cascade of electronic phases “band insulator-superconductor-emergent 68 

insulator-metal” in monolayer WSe2, a direct-bandgap semiconducting TMDs. Besides the full 69 

insulating dome indicating an intrinsic mechanism for the emergent insulator, the profile of Hall 70 

carrier density further infers that on the right side of the superconducting dome a miniband is 71 

split from the bulk conduction band, half filling of which coincides with the insulating peak. 72 

This Mott-like mechanism, as shown by density functional theory (DFT) calculations, is nicely 73 

corroborated by a 2√3×2√3 charge density wave that is endowed with narrow bandwidth and 74 

heavy quasiparticles. This reconciled picture is found to be ubiquitous among doped 75 

semiconducting TMDs and the band structure evolution reveals the important role of multiple-76 

valley population. In addition to the possible enhancement of electron-phonon coupling and 77 

hence superconductivity, the multiple Fermi surface nesting may also promote the formation of 78 

charge density wave and correlated insulator, thus providing a systematic view of 79 

superconductivity and emergent insulators in gated monolayer TMDs.  80 

 81 

Results  82 

Tungsten diselenide (WSe2) has a trigonal prismatic crystal structure with Se and W arranged 83 

to a sandwich structure by covalent bonds in a sequence of Se-W-Se (Fig. 1a). Similar to the 84 

most intensively studied MoS2, WSe2 features a significant direct bandgap (~ 1.6 eV), a pair of 85 

time reversal symmetry related valleys at the hexagonal Brillouin zone corners, and a more 86 
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pronounced spin splitting in valleys of both valence and conduction bands40. In the electric 87 

transport, the very attractive property may be the ultrahigh hole mobility, allowing for the 88 

observation of many interesting quantum phenomena at low temperatures41,42.  89 

 90 

Observation of an intrinsic insulator 91 

Here the monolayer WSe2 flake was mechanically exfoliated from bulk crystal and made into 92 

a Hall-bar device (See details in Methods, section 1). As shown in Fig. 1a, the finalized field 93 

effect transistor has a dual-gate configuration: ionic liquid as a coarse top gate VTG and a fine 94 

dielectric capacitor as the back gate VBG. The transistor exhibits characteristic ambipolar 95 

behaviors, as shown by the conductivity of a typical sample (Fig. 1b). Although electron and 96 

hole sides are both substantially doped, reaching the order of 1014 cm-2, the conductivity profiles 97 

are distinct. As denoted in Fig. 1c-d, on the hole side only K/K’ valleys are filled, whereas both 98 

K and Q valleys are occupied on the electron side because of the small energy difference 99 

between the two valleys40,43–47. The strong intervalley scattering results in a remarkable kink in 100 

conductivity, consistent with the interband scattering in multilayer graphene and previous 101 

reports for MoS2, MoSe2 and WSe2
48–50. This feature is expected to depend mildly on 102 

temperature in theory, since density of states at valley minima would not be severely broadened 103 

by thermal effects51. However, as shown by the color coded resistivity (Fig. 1e and Fig. S1) as 104 

a function of temperature and effective back gate Veff (see derivation of Veff in Methods, section 105 

2 and Fig. S2), when electron doped WSe2 was cooled down, in addition to the superconducting 106 

dome (blue color, denoted by SC) the most striking feature is an insulating dome (red color, 107 

denoted by emergent insulators/EI). Obviously, it is unreasonable to take EI as a direct 108 

development of the kink in conductivity that originates from intervalley scattering.  109 

 110 

The insulating phase at high gate voltages of ionic liquid transistor is sometimes termed as 111 

reentrant insulator because of the band insulator without doping (denoted as BI in Fig. 1e). It 112 

has been widely observed in silicon, rubrene and monolayer TMDs, and explained by disorder 113 

induced localization17,28,29,32–35. The observation that is unique to this phase diagram, is the 114 

transition back to a metal at the highest gate voltage. Following the Anderson localization 115 
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model of ionic liquid transistors28, cations and induced electrons in samples have a one-to-one 116 

correspondence, so a higher gate voltage (i.e. more electrons and cations) means a more 117 

disordered potential landscape. A natural expectation is, once the sample enters a disordered 118 

insulator it would stay inside the phase for higher gate voltages, contrasting the above 119 

observation in WSe2.  120 

 121 

The challenge to the above localization model can also be seen from the effect of the dielectric 122 

gate that is supposed to bring in much less disorder than ionic liquid. On the left border of the 123 

insulating dome (Veff ~1000 V), we are able to use positive back gates to obtain a more 124 

insulating state while the ionic liquid gate voltage (and the cation distribution at the sample 125 

surface) is fixed. This is better illustrated in Fig. S4 and S5, where thin boron nitride and 126 

graphite flakes form an ideally clean capacitor52,53. Thanks to the powerful carrier control 127 

capability, the superconducting state can be directly tuned into the emergent insulator by a 128 

positive gate voltage, i.e. by putting more electrons into the system. As such, the density driven 129 

emergent insulator is not likely to result from pure disorder effects. 130 

 131 

Identification of a split narrow band 132 

To gain more insight, we characterize the temperature dependent resistivity and Hall carrier 133 

density in details. The behavior can be well described by Efros-Shklovskii-variable range 134 

hopping54 in the broad transition region from the emergent insulator to metal on both sides (Fig. 135 

2a-b, and Methods, section 4), and the thermal activation model could be used to fit the most 136 

insulating states (Fig. 2c). The fitting parameters are summarized in Fig. 2d, in which 137 

localization length and the energy gap are depicted to left and right axes, respectively. The 138 

energy gap is as high as 93 meV, much larger than the energy scale (~ 30 meV) derived for 139 

monolayer WS2
17. The reason is obvious: due to the limited gating capability, the insulating 140 

state of WS2 in the previous report has not yet reached its insulating dome peak. But in WSe2, 141 

it is sufficient to access the whole insulating phase. Identification of the difference between 142 

these two similar materials may be the key to understanding the emergent insulator. We will 143 

return to this point at the end of the manuscript. 144 
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 145 

The profile of Hall carrier density across the cascade of phases would give more information 146 

(Fig. 2e). As the dielectric back gate is used to evaluate the gating effect of ionic liquid, we do 147 

not need to incorporate quantum capacitance of monolayer TMDs since the latter is roughly 148 

three orders larger in magnitude. At the initial stage of filling the conduction band, the effective 149 

gate capacitance denoted by the black dotted line is Ceff=4.5 nF/cm2
, roughly 1/3 of the standard 150 

model (a parallel plate capacitor with 285 nm SiO2). This reduction of capacitance in the low-151 

density regime is quite robust and has been repeatedly found in devices made of exfoliated and 152 

chemically grown WS2 (Methods, section 3 and Fig. S3)17. The exact reason is beyond the scope 153 

of this manuscript, but it may relate with trapped states below the conduction band edge. Upon 154 

passing this region, the fitted capacitance (blue dotted line) restores to be consistent with 155 

theoretical expectations. The only exception is that, when the emergent insulating state rises 156 

gradually, the Hall carrier density begins to deviate from theory and eventually decreases with 157 

increasing effective gate voltages (denoted by open symbols). As inferred from Fig. 2d, at this 158 

stage electrons are susceptible to localization but Hall measurements can only account for 159 

mobile carriers, thus the Hall carrier density cannot be directly translated to the whole electrons 160 

injected into the sample. Instead, it is more reasonable to trace the total number by following 161 

the established capacitor model. The extrapolated carrier density for the insulating peak is 162 

around 7.3×1013 cm-2. An alternative way is to conduct Hall measurements at high temperature 163 

when the insulator is quenched. Thanks to the significant dip in the conductivity curve on the 164 

electron side (Fig. 1b), we can locate the carrier density for the insulator as 7.1×1013 cm-2 and 165 

denote it with a solid circle (blue) in Fig. 2e. The magnitude is consistent with previous reports 166 

for the carrier density around the conductance dip49, and more importantly, it follows closely 167 

the fitting line (dotted line in blue). The good agreement between calculation and experiments, 168 

in turn, justifies the above capacitor model.  169 

 170 

The most intriguing observation in Fig. 2e is the carrier profile on the right side of the insulating 171 

phase, which seems to accumulate electrons in an empty band. Before we discuss its implication, 172 

we’d like to evaluate the magnitude of “lost” electrons. Following the capacitor model, we take 173 
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Veff ~ 2260 V at the intercept to the horizontal axis, and obtain 1.5×1014 cm-2. The quantity 174 

almost doubles the carrier density at the insulating peak (~7.1×1013 cm-2), which immediately 175 

suggests a Mott-like mechanism in a miniband (Fig. 2g). It’s interesting to compare the 176 

proposed miniband to the narrow band in monolayer ReS2, both of which are split from the 177 

conduction band of a large bandwidth. Naively, one would suppose that the disordered potential 178 

fluctuation may exceed the bandwidth and cause an insulator, just in the same way with that in 179 

ReS2. Here we emphasize that the underlying mechanism must be different, because in 180 

Anderson localization model of ReS2 it is more and more insulating at higher Veff whereas the 181 

states with higher Veff than the insulating peak in WSe2 tend to be more metallic. Once the 182 

miniband is fully filled (by the “lost” electrons), a new band at higher energies starts to be 183 

populated (Fig. 2h), and the profile of Hall carrier density is again similar to that in the initial 184 

doping stage (Fig. 2f). Overall, the above scenario can well explain our experiments, but it 185 

poses stringent requirements for the miniband: to accommodate electrons with strong 186 

correlation ~1.5×1014 cm-2. 187 

 188 

Charge density wave with a flat band 189 

A miniband could be formed by Moiré superlattice in TBG6,7, or more conventionally by a 190 

charge density wave in 1T-MX2 (M=Ta, Nb; X=S, Se)9–11,55–57, well-known group VB-TMDs. 191 

Notably, in semiconducting MoS2 there were already theoretical works proposing a sequence 192 

of “band insulator-superconductivity-CDW” in phase diagrams, though the CDW still has a 193 

large Fermi surface (i.e. metallic)39. Here DFT calculations were carried out (see Methods, 194 

section 7) for multiple structural instabilities with appropriate doping. Besides the previously 195 

established 2×1 CDW (denoted as M-CDW), we found a novel 2√3×2√3 CDW (denoted as Q-196 

CDW) whose partial charge density contour could be found in Fig. S8. Schematic Brillouin 197 

zones and CDW wavevectors are shown in Fig. 3a-b and calculated band structures are in Fig. 198 

3c-d for Q- and M-CDW, respectively. The striking feature of Q-CDW is the emerging flat band 199 

(Fig. 3c), which is different from that either in undistorted (Fig. S6) or M-CDW phases (Fig. 200 

3d). The bandwidth of the flat band is as narrow as 100 meV, and the effective mass as large as 201 

20m0, probably invoking strong electron-electron interactions that have not been observed in 202 
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such gated semiconductors. Significantly, when the doping exceeds 0.04 e/u.c. (electron per 203 

unit cell) ~ 4×1013 cm-2, the Q-CDW becomes energetically more stable than the M-CDW, thus 204 

the narrow band would dominate electric transport properties in high density regimes (Fig. 3e).  205 

 206 

The emergence of a flat band provides possibilities for insulating behaviors observed 207 

experimentally. An extended discussion of the narrow band physics is beyond the scope of this 208 

study, but it is worth mentioning a few simple scenarios. For the full filling of the narrow band, 209 

carrier densities need to reach 2/12 e/u.c. (~1.67×1014 cm-2), so at the half filling, i.e. 1/12 e/u.c. 210 

(~8.3×1013 cm-2) the system may turn into a Mott insulator. When slightly away from the half 211 

filling, Wigner-crystal like electronic solids may form58. For instance, if we take the dielectric 212 

constant as 7.459 and carrier density ~3×1013 cm-2, the Wigner-Seitz radius rs, standing for the 213 

ratio between Coulomb potential and kinetic energy, reaches 51 that well exceeds the threshold 214 

of 2960. Considering cations and inevitable defects in our samples, the ideal Wigner crystal is 215 

probably replaced by an electronic solid made of interacting electrons stabilized by the local 216 

charge disorder. 217 

 218 

It’s important to stress that the flat band can accommodate electrons of 1.67×1014 cm-2 and 219 

heavy effective mass, which fulfills the strict conditions set by experiments. However, we note 220 

that the flat band can only be stabilized by doping rates above 0.15 e/u.c. (1.5×1014 cm-2), which 221 

is larger than the density where the insulator starts to be observable in experiments. The 222 

discrepancy may be due to the well-known limitation of DFT in the quantitative description of 223 

strong electronic correlations; another obvious omission is the energy gain by forming 224 

electronic solids compared to Fermi liquid, which would stabilize the Wigner-like crystal at a 225 

lower carrier density than DFT calculations. 226 

 227 

Evolution of superconductivity and the emerging insulator 228 

The story of the emergent insulator in gated WSe2 should not be unique, as the insulator or its 229 

preliminary sign at high gate voltages could also be found in monolayer WS2 and MoS2 that 230 

have the same crystal structure and qualitatively similar band structure. As noted earlier, the 231 
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quantitative difference between the three would be the key to understanding the emergent 232 

insulator. In the following, we present a systematic investigation.  233 

 234 

Compared to WSe2 (Fig. 4a), WS2 possesses an almost the same superconducting dome but a 235 

less resistive insulator (Fig. 4b). As for MoS2, only a conductivity dome was clearly identified 236 

at temperatures above 2 K (Fig. 4c). As Tc was found to be below 1.5 K that is beyond the 237 

measurement range, we believe a much smaller superconducting dome exists beneath the 238 

conductivity dome. Again, the insulating behavior appears at the largest VTG, but extremely 239 

weak. In Fig. 4d, we overlaid superconducting domes with Tc defined by 0.9RN, 0.5RN and 240 

0.1RN, respectively. Note that the superconducting dome of MoS2, which has one data point 241 

from Ref. 61 (denoted by open squares), is sketched by imitating the conductivity dome at high 242 

temperatures (Fig. S2c). Significantly, the onset Tc (0.9RN) at the dome peak ~ 5.4 K in WSe2 243 

is the highest while the carrier density is the lowest among the three. According to McMillan’s 244 

formula, Tc=ωln/1.2exp[-1.04(1+ λ)/(λ-μ*(1+0.62λ))] where λ is electron-phonon coupling, ωln 245 

is logarithmic averaged frequency and μ* is Coulomb pseudopotential, the observation implies 246 

the strongest λ in WSe2. 247 

 248 

The evolution of superconductivity and the emergent insulator should have its correspondence 249 

in band structures. Close examination gives an important clue – the valley population with 250 

electron doping are quite distinct among the three. As shown in Fig. 4e, the energy difference 251 

between K and Q valleys defined as EKQ is the smallest in WSe2, so it’s easiest to occupy two 252 

valleys simultaneously with moderate gate voltages. WS2 would be more difficult and MoS2 253 

the most difficult. This trend of multivalley population was previously identified to account for 254 

Raman softening, which is a signature of strengthened electron-phonon coupling62. Now it is 255 

again verified by the more robust superconductivity in WSe2 than WS2 and MoS2, albeit the 256 

detailed phonons involved in Raman and superconductivity may not be the same. Besides the 257 

above material engineering, multivalley effect on superconductivity could also be inferred by 258 

studying bilayer and few-layer MoS2, where increased layer number controls EKQ
50,61. In 259 

addition to superconductivity, multivalley population may be also beneficial to charge density 260 



10 
 

wave formation. As well as enhanced electron-phonon coupling, the Q valley occupation allows 261 

for more Fermi surface nesting, both of which are essential to promote charge density wave8,63–
262 

65. While there are debates about the origin of CDW in TMDs, the baseline here is, multivalley 263 

population is not against the fact that one could observe a full insulating dome in WSe2 but only 264 

a remanence in WS2 and MoS2.  265 

 266 

To quantify the above trend, we extract the Fermi energy at the superconducting dome peak 267 

(conductance peak for MoS2), and compare this characteristic energy with EKQ (Fig. 4e). The 268 

same sequence among the three highlights the important role of multivalley population in both 269 

superconductivity and the emergent insulator. It’s interesting to ask whether there is any 270 

possibility to observe more interesting phenomena such as correlated superconductivity and 271 

magnetism associated with the emergent insulator. With improved sample quality in the future, 272 

more investigations are certainly deserved to be conducted in various multivalley materials.   273 

Discussion 274 

To conclude, a detailed mapping of electronic phases has been applied to monolayer WSe2, a 275 

semiconducting TMDs dually gated by a coarse ionic liquid top gate and a fine dielectric back 276 

gate. Besides the superconducting dome with very low carrier density, we find a full insulating 277 

dome on its high-density side. The diminishing insulating phase at highest gate voltages directly 278 

excludes external mechanisms like disorder induced Anderson localization. In addition, the 279 

characterization of Hall carrier density suggests that a miniband is split from the wide 280 

conduction band. That the half filling of the miniband coincides with the insulating peak implies 281 

a Mott-like intrinsic mechanism, which matches well a 2√3×2√3 charge density wave featuring 282 

a narrow bandwidth. To figure out the driving force, we carried out a systematic survey among 283 

the semiconducting TMDs of similar band structures, and multiple-valley population was 284 

unveiled to be a key ingredient in the evolving behavior of both superconductivity and the 285 

emergent insulator. For the former, multivalley was already shown to be able to enhance 286 

electron phonon coupling; for the latter, Fermi surface nesting from additional valleys may also 287 

result in novel charge density wave that supports strongly correlated electrons. Our result shed 288 

new light on superconductivity and emergent insulators in electron doped semiconducting 289 
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TMDs, opening more opportunities to explore correlation physics in two dimensional van der 290 

Waals materials. 291 

Methods 292 

1. Fabrication of ionic liquid gated device and measurement scheme 293 

TMDCs flakes are exfoliated from bulk crystals onto silicon wafers with 285 nm SiO2. 294 

Monolayer flakes identified by optical contrast are further characterized by fluorescent 295 

microscopy to select a particular part with uniform photoluminescence. It is then patterned into 296 

a standard Hall-bar geometry. Electric contacts are made by e-beam lithography followed by e-297 

beam evaporation of Ti (1 nm)/Au (50 nm) and lift-off in hot acetone.  298 

 299 

The ionic liquid (DEME-TFSI) is baked for half an hour before application to samples. Then 300 

the device is loaded immediately into cryostats. At temperatures above its glass transition 301 

temperature, a constant AC voltage bias ~0.1 V is applied and source-drain current and four-302 

probe resistance are measured simultaneously. The DC gate voltage is then swept step by step 303 

to the maximum (sample dependent, typically 4~6 V) and the leakage current is closely 304 

monitored. Then we cool down the sample at a fast rate (~3 K/min) to 180 K to freeze ionic 305 

liquid. Subsequently, the whole measurement process will be kept below 190 K. To change the 306 

electronic state at low temperature, two methods are combined: one is back-gate sweeping for 307 

fine tuning, the other is thermal release of ionic liquid in a controlled way. The latter is 308 

performed around 190 K at which ionic liquid gating state can be released slowly. By regulating 309 

the time interval of the release, we can roughly control the ionic gating effect.  310 

2. Connection of resistivity mapping by back-gate transfer curves 311 

At each ionic gating state, the SiO2 or BN back gate is routinely swept and transfer curves are 312 

recorded. For the two ionic states before and after thermal release, the two transfer curves can 313 

be concatenated. In this way, each ionic state is indexed with an effective back gate voltage 314 

relative to the initial but unknown highly gated state. At the same time, Hall carrier density is 315 

measured. By extrapolating density to zero, we can get the absolute magnitude of effective gate 316 

voltage, which is denoted as Veff. Technical details can be found in Ref. 17. Examples for 317 

investigated samples in the main text are shown in Fig. S2. 318 
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3.  Hall carrier density measurement 319 

Without specific notation, Hall carrier density was taken at 80 K, at which the transfer curves 320 

were scanned in details. In Fig. S3, we plot Hall carrier density as a function of Veff for WSe2, 321 

WS2 and MoS2. Here the gating efficiency is quantified by an effective capacitance Ceff ≡322 

ednH/dVeff. The three kinds of samples share the same features: (1) at the beginning of doping, 323 

i.e. the Fermi level is close to the conduction band minima, the gating efficiency is surprisingly 324 

low with Ceff=4.5 nF/cm2 denoted by black line. (2) Passing the low doping region, Ceff sharply 325 

increases to the theoretical capacitance within experimental uncertainty. (3) Further doping 326 

induces an insulating behavior. Then the Hall carrier density starts to level off and even decrease 327 

with increasing Veff.  328 

4. Variable Range Hopping behavior in the emergent insulator  329 

The temperature dependent resistivity away from the insulating peak is found to be better 330 

described by the Efros-Shklovskii variable range hopping (ES-VRH) model than the thermal 331 

activation model. The ES-VRH takes account of the coulomb interactions between the localized 332 

states on the basis of the Mott-VRH, and creates a soft gap in DOS at Fermi level. Therefore, 333 

the hopping equation in the ES-VRH model can be expressed as 𝑅 𝑇 𝑅 exp / . The 334 

characteristic temperature in 2D limit is given by 𝑇 .
, where 𝜀  and 𝜀  is the 335 

permittivity of vacuum and dielectric constant of the material. Then we can extract the 336 

localization length from the slope of ln𝑅 as function of 𝑇 / . Note that we take the dielectric 337 

constant of monolayer WSe2 from ab initio calculations59. 338 

5. The energy difference between K and Q valleys  339 

The band structure of monolayer TMDs (i.e., WSe2, WS2 and MoS2) is well known and the 340 

DOS associated with K and Q valleys can be determined by their degeneracy and effective mass. 341 

So we can further calculate the chemical potential by a given electron density. However, the 342 

transport signal is not precise enough to accurately pin down the threshold electron density at 343 

which the Q valley starts to be filled, hence it is difficult to determine the energy difference. As 344 

mentioned in the main text, the evolution of the superconductivity dome is closely related to 345 

the population of K and Q valleys. Thus we can roughly estimate EKQ by taking the carrier 346 

density at peaks of superconducting domes for WSe2 and WS2 and the conductivity dome for 347 
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MoS2. Particularly for WSe2, we could double check it by experimental observation of a kink 348 

in the curves of conductivity and Hall carrier density (Fig. 1b) which originate from intervalley 349 

scattering. Using this feature49, the threshold carrier density increases slightly from 3.0×1013 to 350 

~3.5×1013 cm-2, which does not affect the trend presented in Fig. 4e. The results and specific 351 

parameters we used to obtain EKQ are listed in Supplementary Table 1. 352 

6.  Procedures of stacking van der Waals heterostructures 353 

To acquire high quality samples with the surface exposed to ionic liquid, a recipe for reverted 354 

van der Waals heterostructure is followed66. We begin with spin coating polypropylene 355 

carbonate (PPC) on a silicon wafer (15 wt.% dissolved in anisole, 3500 rpm for 60s). The PPC 356 

film is manually peeled off and put onto PDMS covered with highly transparent adhesive tape. 357 

Then the stack is baked at 95℃ for 2 minutes in order to remove bubbles and wrinkles. After 358 

cooling, the stack is mounted on a manipulator for alignment under the microscope and 359 

sequentially pick up multilayer graphene, a BN flake of 10-20 nm and monolayer TMDs. After 360 

each pick-up step, the stack is baked as before to remove contaminants or let them aggregate. 361 

Then the PPC with heterostructures on top is carefully peeled off and inverted on a final target 362 

substrate at 110℃. At last, the whole wafer is annealed at 350℃ for 80 mins in the vacuum of 363 

10-7 mbar to decompose PPC without degradation of TMDCs. Details of the process are 364 

illustrated in Fig. S4.  365 

7. Density functional theory calculations. 366 

Our DFT calculations are performed with the Vienna ab initio simulation package (VASP)67. 367 

Projector augmented wave potentials68 are used with an energy cutoff of 400 eV. The 368 

generalized gradient approximation with the Perdew-Burke-Ernzerhof69 exchange-correlation 369 

functional is used and supplementary calculations are discussed with the plus U correction of 370 

Dudarev et al.70. The Q-CDW state and the M-CDW state are modelled with a 2√3×2√3×1 and 371 

a 2×1×1 supercell, respectively. Information of the K-point meshes used are presented in 372 

Supplementary Table 2. The CDW structures are generated by optimizing a manually distorted 373 

structure at each doping rate. The lateral lattice constant of the unit cell a = 3.316 Å, which is 374 

the optimized value at the PBE level. The CDW formation energy is defined as Ef = Edis – Eundis, 375 

where Edis and Eundis are the energy per unit cell of the distorted CDW structure and of the 376 
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undistorted structure at the same doping rate, respectively. Band structures are calculated for 377 

undistorted and Q-CDW at various doping rates, as shown in Fig. S6 and S7, respectively. For 378 

the latter, charge distribution is also delineated in Fig. S8. 379 

 380 

In addition, phonon dispersions are calculated with the PHONOPY interface to VASP71. The 381 

results for WSe2 is depicted in Fig. S9. 382 

 383 

Data availability. The data that support the findings of this study are available from the 384 

corresponding author on request. 385 

 386 
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 551 

Figure 1 Observation of an emergent insulator in ionic gated monolayer WSe2. a. 552 

Schematics of an ionic liquid field effect transistor made of monolayer WSe2. The top gate (VTG) 553 

is for ionic liquid and the back gate (VBG) is for 285 nm SiO2 dielectric capacitor. b. 554 

Conductivity and Hall carrier density plotted to the left and right axes, respectively, as a 555 

function of ionic liquid gate voltages. While the conductivity tends to saturate in the hole regime, 556 

there is a significant dip on the electron side that is typically attributed to the intervalley 557 

scattering between K and Q valleys (shown in d). c-d. Valley filling for hole (c) and electron 558 

(d) doping. In the hole doped regime, only K/K’ pockets at the corners of the hexagonal 559 

Brillouin zone are occupied, whereas in the electron doped regime both K and Q valleys may 560 

be populated. Red and blue colors indicate up and down spins, respectively. e. Resistivity 561 

mapping as a function of temperature and ionic liquid gating, showing a series of electronic 562 

phases from a band insulator (BI), superconductivity (SC), an emergent insulator (EI) to a metal. 563 

Note that here the ionic liquid gating effect has been converted to the effective back gate Veff.    564 

  565 
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 566 
Figure 2 Identification of a narrow band corresponding to the insulator. a-c. 567 

Characterization of temperature dependent resistivity across the dome-like insulating phase. In 568 

the low- (a) and high (b) density regimes, they are well fitted by Efros–Shklovskii variable-569 

range hopping, while the most insulating peak (c) could be fitted by a thermal activation model. 570 

d. The derived localization length and energy gap are plotted to the left and right axes, 571 

respectively. e. The Hall carrier density map is divided into three regions, the middle of which 572 

is highlighted by red colors for the insulating phase. The black dotted line in region 1 has a 573 

slope of Ceff=4.5 nF/cm2, which is only 1/3 of the expected capacitance. With higher gate 574 

voltages, the slope indicated by the blue dotted line restores to be normal except those close to 575 

the insulator (open symbols). The extrapolated carrier density for the insulating peak is 576 

approximately 7.3×1013 cm-2, in excellent agreement with the measured carrier density at high 577 

temperatures ~7.1×1013 cm-2 (solid circles in blue). The intercept in region 3 corresponds to a 578 

density of injected electrons ~ 1.5×1014 cm-2
 (at Veff ~ 2260 V), which almost doubles that of 579 

the insulating peak. f-h. Schematics of band fillings for three regimes indexed in e including 580 

superconductivity (f), the emerging insulator (g) and the right metal (h).            581 
  582 
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 583 

Figure 3 Charge density wave with a narrow band. a-b. Reconstructed (green) and original 584 

(black) Brillouin zones for the 2√3×2√3 Q-CDW (a) and the 2×1 M-CDW (b), where 585 

unreconstructed Fermi surfaces (circles and ellipses) and CDW wavevectors (arrows) are 586 

indicated. c-d. Corresponding band dispersions along high-symmetry directions. In c, the 587 

narrow band is highlighted in red. e. Formation energy of the M-CDW and Q-CDW states as a 588 

function of electron doping rates in DFT calculations.  589 

  590 
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 591 

Figure 4 Evolution of the emergent insulator and superconductivity across the 592 

semiconducting class of TMDs. a-c. Resistivity mapping as a function of temperature and 593 

gating effect for monolayer WSe2 (a), WS2 (b) and MoS2 (c), showing the similarity between 594 

the three and gradual and systematic changes due to evolving band structures. d. Summarized 595 

superconducting domes. For monolayer MoS2, no superconductivity was observed above 2 K 596 

in the present experiment. The open square is taken from Ref. 61 and the dome (dashed line) 597 

mimics the conductivity dome at high temperatures. e. The filled bars represent the energy 598 

difference between K and Q valleys obtained by both theories and experiments in the literature. 599 

Extracted values from dome peaks roughly follow the trend (see Methods, section 5).  600 

 601 



Figures

Figure 1

Observation of an emergent insulator in ionic gated monolayer WSe2. a.Schematics of an ionic liquid
�eld effect transistor made of monolayer WSe2. The top gate (VTG) is for ionic liquid and the back gate
(VBG) is for 285 nm SiO2 dielectric capacitor. b. Conductivity and Hall carrier density plotted to the left
and right axes, respectively, as a function of ionic liquid gate voltages. While the conductivity tends to
saturate in the hole regime, there is a signi�cant dip on the electron side that is typically attributed to the
intervalley scattering between K and Q valleys (shown in d). c-d. Valley �lling for hole (c) and electron (d)
doping. In the hole doped regime, only K/K’ pockets at the corners of the hexagonal Brillouin zone are
occupied, whereas in the electron doped regime both K and Q valleys may be populated. Red and blue
colors indicate up and down spins, respectively. e. Resistivity mapping as a function of temperature and
ionic liquid gating, showing a series of electronic phases from a band insulator (BI), superconductivity



(SC), an emergent insulator (EI) to a metal. Note that here the ionic liquid gating effect has been
converted to the effective back gate Veff.

Figure 2

Identi�cation of a narrow band corresponding to the insulator. a-c.Characterization of temperature
dependent resistivity across the dome-like insulating phase. In the low- (a) and high (b) density regimes,
they are well �tted by Efros–Shklovskii variable range hopping, while the most insulating peak (c) could
be �tted by a thermal activation model. d. The derived localization length and energy gap are plotted to
the left and right axes, respectively. e. The Hall carrier density map is divided into three regions, the middle
of which is highlighted by red colors for the insulating phase. The black dotted line in region 1 has a
slope of Ceff=4.5 nF/cm2, which is only 1/3 of the expected capacitance. With higher gate voltages, the



slope indicated by the blue dotted line restores to be normal except those close to the insulator (open
symbols). The extrapolated carrier density for the insulating peak is approximately 7.3×1013 cm-2, in
excellent agreement with the measured carrier density at high temperatures ~7.1×1013 cm-2 (solid circles
in blue). The intercept in region 3 corresponds to a density of injected electrons ~ 1.5×1014 cm-2 (at Veff
~ 2260 V), which almost doubles that of the insulating peak. f-h. Schematics of band �llings for three
regimes indexed in e including superconductivity (f), the emerging insulator (g) and the right metal (h).

Figure 3

Charge density wave with a narrow band. a-b. Reconstructed (green) and original (black) Brillouin zones
for the 2√3×2√3 Q-CDW (a) and the 2×1 M-CDW (b), where unreconstructed Fermi surfaces (circles and
ellipses) and CDW wavevectors (arrows) are indicated. c-d. Corresponding band dispersions along high-
symmetry directions. In c, the narrow band is highlighted in red. e. Formation energy of the M-CDW and Q-
CDW states as a function of electron doping rates in DFT calculations.



Figure 4

Evolution of the emergent insulator and superconductivity across the semiconducting class of TMDs. a-c.
Resistivity mapping as a function of temperature and gating effect for monolayer WSe2 (a), WS2 (b) and
MoS2 (c), showing the similarity between the three and gradual and systematic changes due to evolving
band structures. d. Summarized superconducting domes. For monolayer MoS2, no superconductivity was
observed above 2 K in the present experiment. The open square is taken from Ref. 61 and the dome
(dashed line) mimics the conductivity dome at high temperatures. e. The �lled bars represent the energy
difference between K and Q valleys obtained by both theories and experiments in the literature. Extracted
values from dome peaks roughly follow the trend (see Methods, section 5).
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