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Abstract: External stimuli-controlled phase transitions are essential for fundamental physics and 

design of functional devices. Charge density wave (CDW) is a metastable collective electronic 

phase featured by the periodic lattice distortion. Much attention has been attracted to study the 

external control of CDW phases. Although much work has been done in the electric-field-induced 

CDW transition, the study of the role of Joule heating in the phase transition is insufficient. Here, 

using the Raman spectroscopy, the electric-field-driven phase transition is in situ observed in the 

ultrathin 1T-TaS2. By quantitative evaluation of the Joule heating effect in the electric-field-

induced CDW transition, it is shown that Joule heating plays a secondary role in the nearly 

commensurate (NC) to incommensurate (IC) CDW transition while it dominants the IC-NC CDW 

transition, providing a better understanding of the electric field-induced phase transition. More 

importantly, at room temperature, light illumination can modulate the CDW phase and thus tune 

the frequency of the ultrathin 1T-TaS2 oscillators. This light tunability of the CDW phase transition 

is promising for multifunctional device applications. 
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In low-dimensional metals such as layered cuprates1-3 and transition metal dichalcogenides 

(TMDs),4-11 periodic lattice distortion is often observed at low temperatures, which is induced by 
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various factors such as the strong electron-phonon interaction12 and electron-electron interaction.13 

This lattice distortion results in the spatial modulation of charge carrier densities, giving rise to the 

metastable phase of charge density wave (CDW). Recently, the layered 1T-TaS2 has drawn 

intensive attentions due to its enriched CDW phases.11,14-28 For instance, there are mainly three 

CDW phases in 1T-TaS2: the incommensurate CDW (ICCDW) phase from 550 K to 350 K, the 

nearly commensurate CDW (NCCDW) phase from 350 K to 180 K and the commensurate CDW 

phase below 180 K, which is stabilized by the Mott insulator state.11 With such a rich set of charge 

ordered states, 1T-TaS2 provides a good platform for the controllable manipulation of various 

phases. The transitions between these CDW phases can be influenced by a variety of factors 

including the thickness,18,19 the gate bias,18 the in-plane electric field,19-23 cooling rate,21 the 

substrate26 and the ultrashort light or current excitation.14,27 For example, the NCCDW-CCDW 

phase transition disappears when 1T-TaS2 is thinner than 10 nm.18 Although there are many studies 

on the electric-field-driven CDW phase transition of the layered 1T-TaS2,19-23 limited research has 

been done to provide direct evidence of the phase transition or clearly demonstrate the underlying 

reason of the phase transition. By utilizing the electric-field-driven CDW phase transition, 

functional electronic devices could be designed.23-25 For instance, a voltage-controlled oscillator 

(VCO) based on 1T-TaS2-BN-graphene was fabricated and the modulation of the oscillation by 

gate voltage was demonstrated.23 Moreover, by integrating the two-dimensional CDW based 

oscillators, a neural network for pattern recognition was constructed.25 Achieving various ways to 

manipulate such electronic devices is fundamentally interesting and technologically important, for 

integrated electronic and optoelectronic device applications. 

In this work, we systematically studied the CDW phase transition of 1T-TaS2 under electric field 

as well as light illumination. The electric-field-induced CDW phase transition process was 
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investigated using the in situ Raman spectroscopy, providing a clear evidence of the transition 

between NCCDW and ICCDW phase. The significance of Joule heating (JH) effect in this phase 

transition was investigated by analyzing the temperature-dependent I-V characteristics. 

Furthermore, we introduced a way to manipulate the oscillation of ultrathin 1T-TaS2 based CDW 

oscillators by light illumination. We found that the frequency of the oscillator constructed by 1T-

TaS2 could be well controlled by the illuminated power of the laser. For the demonstrated device, 

the frequency could be tuned up to around 30%. Light controllability of the CDW oscillator will 

provide more options for the applications of CDW materials in mid- to high-frequency electronic 

devices. 

RESULTS AND DISCUSSION 

Characterization of 1T-TaS2. Figure 1a shows the crystal structure of 1T-TaS2 with an 

interlayer distance of 5.85 Å. According to Peierls’ theory,12,29 at low temperature, the Peierls 

instability will induce lattice distortions where twelve nearby Ta atoms move towards the central 

Ta atom to form an atom cluster called David star (Figure 1b). In the ICCDW phase, the lattice is 

slightly distorted and there is no David star domain. When the crystal temperature is below 350 K, 

the crystal turns into the NCCDW phase, which is partially filled by David star domains. While 

below 180 K, the crystal is fully filled by David stars which form the CCDW superlattice. It has 

been reported that the CCDW phase may be absent in thin samples.18,19 In order to study the phase 

transitions in 1T-TaS2, the chemical vapour transport method was used to prepare 1T-TaS2 single 

crystals. Then thin 1T-TaS2 flakes were mechanically exfoliated onto the Si wafer with a 285-nm-

thick SiO2 layer. A typical optical image of thin 1T-TaS2 films is shown in Figure 1c, accompanied 

by the AFM image Figure 1d. Figure 1e displays the height profile of the line marked in Figure 

1c, showing that the maximum thickness is about 10 nm.  
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Raman spectroscopy is a sensitive tool for the identification of lattice distortion and phase 

transition. We first conducted the temperature-dependent Raman spectra to confirm the CDW 

phase transition in 1T-TaS2. The Raman signals of a 9.4-nm-thick 1T-TaS2 sample were collected 

under the 532-nm laser excitation with a 90-s integration time at 80 K, which are shown in Figure 

1f. The CDW lattice distortion induces the appearance of peaks between 50-100 cm-1 and at around 

240 cm-1, which is consistent with previous reports.15-17 As the temperature increases from 80 K, 

the intensity of these peaks decreases, indicating that the CDW lattice distortion is partially 

relaxed. Above 350 K, the sample goes through the NC-IC CDW phase transition, featured by the 

disappearance of the CDW-induced Raman peaks. The change of temperature-dependent Raman 

spectra is consistent well with the CDW phase transition. It provides us a way for in situ monitoring 

the CDW phase transition.  

In situ Raman spectroscopy for the electric-field-induced CDW phase transition. It is 

known that 1T-TaS2 can go through a transition from a high resistance state to a low resistance 

state as the in-plane electrical bias increases.19-21,23 This is explained by the phase transition 

between different CDW phases. However, evidences of the phase transition by in situ 

characterizations are insufficient. Here we report the evidence of this phase transition by the in 

situ Raman spectra measurement. Since at high temperatures the intensity of Raman signals of 1T-

TaS2 are weakened, we performed the in situ Raman test at relatively low temperatures. As shown 

in Figure 2a, at 80 K, the two-probe I-V sweeping test was first performed to determine the upper 

and lower threshold voltage (VH and VL, shown by black dots), which were 2.43 V and 2.22 V, 

respectively. Then in situ Raman spectra were collected while the in-plane voltage was applied to 

the sample. For simplification, the voltage was set to several key values in sequence (0 V, 2.00 V, 

2.25 V, 2.50 V, 2.25 V and 2.00 V). The current measured during the in situ Raman test was 
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consistent with the previous I-V characteristics in the first step, ensuring the reliability of the in 

situ Raman test. As shown in Figure 2b, at 0 V, 1T-TaS2 shows an NCCDW phase according to 

the temperature-dependent Raman spectra. As the voltage increases from 0 V to 2.25 V, the A1g 

(70 and 76 cm-1) and Eg (60 and 93 cm-1) peaks still remain, indicating that the CDW phase is 

unchanged. When the voltage increases to 2.50 V, which is higher than VH (2.43 V), A1g and Eg 

peaks disappear, indicating that the sample undergoes a phase transition from NCCDW to ICCDW 

phase. When the voltage sweeps back to 2.25 V, since it is still above VL (2.22 V), the sample stays 

at ICCDW phase, as verified by the Raman spectra. When the voltage sweeps back to 2.00 V, 

which is below VL, the sample changes back to the NCCDW phase, featured by the reappearance 

of the CDW Raman peaks. The change of intensity of the A1g peak at 76 cm-1 (pointed out by the 

arrow in Figure 2b) is depicted by the red dash line in Figure 2a, confirming the non-destructive 

in situ probe of the electric-field-induced phase transition. In situ Raman test was also performed 

at 220 K, showing the same behaviour (see Supporting Information). 

Role of Joule heating effect. The current-induced Joule heating effect will inevitably change 

the local temperature of the sample, which may influence the CDW phase transitions. Although it 

has been pointed out that the phase transition induced by electric field is attributed to both the 

field-induced depinning and the Joule heating effect,12,21,22 the role of Joule heating effect is still 

not clearly demonstrated. Thus, we further performed a more quantitative evaluation of the Joule 

heating effect. A further two-probe I-V test was carried out to characterize the CDW phase 

transition driven by the in-plane electric field at different temperatures (Figure 3a). As the 

temperature increases from 200 K to 330 K, the threshold voltage VH decreases from 0.89 V to 

0.40 V and VL decreases from 0.82 V to 0.40 V. To examine the effect of Joule heating in the phase 

transition, the Joule heating (JH) rate (per unit length) at the NC-IC and IC-NC phase transition 
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points (VH and VL) was calculated and the Joule-heating-induced temperature increase of the 

sample was evaluated.  

In order to better understand our situation, considering the Joule heat generation and dissipation 

on the silicon wafer,30,31 we choose the heat equation along the TaS2 device as: 𝐴 𝑘 + 𝑃 − 𝑔 𝑇 − 𝑇 = 0       (1) 

where 𝐴 is the cross-section of the TaS2 device, 𝑘 is the thermal conductivity of TaS2,32 𝑃 is the 

heat generation rate per unit length and 𝑔 is the thermal conductance to the substrate or electrode 

per unit length.30,31,33-38 𝑇  is the sample temperature under Joule heating and 𝑇 is the temperature 

of the substrate or electrode. For simplification, within the TaS2 channel, we consider a uniform 

Joule heating case where 𝑃 = 𝐼 𝑅 /𝐿  (I is the current, Rch is the channel resistance and Lch is 

the channel length). The contact resistance is estimated to be 8 % of the total resistance according 

to our previous work.19 While in the electrode contact area, considering the current crowding 

effect,31,39 the potential distribution is described by:  𝑉(𝑥) = 𝜌 𝑅 ( / )( / )                                                                                               (2) 

where W is the channel width, 𝜌  is the contact resistivity, 𝑅  is the TaS2 sheet resistance, Lc is 

the contact length, LT is the contact transfer length and x is the distance from the outer edge of 

electrode (see details in Supporting Information). The heating generation rate is then defined by 𝑃 = 𝐼𝑑𝑉(𝑥)/𝑑𝑥. The heat equation was solved by combining the heat dissipation in the channel 

and contact region using the finite element method. As shown in Figure 3b, the Joule heating (JH) 

rate (𝑃 = 𝐼 𝑅 /𝐿 ) at VH and VL decreases linearly with respect to the temperature, which is 

consistent with the fact that VH and VL are proportional to (1−T/TNC-IC)1/2, where TNC-IC is the NC-

IC phase transition temperature.23 𝑇 − 𝑇 also decreases linearly with increasing temperature.  
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According to Figure 3b, first, for the NC-IC phase transition at VH, Joule heating accounts 

partially for the transition by heating the sample to some level below the transition temperature 

TNC-IC.18 As 𝑇 increases from 200 K to 330 K, 𝑇  increases from 290 K to 355 K. The temperature-

dependent 𝑇  is consistent with the temperature-dependent sample resistance at VH.19 The field-

induced depinning effect makes a major contribution on the abrupt NC-IC transition. Second, the 

IC-NC phase transition at VL is mainly determined by the Joule-heating-induced temperature 

change. As 𝑇 increases from 200 K to 320 K, 𝑇  increases from 350 K to 365 K, which is a little 

bit higher than the IC-NC transition temperature TIC-NC
18 and does not show strong dependence on 

temperature. As the voltage decreases below VL, Joule heat generation decreases so that TJH drops 

below TIC-NC, leading to the IC-NC phase transition. This is consistent with previous report that 

the sample resistance is almost the same just before the IC-NC transition regardless of the 

environment temperature.19 Moreover, if we take 𝑇 − 𝑇 = 0 as the point where phase transition 

happens without Joule heating, we get 𝑇  = 382 K and 𝑇  = 368 K, which is consistent 

with the fact that 𝑇  >  𝑇 .18 Note that 𝑇  and 𝑇  are a little bit higher than the 

reported values, which might be attributed to the neglect of temperature dependence of thermal 

conductivity32 and the estimation of contact resistance and electrode thermal conductivity when 

we solve the heat equation.  

Light-tunable 1T-TaS2 CDW oscillator. Inspired by the role of Joule heating in the phase 

transition, laser thermal effect provides us an alternative way to control the phase transition in 1T-

TaS2. A beam of 635 nm laser was shined onto the device with the electrical bias applied. As 

shown is Figure 4a, with the laser intensity increasing, the hysteresis I-V curve shifts to the left. I-

V curves in the dark repeated well before and after 160 mW/cm2 shining, indicating that no obvious 

degradation occurred. To understand the mechanism of light tuning phase transition, the time 
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evolution of the current with the laser on/off was investigated. The current was measured with a 

fixed in-plane bias (0.51 V) applied on the sample while the laser was turned on/off to test the 

response of the sample. As shown in Figure 4b, the laser is turned on at 10 s and keeps shining 

until it was turned off at 130 s. When the laser is on, the current increases slowly. In the case of 

40, 80 and 120 mW/cm2, there is no abrupt change in current, indicating that no phase transition 

occurs. However, when the intensity is 160 mW/cm2, the current reaches the critical value at about 

90 s and then the sample undergoes the NC-IC phase transition, leading to a sharp rise in current 

from 0.41 mA to 0.70 mA. When the laser is turned off, the current decreases. The sample goes 

through several minor steps before it finally returns to the NC phase, which is accompanied by a 

sudden drop in the current at 250 s. The current evolution during the increasing or decreasing 

process can be well fitted exponentially (see Supporting Information). The time constants of 

current rising and decaying for different laser intensities are shown in Figure 4c. Since the 

evolution of the current is very slow, we attribute this light tuning of the phase transition to the 

thermal effect. The change of Joule heating rate with the intensity is shown in Figure 4d. The 

decrease in Joule heating rate at VH for 160 mW/cm2 is about 0.019 mW/µm, with respect to that 

for 0 mW/cm2. By comparing with Figure 3b, it shows that this laser-heating-induced change 

corresponds to about 6 K change in environment temperature.  

To take the advantage of the light-tunable phase transition, we configured an oscillator by 

integrating the 1T-TaS2 device with a 1000 Ω resistor. The configuration is illustrated in Figure 

5a. A resistor is connected to 1T-TaS2 with the input voltage applied by a source meter on the other 

side. The output signal is the voltage across the 1T-TaS2 and is monitored by an oscilloscope. 

Figure 5b illustrates the mechanism of the oscillator. By matching the resistor with the 1T-TaS2 

and tuning the value of input voltage, the voltage loaded on the 1T-TaS2 can be set to a value a 
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little bit larger than the upper threshold. In this way, the 1T-TaS2 will go through the NC-IC CDW 

phase transition, accompanied by the sharp decrease in resistance. In turn, the voltage loaded on 

the 1T-TaS2 will decrease, leading to its phase transition back to the NCCDW phase. Then the 

voltage loaded on 1T-TaS2 will increase subsequently. In this way, the 1T-TaS2 will oscillate 

between NCCDW and ICCDW phases and the output voltage will oscillate at the same time. By 

changing the VDC, we found that the frequency of the output signal (VOUT) could be tuned and there 

was a monotonically decreasing region between 3.82 and 4.05 V (Figure 5c). The frequency of 

VOUT is determined by the charging and discharging time of the capacitor within the circuit, which 

is then related to factors including sample resistance and threshold voltage (VH and VL).23 

Furthermore, VH and VL can be tuned by the laser intensity (see Figure 4a), providing the possibility 

to tune the oscillator frequency by the light. Based on this, we set the input voltage to a fixed value 

and shined the light onto the device. By changing the intensity of the light, the frequency of the 

output voltage could be tuned up to about 30%, as shown in Figure 5d and 5e. Meanwhile, the 

waveforms of the oscillation under different light intensities show a high-quality periodicity. The 

values of oscillation frequency can be calculated from the I-V characteristics,23 which are plotted 

with dash lines in Figure 5e, fitting well to the experimental values. It needs to be mentioned that 

the oscillation waveforms in Figure 5d are kind of asymmetric, which is much more obvious at 

higher intensities. We attribute it to the asymmetric status of TaS2 set by load voltage VDC. For VDC 

= 3.90 V, the intersections of the load line and the hysteresis I-V curve are not exactly located at 

the middle of the loop but shift towards the top of the loop as light intensity increases (see the 

Figure S4a). As a result, TaS2 stays a longer time at the low resistive ICCDW phase, which leads 

to a longer time for the transition from the ICCDW phase to the NCCDW phase. The light 

tunability of the oscillation frequency and waveform adds more possibilities for its applications in 
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compact on-chip oscillators, such as pattern recognition25,40 and fast neural spiking generation.41,42 

On the other hand, the local heating nature of the laser also inspires the integration of other local 

heating techniques30,43 into the CDW material based oscillators. 

CONCLUSION 

In summary, we report the non-destructive in situ Raman spectra evidence of the in-plane 

electric-field-induced phase transition between NCCDW and ICCDW. The quantitative evaluation 

of Joule heating effect shows that Joule heating only plays a secondary role in the NC-IC CDW 

transition while the IC-NC CDW transition is mainly determined by Joule-heating-induced 

temperature change of the sample. Moreover, the light tunability of the phase transition is 

demonstrated and the light could be used to tune the frequency and waveform of the 1T-TaS2 based 

oscillators. The results demonstrated here will be of much help for understanding the physics 

behind the electric-field-induced CDW phase transition, as well as device applications of CDW 

materials.  

 

METHODS 

Synthesis of 1T-TaS2. For the single crystal growth of 1T-TaS2, the stoichiometric amount of 

tantalum powder (99.97%) and sulfur pieces (99.9995%) were used. The materials (Ta and S) and 

a small amount (2 mg/cc) of iodine spheres were sealed in an evacuated quartz tube (ampoule) 

with an inner pressure in the range of 10-5 Torr to 10-6 Torr, which were then subjected to a two-

zone temperature profile of 950 to 900 ℃ for a period of 168 hours. After this, the temperatures 

were lowered down, and the plate-like crystals were obtained. 
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Device fabrication. Thin 1T-TaS2 films were exfoliated onto the SiO2/Si substrate from bulk 

crystals using the Scotch tape. The electrode patterns were then defined by the electron beam 

lithography. Metal electrodes (5 nm Cr / 50 nm Au) were deposited by thermal evaporator. 

In situ Raman test. The in situ Raman spectra were measured by a WITec Raman system with 

the sample loaded on a Linkam temperature control stage in vacuum. A beam of 532-nm excitation 

laser was shined onto the sample through a 50 × long working distance objective, with a power of 

1 mW. Meanwhile, the in-plane electric field was applied by a semiconductor analyser (Keithley 

4200). 

Temperature-dependent I-V characterization and simulation of Joule heating. The temperature-

dependent I-V curves were measured by Keithley 2450 Sourcemeter while the devices were loaded 

on a Linkam temperature control stage in vacuum. The simulation of Joule heating was performed 

by finite element method using a simplified 1D model (see the Supporting Information). 

Light-tuned 1T-TaS2 oscillator measurement. Samples were loaded in a MicroXact probe station 

with pressure below 10-5 Torr while the DC voltage was applied by Keithley 2450 Sourcemeter. 

The light was illuminated by a 635-nm laser diode. And the output voltage was measured by a 

mixed domain oscilloscope (Tektronix MDO3052).  
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Figure 1. Structure of 1T-TaS2 and basic characterizations. (a) The crystal structure of layered 1T-

TaS2, where Ta atoms are in magenta and S atoms are in yellow. (b) A top view of the David star 

arising from the lattice distortion. (c) A typical optical image of 1T-TaS2 exfoliated onto the 

SiO2/Si substrate. (d) An AFM image of the sample. (e) The cross-section height profile along the 

dashed red line in (c). (f) Left: temperature-dependent Raman spectra of a 9.4-nm-thick 1T-TaS2. 

Right: an illustration of the CDW phase at different temperatures. For NCCDW, there are CDW 

domains formed by David stars. For ICCDW, the lattice is slightly distorted and no CDW domain 

exists. 

 



 20

 

Figure 2. In situ Raman spectra. (a) Black solid line: the I-V curve of a 9.4-nm-thick 1T-TaS2 

device, where the upper and lower threshold voltages (VH and VL) are marked with black dots. Red 

dash line: in situ Raman signal intensity at 76 cm-1 under the 532-nm excitation at 80 K. Inset: a 

typical optical image of the 1T-TaS2 device. (b) Left: in situ Raman spectra of 1T-TaS2 under the 

532-nm excitation at 80 K. The highest A1g peak at 76 cm-1 at 0 V is marked by the red arrow. 

Right: an illustration of CDW phase under different voltages. 

 

 

Figure 3. Temperature-dependent I-V behavior. (a) Temperature-dependent I-V curves of 11.8-

nm-thick 1T-TaS2 measured by the two-probe method. Inset: I-V curve with VH and VL marked by 

red dots. (b) Joule heating rate and 𝑇 − 𝑇 at VH and VL at different temperatures.  
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Figure 4. Laser-tuned electric-field-induced CDW phase transition in an 11.8-nm-thick 1T-TaS2 

sample at the room temperature. (a) The I-V curve shifts under the 635-nm laser. (b) Time 

evolution of the current with laser on/off at fixed voltage bias (0.51 V) under different laser 

intensities. (c) Laser-intensity-dependent time constant of the current rising and decaying process. 

(d) The Joule heating rate at phase transition point VH and VL at different laser intensities. 
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Figure 5. 1T-TaS2 based oscillator tuned by laser. (a) The 1T-TaS2 based oscillator circuit and its 

three-dimensional view. (b) The I-V characteristic of 1T-TaS2 and the load lines of 1T-TaS2 in the 

oscillator circuit under different input voltages. (c) The oscillation frequency of the output voltage 

changes with the input voltage. (d) Voltage oscillations under different laser intensities at a fixed 

input voltage. (e) The oscillation frequency tuned by the laser intensity. 
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