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The discovery of novel exotic properties in graphene such as quantum Hall effect at room temperature 1,2 has stimulated intensive studies to search for new atomic-layer materials with new functional properties. Among many atomic-layer materials, transition-metal dichalcogenides (TMDs) have attracted significant attention because they provide a versatile platform to combine and vary constituent atoms and crystal structures [3][4][5][6][7][8][9][10] , that give rise to various exotic properties.

Monolayer (ML) TMDs [here, we define "monolayer" as a unit of three atomic layers (chalcogen(X)-metal (M)-chalcogen(X))] are categorized into two different polytypes, 1H and 1T, according to the difference in the coordination of six chalcogen atoms around the metal atom. In the 1H polytype the metal atoms present a trigonal prismatic coordination and the system can be described by hexagonal symmetry (D3h group). In this geometry, the chalcogen atoms are aligned along the vertical axis as "ABA" stacks where A is the chalcogen atom and B is the transition metal atom, respectively. In contrast, the 1T phase presents an octahedral coordination with a tetragonal symmetry (D3d). In this case, an "ABC" stacking is present since one chalcogen layer is shifted with respect to the other.

Typically, in ML TMDs, one of these two possible polytypes represents the thermodynamically stable phase. The thermodynamic selectivity between 1H and 1T phases is strongly related to the number of electron in the d orbitals of the transition metals and enables a straightforward tuning of the properties of TMDs 9,11 . For the octahedral environment of the 1T phase, the d orbitals are split into the t2g triplet (dxy, dxz, dyz) and the eg doublet (𝑑 𝑧 2 , 𝑑 𝑥 2 -𝑦 2 ) with the orbitals along the bond directions (t2g) having lower energy. In the trigonal geometry of 1H, the orbital perpendicular to the plane (𝑑 𝑧 2 ) lies about 1 eV below those in plane (doublet 𝑑 𝑥 2 -𝑦 2 , dxy), and the highest energy level is the remaining doublet, dxz, dyz 12,13 . Group VI TMDs (where M = Mo or W and X = S, Se and Te) with 2 delectrons per unit cells are usually in the 1H phase, with a fully occupied 𝑑 𝑧 2 level and large gap to the next occupied state. This electronic configuration makes 1H-TMDs semiconductors. Additional d-electrons make the 1T structure, with its triplet t2g ground state, more favorable 14 . Partial filling of the degenerate t2g state (with room for six electrons), makes these materials metallic 15 . However, it has also been reported that in the case of group VI TMDs the 1T phase is typically unstable and undergoes a spontaneous lattice distortion into a super lattice structure with a 1T' distorted phase (or distorted octahedral phase). This 1T' phase has been observed in several experiments concerning group VI TMDs 10,[16][17][18][19][20] . Group VI TMDs in 1T' phase are predicted to present intriguing quantum phenomena such as quantum spin Hall effect and Weyl states. In fact, the distorted octahedral 1T' phase is responsible for an intrinsic band inversion near the Fermi level leading to the topological phase transition from trivial to non-trivial band structures 12,21 . This band inversion, also called p-d type band inversion, involves the chalcogen-p band that is pulled down below the metal-d band around the Γ point of the Brillouin zone and is predicted by DFT calculation to be present in all VI TMDs in the 1T' phase. In particular, 1ML 1T' TMDs are predicted to be quantum spin Hall (QSH) insulator with band gaps of the order of tens meV 3,[21][22][23][24] , opening the possibility to realize very efficient QSH-based devices.

Until now there were only few experimental measurements of this band gap in the case of 1T' TMDs 19,23 . In particular, no experimental evidence was shown for WS2. Moreover, this 1T' phase also present interesting applications beyond electronics, e.g., a low cost catalytic substitute of Pt in electrochemically-assisted production of hydrogen [25][26][27] . It is highly desirable to develop well-controllable methods for the preparation of 2D 1T' TMDs with high purity.

Here we present a straightforward approach to synthesize single layer 1T'-WS2 nanosheets with the ratio of this phase exceeding 80%. The presence of the 1T' phase was revealed using a combination of different techniques: X-ray photoelectron spectroscopy (XPS), micro Raman spectroscopy and aberration corrected scanning transmission electron microscopy (STEM). We report electrical results on 1T'-WS2, finding a photoconductivity effect at low temperature, which is consistent with the presence of a small electronic band gap. This work opens a pathway towards the use of 1T'-WS2 for integrated device structures whose operation relies on the control of topological states and phases.

METHODS

a. WS2 nanosheet preparation

Chemicals were purchased from Sigma-Aldrich and used as received without purification. The preparation of 1T'-WS2 monolayers is adapted from refs 27,28 . All the following reactions are conducted with glassware dried with a flame before use. Proper air-free manipulation techniques are used due to the reactivity and nature of n-butyllithium. Briefly, 300 mg of WS2 powder are added in a Schlenk vessel under Argon. 3 mL of 1M n-butyllithium solution in hexane are added to disperse the WS2 powder, and then the Schlenk vessel is closed with a Teflon stopper and heated at 65 °C for 48 hours. The resulting Li-intercalated WS2 dispersion is then carefully filtered through a Schlenk-frit and rinsed with n-hexane. The WS2 nanosheets disperse readily after addition of water and sonication. The lithium byproducts and large aggregates are discarded by repeated centrifugation. Finally the exfoliated 1T'-WS2 dispersion is diluted to obtain a concentration of 1 mg.mL -1 .

b. Photoemission measurements

XPS experiments were carried out on the TEMPO beamline (SOLEIL synchrotron facility) at room temperature 29 .

The photon source was a HU80 Apple II undulator set to deliver linearly polarized light. The photon energy was selected using a high-resolution plane grating monochromator, with a resolving power E/ΔE that can reach 15,000.

The end-station is fitted with a modified 200 nm hemispheric electron analyzer (Scienta SES2002, acceptance angle ± 8°) equipped with a delay line detector 30 . During the XPS measurements, the photoelectrons were detected at 0° from the sample surface normal 𝒏⃗ and at 43° from the polarization vector 𝐸 ⃗⃗ . The W 4f and S 2p spectra were measured at a photon energy hυ = 340 eV (overall resolution ≈100 meV) and the valence band spectrum at hυ = 60 eV (overall resolution ≈60 meV). The spot size was 100 × 80 (H×V) μm 2 . A Shirley background was subtracted in the core level spectra. The W4f and S 2p spectra were fitted by sums of Voigt curves, i.e, the convolution of a Gaussian by a Lorentzian. The zero binding energy (BE) (i.e. the Fermi level) was taken at the leading edge of a clean gold crystal. This value was determined using a sigmoid fitting in which the standard deviation of the xhalf value (inflection point of the sigmoid) is  0.02 eV.

c. Transmission electron microscopy

The WS2 flakes are dropcast onto a copper grid with carbon coating. They are then degassed overnight under secondary vacuum to remove any solvent and volatile organic.

d. Transport measurements

• Electrodes fabrication

Glass substrates are first cleaned by rinsing with acetone, then sonication in acetone for 5 min, further rinsing with acetone and isopropanol, and finally O2 plasma etching for 5 min. Then AZ5214E resist is spin-coated on the substrate and the substrate is baked at 110 °C for 90 s. UV illumination through a shadow mask is conducted for 2 s, with a black paper below the substrate. The resist is then baked again at 125 °C for 2 min, re-exposed to UV (without mask) for 40 s and developed using AZ726 developer. The film is then rinsed with water and finally dried. A new plasma etching is conducted to remove the remaining organic layer in the exposed areas. The substrates are introduced in a thermal evaporator where 5 nm of chromium and 80 nm of gold are evaporated. The remaining resist is removed by dipping the film in acetone for one hour. The electrodes are then cleaned by a flow of isopropanol and finally dried.

The obtained interdigitated electrodes include 25 digits. The spacing between digits is 20 µm. Each digit is 2.5 mm long. The optical area of the device is 0.037 cm 2 .

• Thin film preparation

A drop of the WS2 nanosheet dispersed in water is dropcasted on a hot plate at 50 °C and dried under ambient conditions on the top of the interdigitated electrodes. Material is added on the surface of the electrodes until we observe a finite resistance.

• Electrolyte gating

For electrolyte gating, we first mixed in a glove box 0.5 g of LiClO4 with 2.3 g of PEG (MW = 6 kg.mol -1 ). The vial is heated at 170 °C on a hot plate for 2 h until the solution gets clear. To use the electrolyte the solution is warmed around 100 °C and brushed on the top of the WS2 film. A copper metallic gate is then deposited on the top of the electrolyte and used as top gate.

• Electrical measurements

The transport measurements are conducted while the sample is installed on the cold finger of the cryostat under secondary vacuum. The bias is applied using a Keithley 2634B which role is also to measure the collected current.

For measurements under illumination, a blue (405 nm) laser diode is shone on the sample.

Results and Discussions:

The presence of the 1T'-phase can also be established by micro-Raman analysis 27 . The Raman spectrum of the WS2 sample deposited on SiO2 is shown in Figure 2a (blue line). The spectra are obtained under 532 nm excitation with a spot diameter of about 1 μm and incident power about 40 μW at room temperature. The spectrum displays the modes J1,J2 and J3 that are attributed to the 1T'-phase of WS2 27,[35][36][37] . When increasing the laser power up to 800 μW, a laserinduced heating process occurs. The local increase of temperature is responsible for a phase transition from 1T'to 1H 27 as shown in Figure 2(a) (red curve). In fact, the J1, J2 and J3 peaks of the 1T'-WS2 almost disappear while the in-plane

𝐸 2𝑔
1 and out-of-plane 𝐴 1𝑔 modes of 1H-WS2 are now clearly visible on the spectrum. 38,39 XPS spectroscopy, see Figure 2 (b) and (c) was also used to further investigate the 1T'-WS2 nanosheets. After sonication of the 1T'-WS2 suspension, a few drops of solution were deposited on epitaxial graphene for XPS measurements. Monitoring the binding energy of the W 4f and S 2p core level peaks allows to unambiguously distinguish between the 1H and 1T' structures of WS2.

The W 4f core levels can be deconvoluted, as shown in Figure 2 (b) into four components, three composed by the W 4f5/2 as well as the W 4f7/2 doublet shifted by 2.18 eV (ratio of 0.75) and the W 5p3/2 (located at a binding energy BE = 37.9 eV). The main doublet (light blue curves), where the W 4f 7/2 peak is located at a BE = 31.9 eV, represents the signature of the 1T' phase of WS2 [39][40][41][42][43] . The other two smaller doublets with the W 4f 7/2 located at BE = 32.7 eV (purple curves) and 35.7 eV (green curves) are related to the 1H phase and the oxidized state (i.e. WO3), respectively 40- 45 .The XPS deconvolutions of W 4f and S 2p (see SI figure S1) peaks confirm that 80 % of the sample consists of WS2 in the 1T' phase. The photoemission spectra of the valence band, measured with photon energy of 60 eV, are shown in Figure 2(c) (blue dots). On the same graph, the Fermi edge of a clean gold sample measured exactly in the same experimental conditions is also shown (black triangles). The zero of the binding energy (i.e., the Fermi level) was taken at the leading edge of this gold sample. From the intersection of the linear extrapolation of the leading edge of the valence band spectrum with the baseline, we can determine the position of the valence band maximum (VBM) 46 .

As we can see, the valence band maximum of the 1T' WS2 sample is not exactly at the Fermi level but at a BE= 60 meV (see SI, section 1). This is the signature of a presence of a narrow bandgap, unlike for the metallic 1T phase. Due to the p -type nature of the sample, before gating, as discussed later in the text, this suggest that the band gap is larger than 120 meV 3,[21][22][23][24] . Infrared absorption (Figure S3b), indeed exhibit a strong increase of the absorption around 200 meV range, which may result from this band gap. The evidence for a narrow bandgap phase can be further investigated using transport measurements. A thin film of WS2 nanosheets is dropcasted on pre-prepared interdigitated electrodes and dried at room temperature to avoid any phase change. No further heat or chemical treatment is applied to the film before its use. At room temperature the material is conductive, see Figure 3 (a). Once the sample is introduced into a cryostat and cooled down, its electrical conductivity drops, see Figure 3 (a) and(c-e). An Arrhenius fit, of the temperature dependence of the current, near room temperature (300-200K), reveals a low activation energy of 32 meV, see Figure S4. This weak value is incompatible with the existence of a wide band gap phase where activation energy close to half the optical band gap would have been expected. For sake of comparison we have obtained an activation energy of 172 meV for the 1H phase of WS2 obtained from exfoliation with N-methyl-pyrrolidone, see Figure S6a The transport in film of WS2 nanosheets is expected to occur through a hopping process. At low temperatures, variable range hopping 47 is expected to occur. The scaling of the conductance with temperature is of utmost interest to discriminate transport between metallic and semiconductor grains. In the case of metallic grains, the high density of state of the material implies that hopping is only limited by the electrostatic cost to inject carriers. In this case, Efros-Shklovskii scaling (𝜎𝛼 𝑒𝑥𝑝(-(𝑇 𝐸𝑆 /𝑇) 1/2 )) of the conductance with temperature is expected 48 . On the other hand, for semiconductor grains, the sparse density of state of the material is limiting the hopping and a Mott scaling is expected for the temperature dependency of the conductance: 𝜎𝛼 𝑒𝑥𝑝(-(𝑇 𝑀 /𝑇) 1/4 ). Such fit of the conductance is plotted in Figure 3(c) and S4. Clearly Mott scaling is the one leading to the best fit, which rules out the hypothesis of a metallic phase.

The lack of metallic nature is further confirmed by a field effect transistor measurement. Recently Papadopoulos et al 49 have conducted transport measurements on the 1T' phase of MoS2 and no gate effect has been observed using conventional back gating through a dielectric. Here we rather choose to use ion gel gating of the film by a mixture of LiClO4 dissolved in polyethylene glycol 50,51 . Beyond the large capacitance of the electrolyte compared to conventional dielectric, this method allows air operability and to gate thick films thanks to the percolation of the ions within the array of nanosheets. The transfer curve (drain current as a function of gate bias) reveals a clear ambipolar behavior with both hole and electron conductions, see Figure 3(b). The minimum of conductance appears at positive gate bias, which suggests the presence of an inherent p-type character in absence of gate. The on/off ratio is small typically a factor 2. If a purely metallic phase was present, no current modulation would have been observed. On the other hand, for the 1H wide band gap semiconductor phase, a much stronger modulation is obtained see Figure S6 and ref 52 . As a result, we can conclude that transport measurements exclude the possibility of both fully metallic and wide bandgap phases and support the existence of a narrow band gap material 53 . This result also differs from the one obtained on the 1T' phase of MoS2, for which the lack of gating effect 17,49 or the I-T dependence 37 rather suggests a stronger metallic character compared to the 1T' phase of WS2.

To finish, we investigated the photoconductive properties of the WS2 nanosheet film. At room temperature and under illumination, no photoconductive properties are observed. On the other hand, at low temperature, typically for T < 100 K a clear conductance modulation is observed, see Figure 3(d) and (e). Again, this behavior is consistent with a narrow bandgap material behavior since metallic materials would have presented no modulation even at low temperature. For sake of comparison, we have also checked that the 1H phase (ie the wide band gap semiconductor phase) of the material present a much stronger modulation, see Figure S7. The photoresponse of the 1T' is extremely slow and we measured the 3 dB cut-off frequency to be 0.16 Hz, see Figure S5. The origin of this persistent photoresponse remains unclear for the moment.

In conclusion, we have used a facile and reproducible method for achieving monolayer 1T'-WS2 flakes. Samples were carefully studied using XPS, Raman spectroscopy, and STEM to confirm their atomic compositions and structural configurations. We observed that while the ML 1T-WS2 holds metallic character, the 1T' counterpart exhibits a semiconducting nature. This semiconducting nature is then confirmed using photoemission and (photo)-transport measurements. The material is found to be ambipolar with a p-type nature in absence of gate. At low temperature, a slow photoresponse is also observed. The present study opens a pathway toward developing next-generation electronic and spintronic nanodevices based on ML TMDs. 
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 2 Figure 2 (a) Micro-Raman spectra in the wavenumber region between 200 and 450 cm -1 of 1T'WS2 at two different powers; 40 μW (blue data) and 800 μW (red data). High resolution XPS of 1T'-WS2: (b) W 4f spectrum at hυ=340 eV, (c) Integrated valence band photoemission spectrum acquired at hυ = 60 eV of 1T'-WS2 is compared to the Fermi level reference collected on a gold crystal at the same photon energy. The electron analyser acceptance angle was ± 8° and the photoelectrons were detected at 0° from the sample surface normal 𝒏⃗.

Figure 3 (

 3 Figure 3 (a) I-V curve for a thin film of WS2 nanosheets at different temperatures. (b) Transfer curve (drain and gate current) as a function of the applied gate bias for a thin film of WS2 nanosheets gated by ion gel electrolyte. (c) Current as function of temperature for a thin film of WS2 nanosheets as a function of T -1/4 .The drain source bias is set to 10 mV (d) I-V curve for a thin film of WS2 nanosheets measured at 25 K under dark condition and under illumination by a blue (λ=405 nm) laser diode (P=10 mW). (e) Current under dark condition and under illumination (λ=405 nm -P=10 mW) as a function of temperature.
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