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Quasi-2D charge-density-wave van der Waals materials demonstrated potential for novel 

electronic device functionality, which can be achieved at room temperature. This 

dissertation reports on fabrication and testing of quasi-2D 1T-TaS2 charge-density-wave 

devices, focusing on the switching mechanisms of such devices. We tested the switching 

of 1T-TaS2 thin-film charge-density-wave devices, using nanosecond-duration electrical 

pulsing to construct their time-resolved current-voltage characteristics. The switching 

action was based upon the nearly-commensurate to incommensurate charge-density-wave 

phase transition in this material. For sufficiently short pulses, with rise times in the 

nanosecond range, self-heating of the devices is suppressed, and their current-voltage 

characteristics are weakly non-linear and free of hysteresis. This changes as the pulse 

duration is increased to ~200 ns, where the current develops pronounced hysteresis that 

evolves non-monotonically with the pulse duration. By combining the results of our 

experiments with a numerical analysis of transient heat diffusion in these devices, we 



 ix 

established the thermal origins of their switching. In spite of this thermal character, our 

modeling suggests that suitable reduction of the size of these devices should allow their 

operation at GHz frequencies. We found that the charge-density-wave depinning process 

in 1T-TaS2 devices is not accompanied by an abrupt increase in electric current – in striking 

contrast to depinning in the “classical” charge-density-wave materials with quasi-1D 

crystal structure. It was demonstrated that the low-frequency noise spectroscopy and the 

differential current-voltage characteristics provide unambiguous metrics for the depinning 

threshold field in quasi-2D materials. It was also established that the depinning of the 

charge-density waves in quasi-2D materials is of the field-induced nature, and the threshold 

fields are substantially larger than those in quasi-1D van der Waals materials. The results 

obtained in this dissertation research are important for the proposed applications of the 

charge-density-wave devices in electronics. 
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Chapter 1 

1 Introduction and overview 

1.1 Introduction 

The charge-density-wave (CDW) effect is a modulation in charge density of the 

metal associated with a periodic modulation in atoms positions. [1–3] Charge-density-wave 

(CDW) materials and devices are recently back to scientific spotlight due to awareness 

about room temperature CDW transitions in some of these materials and interest in two-

dimensional (2D) van der Waals materials. [4–15] CDW transitions can be induced by a 

variety of external perturbations, like heating,[16] doping,[17–20] electrical pulsing,[12,21,22] 

substrate effects,[23] gate biasing,[21,24,25] and changing the thickness of material.[26–28] The 

1T polymorph of TaS2 is a layered transition metal dichalcogenide (TMD), rich of CDW 

transitions, that happens to have two transitions above room temperature, making it one of 

the most interesting CDW materials. 1T-TaS2 has been proved to be a good candidate for 
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many electronic and optoelectronic applications, like high-speed memory devices,[21] 

CDW oscillators,[25,29,30] and possible transistor-less logic circuits based on CDW.[31] 

 

 1T-TaS2 has characteristic resistivity changes and hysteresis attributed to different 

CDW phase transitions. [32,33] The transition from nearly-commensurate CDW (NC-CDW) 

to incommensurate CDW (IC-CDW) around 350 K can be practically used for a wide range 

of applications. The possibility of switching between phases can be a breakthrough for new 

generation of electronic devices, but the nature of these transition are still a matter of 

debate.[30] Theoretically,  applying electric field can induce CDW transitions by a direct 

effect on electrons and lattice ions. If the basis of the device operation is depinning of the 

CDW, so CDW can be sliding beyond a threshold field.[2,34] On the other hand, electric 

current as a product of  electric field will induce Joule heating, which also can initiate CDW 

phase transitions. For this reason, the exact mechanism of CDW phase transitions is still 

ambiguous.[35–37] There are reports asserting thermal nature of the transition, but bias mode 

were mostly DC or pulsed with comparably long durations.[30,38]  For these reasons, in this 

dissertation, we focused on pulsed-measurements and numerical analysis to investigate the 

NC-CDW–IC-CDW transition at room temperature. 

 

In well-known quasi-one-dimensional (1D) CDW materials, like NbSe3, the sliding of 

CDW is reported as a sudden rise in the electric current and appearance of current 

fluctuations under DC bias mode. By observing this non-linearity, the exact point of 

depinning and threshold field is discovered conveniently.[1,3] The depinning and sliding 
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CDW are not accompanied with notable non-linearity in current and the available reports 

of the threshold electric field in quasi-2D materials are rare.[10,30,39,40] For these reasons, in 

this dissertation, we focused on low-frequency noise measurements and differential I-V 

characterization to study depinning of CDW at room temperature. 

 

1.2 Outline of the dissertation 

This dissertation includes the following chapters: 

• Chapter 2: This chapter discusses the CDW modulation of crystal structure 

and depinning of CDW in quasi-two-dimensional 1T-TaS2.  

• Chapter 3: In this chapter, the instrumentation and procedure of fabrication 

are explained in detail for electron-beam lithography (EBL) and shadow 

mask methods. Every single step is presented with images or schematics to 

give a comprehensive recipe which enables the reader to fabricate devices.  

• Chapter 4: This chapter presents the results of nanosecond duration pulsed-

measurements of NC-CDW to IC-CDW transition in 1T-TaS2 devices at 

room temperature. In addition, the numerical analysis of the transition is 

discussed to elucidate heat propagation in these devices. This chapter reveals 

the thermal origins of the NC–IC CDW transition and suggest that by 

decreasing the device size, GHz frequency operation would be feasible. 

• Chapter 5: In this chapter, the results of noise spectroscopy and differential 

current-voltage (IV) characterizations of CDW depinning in 1T-TaS2 at room 

temperature are presented. It explains that contradictory to the classic quasi-
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1D CDW materials, quasi-2D CDW materials do not show sudden increase 

in electric current at depinning. This chapter concludes that depinning of 

CDW in quasi-2D materials has field-induced nature, and the threshold 

electric field is noticeably larger than those in quasi-1D CDW materials. 

• Chapter 6: Presents a summary and the conclusions of the projects discussed 

in this dissertation. 
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Chapter 2 

2 Introduction to quasi-two-dimensional 

charge-density-wave materials 

2.1 Transition-metal dichalcogenides 

In 1972, Wilson et al. published the first report about the charge density wave effect 

beyond one-dimensional materials to explain the anomalous observations in electrical 

resistivity and magnetic susceptibility of this group of layered materials and specifically 

polytypes of TaS2 and TaSe2 [1,2]. The family of VB transition metal dichalcogenides has a 

sandwich structure that each has the thickness of 3 atoms layer. The outer layers have 

chalcogen atoms in a hexagonal-packing structure and the inner layer consists of metal 

atoms.[3] The structure of these MX2 sandwiches, M and X standing for metal and 

chalcogenide respectively, form either octahedral (1T) or trigonal prismatic (2H, 3R, 4Hc) 

structure around metal atoms, or a mixture of these two coordination (4Hb, 6R).  The labels 

are defined based on the symmetry of the unit cell (T: trigonal, H: hexagonal, R: 

rhombohedral).[2]  The 2H form is stable at room temperature, but the 1T form needs to be 
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quenched from 1100 K in order to maintains metastable condition at room temperature.[2,4–

10] The CDW effect is always accompanied with a periodic lattice distortion with a specific 

periodicity; even though, it might not be commensurate with underlying lattice 

(incommensurate). By lowering the temperature, the amplitude of distortion will increase 

and favor to get pinned to the underlying lattice and lowering the energy. The importance 

of two-dimensional CDW is about having more diverse charge density by doping and also 

the variety among polymorphs which makes this category really interesting for 

researchers.[1] 

 

2.2 Properties of CDW phases in 1T-TaS2 

The 1T-TaS2 is a 2D van der Waals material with a strong correlation of electron 

system and several CDW phases that recently attracted many researchers.[11–19] Below 180 

K, it shows the CDW phase (insulating Mott phase); a charge density wave that is fully 

commensurate to the underlying lattice and demonstrates aggregates of 13 atoms with a 

similar pattern to David star. As shown in Figure 2.1, 12 atoms placed at vertices of the 

star incline to the atom in the center of star, then only one d-electron remains, and all the 

other 12 electrons got confined (Figure 2.2a).  
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Figure 2.1. (a) The crystal structure of 1T-TaS2 including the unit cell. (b) The schematic 

of 12 atoms tendency to the central atom in fully commensurate charge density wave 

phase. It shows the similarity of their distortion pattern to David star. 

  

 

5.85 Å 

(a) 

(b) 
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Figure 2.2. Schematics of 1T-TaS2 atoms in (a) fully commensurate CDW phase (b) 

nearly commensurate CDW phase, and (c) incommensurate CDW phase 

 

(a) 

(b) 

(c) 
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It also explains the high resistivity of this commensurate CDW (C-CDW) phase. 

Above 180 K to 350 K, the nearly commensurate CDW (NC-CDW) phase with islands of 

commensurate and a sea of incommensurate phase will appear (Figure 2.2b). By increasing 

the temperature above 350 K, all the commensurate islands disappear and a uniform 

incommensurate CDW (I-CDW) phase exists in the material (Figure 2.2c). The final phase 

transition from IC-CDW to normal metallic phase also happens at a temperature range of 

500-600 K. It is also noteworthy that there are some reports of a hidden intermediate state 

under electric field or laser pulse. There is also the possibility of observing several 

metastable intermediate phases by applying electric field.[20–33] 

 

2.3 Depinning of CDW 

In well-known CDW materials with quasi-1D crystal lattice like NbSe3, the electric 

current induced by the field reveals indications of collective CDW with lattice defects, 

which mostly happens in incommensurate phase.[34] By increasing the electric field beyond 

a threshold field ET, that can be less than 1 mV/cm for quasi-1D CDW materials, CDW 

will be depinned and starts sliding that accompanies with a sudden increase in electric 

current as shown in Figure 2.3.[35] The total electric current has two components as IN, the 

normal electric current, and ICDW, the sliding CDW current. The extreme non-linearity in 

I-V measurements of quasi-1D CDW materials determines the depinning voltage VT, and 

the threshold field ET conveniently. The appearance of peaks in the noise spectrum at low 
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MHz frequency beyond VT was also assumed as a signature of periodic current oscillation 

because of sliding CDW.[36,37] 

 

 

Figure 2.3. Schematic I-V plot for a quasi-1D CDW materials showing the non-linearity 

that emerges by increasing the electric field beyond the depinning VT. 
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Chapter 3 

3 Fabrication of CDW devices 

3.1 Device fabrication using electron beam lithography 

One of the most common methods to fabricate micron-sized devices is using the 

electron beam lithography (EBL). This method has some advantages like accuracy and the 

flexibility of the device pattern, it means that depending on the geometry of the material’s 

flake, it is easy to design a specific pattern for it. The disadvantages of this method are 

complexity and high price of the instruments, required time, and exposure of the material 

to chemicals. The device fabrication using electron beam lithography (EBL) has multiple 

steps as follows: (1) mechanical exfoliation, (2) PMMA spin coating, (3) writing alignment 

marks and developing, (4) designing the device, (5) writing the device pattern using EBL 

and developing, and (6) metallization and lift-off. 
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3.1.1 Mechanical exfoliation 

In the beginning, the (100) p-type doped silicon wafer should be diced in pieces 

using a diamond scribe. In order to cut the silicon wafer, the crystal orientation should be 

considered which it is either (100) or (110). In (100) oriented silicon wafers, the cleavage 

directions are perpendicular to each other. The cleavages in (110) have 60 degrees angle to 

each other. In the case of a (100) p-doped, the primary flat and secondary flat have 90 

degrees angle to each other. There is a simple schematic representing the flats and dopant 

type identification on a silicon wafer in Figure 3.1. 

 

The diced silicon wafers need cleaning to make sure they are ready for the 

exfoliation step. A 5-minute sonication in acetone followed by rinsing with acetone and 

isopropyl alcohol is necessary for the cleaning step. Afterward, the wafers should be dried 

with nitrogen gas. The humidity level lower than 35% is a necessity for the exfoliation 

process, and lower than 27% would be ideal. If the humidity goes higher than 35%, flakes 

would not stick well to the silicon wafer in the transfer step. The main part of the process 

is using tape to exfoliate a small chunk of the material which is known as the scotch tape 

method [1–3]. The very first tape which was used to do exfoliation was the conventional 

scotch tape that is the reason for this naming. Even though generally people use scotch tape 

for this step, it is not the best option. The Nitto tape blue, which is a surface protection 

tape, is a better choice because of less adhesive and glue residues on the silicon wafer [4,5].  
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Position of different orientation wafer and its flat in a cubic structure 

Primary Flat Primary Flat 

  
 Secondary Flat 

{100} n-type {100} p-type 

Primary Flat Primary Flat 

  

{111} n-type {111} p-type 

Figure 3.1. Flats and dopant type identification in silicon wafers. 

 

 

Secondary 

Flat 

Secondary 

Flat 

180º 

90º 

45º 
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Figure 3.2. The schematic view of mechanical exfoliation of layered materials. Note that 

the size of the initial flake is exaggerated by around 10 times in the schematic. 

 

 

By putting a small chunk of material on the adhesive surface of the tape and 

attaching the two halves of tape to each other and detaching them gently and repeating this 

step a few times, the exfoliated flakes of material are ready to be transferred to the silicon 

wafer. The adhesive face of the tapes which has the exfoliated flakes of material should be 

(a) (b) 

(d) (c) 

(f) (e) 
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attached on the silicon wafer carefully to avoid air bubbles. To make sure that the tape 

sticks well to the surface of the wafer, a foam would be used to rub the tape gently in one 

direction for a couple of minutes. This step helps the exfoliated material flakes transfer to 

the silicon wafer more efficiently. Afterward, the tape should be detached very carefully 

and gently by raising the tape. At the end of exfoliation, it is necessary to check the quality 

of the process before moving to the next step. To examine the thickness, size, and number 

of flakes which are transferred to the wafer, the optical microscopy is a proper technique 

to use. The silicon wafer has a 300 nm layer of silicon dioxide which makes it possible to 

recognize the thickness of the exfoliated flakes qualitatively. The color of the flakes 

represents the thickness of them, for example, the shiny metallic color represents that the 

flake is very thick and the blue color shows that the flake is very thin, and flakes with green 

color are in the middle of the range. If all properties of the flakes are matching the desired 

thickness, size, and number, the wafer is ready for the next step which is polymethyl 

methacrylate (PMMA) spin coating to prepare the sample for writing alignment mark. The 

schematic of mechanical exfoliation using Nitto tape has been demonstrated in Figure 3.2. 

 

3.1.2 PMMA spin coating 

Prior to writing the alignment marks using electron beam lithography (EBL), the 

sample should be covered by a thin layer of an electron beam resist such as polymethyl 

methacrylate (PMMA). The spin coating is the method that is used to deposit PMMA. The 

495 PMMA A4 has good specifications for exploiting in this step. After putting the silicon 

wafer on the holder disk, a few drops of PMMA should be dropped on the wafer surface 
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cautiously in order to avoid bubbles. Then the spin coater could be programmed to perform 

the required recipe. The recipe for spin coating has 3 steps as shown in Table 3.1. 

 

Table 3.1. The spin coating recipe including steps of the process and proper value for 

each of duration, speed, and ramp. 

 Duration (second) Speed (rpm) Ramp (rpm/s) 

Spreading 3 400 400 

Fast spinning 45 4000 2000 

Stopping 2 0 2000 
 

 

The first step is only for spreading the resist and making sure that the whole wafer 

has covered by the resist and the last part is decelerating the spinner to finish the process. 

The main part of the spin coating process is the fast-spinning step and its most important 

parameter is the speed. As it is shown in Figure 3.3, the thickness of the spin-coated layer 

is a function of spinning speed. By considering the spin speed curve (Figure 3.3) and the 

exploited recipe, the thickness of resist would be ~170 nm. It is noteworthy to mention that 

the total thickness of resist should be larger than the total thickness of deposited metal in 

the metallization step, otherwise the lift-off step could not be implemented. After spin-

coating, the electron beam resist, it should be baked on the hot plate. The glass transition 

temperature (Tg) for PMMA is in range of 100-160 °C. In order to make sure that the 

transition has happened, the baking temperature is 185 °C for 2 minutes for each layer of 

resist. The temperature and duration of baking have a direct relation with the resolution of 

the pattern after EBL patterning. Two things that should be considered are the sensitivity 
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of the material and also not overbaking the resist which will make the resist sticks to the 

sample [6].  

 

 

 

 
Figure 3.3. Spin speed curve for different grades of 495 PMMA A which shows the 

thickness of the coated layer as a function of spin speed. 

 

 

 

 

 

 

 

 

3.1.3 Writing alignment pattern 

Writing alignment marks is an essential process to design and fabricate devices 

accurately. The critical instrument for this step is EBL which is a lithography method using 

electron beam to write patterns on the electron-beam resist and because of the short 
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wavelength of electron is capable to write much finer patterns with higher resolution 

compared to conventional photolithography. This instrument is an additional equipment on 

a scanning electron microscopy (SEM). This equipment basic parts are depicted in Figure 

3.4b. The deflectors steer the electron beam emitted from electron source based on the 

computer aided design (CAD) system. In addition, the stage controller and stage monitor 

systems move the stage to enable the electron beam to sweep all around the substrate. The 

instrument that is used in this study is a Leo SUPRA 55 equipped with electron-beam 

patterning system [7–10]. 

 

In this step, an array of cross marks plus an alignment sign should be written 

somewhere on the wafer which includes the selected flake. It should be noted that SEM is 

not a good instrument to see where the flake is to write the alignment marks because the 

electron beam can easily damage or deteriorate the flake if the exposure time passes a limit. 

Considering that, putting a small dot of diluted silver epoxy somewhere around the flake 

using the optical microscope would be really helpful to recognize where alignment marks 

should be written in EBL. In order to write the alignment marks, firstly the shiny silver dot 

should be spotted using SEM with a low voltage like 5 kV, then using the NPGS software 

and the alignment pattern run file, the EBL patterning will make the alignment marks.  

Figure 3.5 represents the cross marks and the alignment mark which were designed 

using the DesignCAD software [10].  
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In the EBL step, different parameters have been used for alignment mark and cross 

marks which are presented in Table 3.2.  The next step is developing the PMMA in order 

to finish this step of EBL patterning. The developer solution is a mixture of methyl isobutyl 

ketone (MIBK) and isopropyl alcohol (IPA) with 3:1 ratio. By soaking the sample in this 

MIBK developer solution for 20 seconds and IPA for 20 seconds respectively and rinsing 

with IPA and drying with nitrogen gas the developing is finished. At this step, the pattern 

should be visible under the optical microscope as shown in Figure 3.6. It should be noted 

that the alignment pattern has major and minor cross marks. The distance between minor 

cross marks is 60 µm and the major cross marks are 300 µm far from each other. The major 

cross marks have a two-digit index for easy mapping of the pattern which starts from 00 to 

44 for the first and last column and row respectively. 
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Figure 3.4. (a) The image of scanning electron microscopy instrument including an electron 

beam lithography system in UCR Nanofabrication Facility. (b) The schematic of critical 

elements in EBL instrument. 

 

 

 

 

Table 3.2. The parameters for writing the pattern in NPGS software for EBL 

Parameters Electrodes Pads 

Area dose (µC/cm2) 160 300 

Center-to-center spacing (nm) ~15 ~35 

Line spacing (nm) ~15 ~35 

Measured beam current (pA) 50 2400 

Aperture 20 120 
 

 

 

(b) (a) 

e- 
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Figure 3.5. The alignment pattern designed in the DesignCAD software 

 

120 µm 
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    (a)  

   

    (b) 

Figure 3.6. The optical microscopy image of the alignment pattern on the silicon wafer 

after developing the PMMA. (a) The images represent the pattern on the wafer with 20×, 

(b) with 50× magnification. 

 

 

3.1.4 Designing the device 

The process of designing the device has two steps: taking optical microscopy 

images from the flake and designing the electrodes and pads using DesignCAD software.  

For having an accurate device design, it is crucial to have a leveled image without any tilt 

or rotation. There are two options to have an image with mentioned quality: either the 

camera of the microscope can be adjusted or adjustment of the angle of the image could be 

done with an image editor software. Afterward, the optical microscope image of the flake 

should be matched with the cross marks in the DesignCAD software. So, the device 

electrodes would be exactly on the desired position on the flake. In the DesignCAD 

template file, there are two sets of alignment windows.  There are two big alignment 

windows that should be placed on top of two major cross marks next to the device position 

and there are three small alignment windows that should be placed on the minor cross 

marks as close as possible to the device. These alignment windows will be used in the EBL 

20 µm 60 µm 
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writing step, in order to implement a fine and accurate alignment. It is also recommended 

to re-center the origin of the pattern to somewhere close to the device position. Figure 3.7 

represents an example of a device design in DesignCAD software [11,12].  

 

 

 

Figure 3.7. The image of DesignCAD software showing how the optical microscopy 

image of the sample with different magnification are fitted to the alignment pattern; in 

order to, design the electrodes and pads on the flake accurately. The alignment windows 

are visible in color of cyan. The big ones are placed on two major cross marks in a 

diagonal orientation, and the small ones are placed as close as possible to the flake 

position. 

 

 

60 µm 
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3.1.5 Writing the device pattern using EBL 

The process of writing the device pattern includes two major parts: (1) Alignment, 

that includes (1a) major cross marks and (1b) minor cross marks, and (2) writing the pattern 

that consists of two steps, writing electrodes and writing the pads. The silver epoxy dot 

would help to find the flake position easily under SEM. Before starting to write the 

electrodes, the alignment should be implemented using the same EBL parameters for 

electrodes, especially the dose current. Because changing the parameters will shift the 

position of the beam and ruin the alignment step. For writing pads, only the alignment of 

minor cross marks is needed. After finishing the writing, it is time to develop the PMMA 

again with the same recipe as developing the alignment pattern. Next, the quality and 

accuracy of the EBL should be checked under the optical microscope. Sometimes if the 

pattern is not located at the desired place, the pattern could be fixed with redesigning and 

doing EBL writing again [7–9]. 

 

3.1.6 Metallization and lift-off 

Now the sample is ready to deposit metallic electrodes and pads on it. The chosen 

structure for the metallic layer includes a 5 nm layer of titanium (which sticks very well to 

the surface of the wafer) and a 50 nm layer of gold. The sample should be loaded in the 

electron beam evaporator chamber, and pump to reach the pressure of 2×10-6 torr, the 

vacuum pressure which is ideal for metallic layer deposition. First, the layer of titanium 

would be deposited with a slow rate of 0.5 angstroms per second. And then the gold layer 
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deposition should be started with a 0.5 Å/s rate and after depositing 10 nm, the rate can go 

high to 2 Å /s. After deposition of the metallic layer, an estimated one-hour waiting time 

is needed to cool down the chamber to room temperature.  

 

 

 
 

 

Figure 3.8. (a) The image of the electron beam evaporator in UCR Nanofabrication 

Facility. (b) The schematic of important parts and the operation of e-beam evaporator. 

(a) 

(b) 
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Figure 3.9. The optical microscopy image of the device after lift-off of the deposited 

metallic layer. 

 

The cool-down step is crucial because the temperature of the chamber can go high to 

60 or 70 °C and if the device with temperature comes to open-air atmosphere the chance 

of oxidizing the flake could be really high depending on the sensitivity of the material. The 

instrument used in this study is Temescal Model BJD – 1800 and Figure 3.8 shows a real 

image and a schematic including critical elements of it [13]. 

 

For the lift-off step, if the difference between the thickness of the PMMA layer and 

the metallic layer is big enough like 50 µm, by soaking the wafer in the acetone for a few 

minutes, the excessive metallic layer lifts-off easily. It is necessary to check the pattern 

60 µm 
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before taking the wafer out of acetone and drying because if some spots have not lifted off 

and dry, it sticks to the wafer. But by checking it under the optical microscope and blowing 

acetone on it gently with a small pipette it comes off easily. Figure 3.9 shows the optical 

microscopy image of the final product of the process of device fabrication using EBL [6].  

 

3.2 Device fabrication using EBL on diamond substrate 

Here, there is a really important point that should be noted about the effect of 

substrate electrical conductivity on these steps. The aforementioned steps in EBL device 

fabrication method work only for conductive substrates. The EBL writing can be 

implemented only on conductive substrates. In case of having an insulating substrate like 

diamond, there should be some additional steps to deposit a really thin conductive layer on 

top of spin coated PMMA layer to make EBL writing feasible. There are two options for 

this thin conductive layer on top of PMMA. The first choice which is pretty expensive is 

spin coating a conductive electron beam-resist on top of PMMA. This layer should be spin 

coated before writing alignment marks and before writing the device pattern with exact 

same recipe of PMMA spin coting but baking at 90 °C for 2 minutes. At developing steps, 

the wafer should be soaked in DI water for 10 seconds before developing with MIBK. The 

second option is depositing a thin layer of gold ~5 nm using electron beam evaporator on 

the spin coated PMMA layer. 
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3.3 Device fabrication using the shadow mask 

This method is a straightforward device fabrication method that exploits a reusable 

silicon shadow mask. The very shadow mask has a long fabrication procedure and once it 

is fabricated could be used for several device fabrications. This procedure would not be 

discussed in this dissertation proposal. The advantages of the shadow mask method are 

simplicity of the fabrication process, lower price, and zero-exposure to chemicals. On the 

other hand, the fixed and non-adjustable geometry of the device pattern, the complexity of 

the mask fabrication, brittleness, and delicacy of the mask, and deterioration of the mask 

over the time are the disadvantages of this method. This method has three steps and 

includes exfoliation in the beginning and metallization at the end that are similar to the 

EBL method first and last steps: (1) mechanical exfoliation (similar to EBL method), (2) 

mask alignment, and (3) metallization.  

 

Since the initial step including wafer preparation and material exfoliation are similar 

to the EBL method, this step would not be discussed again. This method is also a good 

choice to fabricate device on diamond substrates because the electrical conductivity of 

substrate does not matter despite the EBL method which the substrate needs to be coated 

with a conductive layer. The only issue for other substrates like diamond is lack of the 

sharp and clear color contrast of SiO2 which makes it a little tricky to find a proper flake 

(big lateral size and thin). In this step, sometimes there should be a sandwich 
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heterostructures of different layered materials, which need to be transferred using the 

transfer system which will be explained briefly.  

 

3.3.1 Transfer of layered materials 

The most common method for transfer of layered quasi-2D and quasi-1D materials 

is based on a sacrificial polymer which need to be dissolved using chemical solvents and 

this method exposes the material to several chemicals extensively and may contaminate or 

deteriorate the quality of the material [14–22]. In order to avoid all these flaws resulted from 

wet transfer method of sacrificial polymer, a fully dry transfer method is used in our 

transfer system. It is based on polydimethylsiloxane (PDMS) stamps and how their 

viscoelasticity changes with temperature [4,5,23–29]. The schematic of the dry transfer process 

steps and our dry transfer system are shown in Figure 3.10. First of all, the PDMS film is 

commercially provided from Gelfilm, Gelpak company. It is double-sided adhesive, so one 

side is placed on the exfoliated flakes on Nitto-tape (used in exfoliation step to exfoliate 

the source material) and some flakes sticks to it. The other side of PDMS will be placed on 

a clean glass slide. At current step the transfer system is starting to be used. The glass slide 

has to be fixed a little loose in the glass slide holder and it is important that the PDMS side 

should be facing down. This glass slide holder has a micromanipulator in three direction in 

space. The other part of the transfer system is the substrate holder which has an internal 

heater connected to the controller and a two-direction micromanipulator as well. The 

silicon substrate should be fixed on the substrate holder using double-sided tape. The 

optical part of the transfer system is a microscope that is connected to a DSLR camera and 
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the display screen to enable us search for the flakes on the PDMS tape and substrate as 

well. The proper flake for using this method should not be thicker than 100 nm based on 

experience because it would not be flexible enough to stick to touch the substrate and its 

flake. To select a thin enough flake, the surface of the PDMS should be searched patiently 

for a really fainted color flake which looks more like a shadow with sharp boundaries. After 

the proper sized and thin enough flake on PDMS and substrate have been selected, using 

the micromanipulator the glass slide should approach the substrate gradually to make sure 

they are aligned with each other.  Eventually, the PDMS tape will reach the substrate 

surface. At this step the heater starts heating-up the PDMS to make the adhesive material 

more liquidly and the flakes are placed on top of each other. For lifting the PDMS tape, the 

flake, which was on PDMS should peel form PDMS, so the heater should be turned off to 

cool down the PDMS tape. By lifting the glass slide gradually, the flake should remain on 

the substrate and it can be recognized by the color of flake which would be different when 

it is placed on a silicon wafer compared to PDMS tape. This sticking and lifting steps are 

tricky and need to be done patiently and several time to get good results.  All the dry 

transfer system details are represented schematically in Figure 3.11. 
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Figure 3.10. The schematic of different steps of the dry transfer using transfer system. 

(a) Exfoliated flake is placed on PDMS tape. (b) The PDMS tape sticks two the glass 

slide with PDMS facing downward. (c) The PDMS is getting aligned and closer to the 

substrate. (d) he PDMS and flake are placed exactly on top of the other flake on substrate. 

(e) Detaching the PDMS from substrate and leaving the flake on the desired place on 

substrate. 

 

 

(a) (b) 

(c) (d) 

(e) 

(a) (b) (c) (d) (e) 
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Figure 3.11. (a) The image is showing a dry transfer system including the stage and 

micromanipulators and optical imaging system, (b) a schematic showing different parts 

in the transfer system. Nano-Device Laboratory (NDL), UC Riverside. 

(b) 

(a) 
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3.3.2 Mask alignment 

The delicate and difficult part of this process is the alignment of the mask opening and 

window on top of the selected flake under the optical microscope. There are some 

micromanipulators designed for alignment of the mask but based on my experience it is 

easier to align it manually and fix it with a few pieces of Kapton tape on the wafer. 

Depending on the sensitivity of the material to oxidation, the duration of this step should 

be minimized efficiently to keep the material safe from deterioration in air. 

 
 

Figure 3.12. Optical microscopy image of a 1T-TaS2 device fabricated using shadow 

mask on silicon wafer. 

4 µm 
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3.3.3 Metallization 

In this step, using the electron beam evaporator with the same recipe as EBL 

method, the metallic layer (Ti: 5nm, Au: 50nm) would be deposited on the shadow mask 

and wafer underneath the mask. After the cooling-down time, the mask should be removed 

from the wafer really carefully and gently. Then the device is ready to be characterized.  

Figure 3.12 shows a sample device fabricated by shadow mask. 
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Chapter 4 

4 Pulsed measurements of 1T-TaS2 devices 

Charge-density wave (CDW) phenomena have recently witnessed renewed 

interest, particularly in the context of two-dimensional (2D) van der Waals materials* [30–

37]. This interest is driven by both exciting physics, and possible practical applications, 

that can be derived from such materials. CDW transitions can be induced by various 

perturbations, including heating [38], doping [39–43], electrical pulsing [44–46], substrate 

effects [47], gate biasing [46,48,49], and alteration of the thickness of the material [50–52]. The 

1T polymorph of TaS2 is one of the 2D van der Waals materials of the transition-metal 

dichalcogenide (TMD) group that reveals phase transitions in the form of abrupt 

resistivity changes and hysteresis [53,54]. Since two of these transitions are above room 

 
* The content of this chapter is, in part, adapted from A. Mohammadzadeh, S. Baraghani, S. Yin, F. Kargar, 

J. P. Bird, and A. A. Balandin, “Evidence for a thermally driven charge-density-wave transition in 1T-TaS2 

thin-film devices: Prospects for GHz switching speed,” Appl. Phys. Lett. 118, 093102 (2021). 
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temperature (RT), 1T-TaS2 has attracted attention for applications, such as high-speed 

memory devices [46], oscillators [55–57], transistor-less logic circuits [58], oscillatory neural 

networks, [59] and logic gates. [60–62] The fact that two-terminal devices implemented with 

1T-TaS2 are radiation hard is an additional benefit [56,63].  

 

The resistivity changes exhibited by several TMDs, e.g. 1T-TaS2 and 1T-TaSe2, 

are attributed to transitions among different CDW phases [53]. The CDW phase is defined 

as a periodic modulation of the electronic charge density, accompanied by distortions in 

the underlying crystal lattice, and may be commensurate or incommensurate with the 

underlying crystal lattice [39,45,53,64–70]. The commensurate CDW (C-CDW) phase is 

typically observed at low temperature. It exhibits a stronger charge density distortion, and 

it is often pinned to the lattice [71,72]. The C-CDW phase only appears if the thickness of 

the films is sufficiently large. The lattice distortion in the C-CDW phase forms aggregates 

of 13 Ta atoms in the shape of a star in the basal plane, with 12 atoms at the vertices of 

the star inclines and 1 atom at its center [73–77]. From 180 K to 350 K, the aggregates 

partially melt, forming separate star-shaped islands that represent the nearly 

commensurate CDW (NC-CDW) phase. Increasing the temperature beyond 350 K, all the 

aggregate islands melt, and an incommensurate CDW (IC-CDW) phase emerges. Finally, 

the transition to the normal metallic phase (NP) happens in the range of 500-600 K 

[4,46,49,53,65,78–86]. The transition temperature between the NC and IC-CDW phases – at 350 

K, conveniently above RT – makes 1T-TaS2 particularly promising for device 

applications. The transition temperature is normally determined from transport 
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measurements, in which the temperature of the sample is controlled externally while the 

electric bias is kept low to avoid local Joule heating [87]. While switching with the bias can 

pave the way to new electronic devices, different from conventional transistors, there are 

unanswered questions regarding the mechanism of the phase transitions in 2D CDW 

materials and devices. 

 

In principle, at least, the application of an electric field can trigger the CDW phase 

transition directly, by affecting the charged ions and electrons in the crystal. If CDW-

device operation relies on depinning of the CDW from defects, the electric field can set 

the CDW in motion above a certain threshold field [88,89]. Alternatively, however, the 

electric current induced by the field is responsible for Joule heating, which, in turn, can 

also trigger CDW phase transitions. The strength of the Joule heating should depend on 

details of the specific material, the device structure, and bias mode (DC vs. pulse) and 

duration. For these reasons, the mechanism of the different phase transitions that arise in 

different devices is still the subject of debate [4,90–92]. We have previously argued that, in 

1T-TaS2 devices on Si/SiO2 substrates, the switching among different CDW phases that 

is caused by the application of an electric bias results from local Joule heating [87]. This 

conclusion was reached for devices for which the switching speeds were relatively slow, 

i.e. in the range of milliseconds to seconds. A recent study, on the other hand, which 

measured 1T-TaS2 devices with electric pulses of duration 0.1 s, observed that Joule 

heating could be mostly inhibited [84]. Other related work, also based upon a pulsing 

technique, came to a different conclusion, namely that, even for pulses as short as ~0.1 
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ms, local Joule heating was not eliminated [93]. Elsewhere, a third possible outcome has 

also been reported, with the NC-CDW to IC-CDW transition being attributed to the 

electric-field action while the IC-CDW to NC-CDW transition was attributed to local 

Joule heating [81]. An extra factor that complicates the separation of field- and heating-

driven effects arises from the difficulty of making a direct and accurate measurement of 

local temperature in the µm-scale channels of CDW devices. 

 

Here, we report the results of an experimental investigation of 1T-TaS2 devices 

under ultra-short electric pulses†, combined with a computational study of heat dissipation 

in these structures. The 1T-TaS2 CDW devices were fabricated on a highly resistive 

Si/SiO2 substrate in order to allow for ns-duration electrical pulsing. We find that 

hysteresis, characteristic of the NC- to IC-CDW phase transition, emerges in the current-

voltage characteristics of these devices at pulse durations in excess of ~200 ns, and that it 

exhibits a non-monotonic dependence with increasing pulse length. The experimentally 

observed evolution of the hysteresis, and our numerical solutions of the heat-diffusion 

equation, indicate that the switching is thermally driven. Despite this thermal nature, 

however, our modeling also suggests that downscaling of the device dimensions, and fine-

tuning of the thermal resistance of the structure, should allow for fast operation of such 

devices, in the GHz frequency range. 

 

 
† The pulsed electrical measurements are conducted by Shenchu Yin in the laboratory of Dr. Johnathan 

Bird, Department of Electrical Engineering, University at Buffalo, the State University of New York. 
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4.1 Device fabrication with the design for pulsed measurements 

High-quality single-crystal 1T-TaS2 (HQ Graphene Co.) was used as the source 

material in our studies. Thin films of 1T-TaS2 were mechanically exfoliated and 

transferred to a highly resistive (1-10 Ω-cm) Si/SiO2 substrate (525-/0.3- µm, p-type, 

<100>) with the help of a transfer system that was built in-house. Uniform rectangular 

flakes were selected for device fabrication to match the pattern of the required on-chip co-

planar waveguide (see figure 4.1e). The signal lines of this waveguide were 9-µm wide 

and were separated on either side by 3-µm gaps from two large ground planes, ensuring 

the 50-Ω matching needed for high-speed measurements [94]. To help preserve this 

matching, the 1T-TaS2 crystals were chosen to be of the same width as the signal lines. 

Structures were fabricated by electron-beam lithography and lift-off of Ti/Au (20-/180-

nm), deposited by electron-beam evaporation. To avoid degradation of the quasi-2D 1T-

TaS2 from exposure to chemicals and air, successive fabrication steps were performed 

with minimal delay. Fabricated devices were then stored and tested under vacuum 

conditions.  
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Figure 4.1. (a) Temperature-dependent resistance measurement for a thin (<10 nm) 1T-

TaS2 film showing the NC- to IC-CDW phase transition at ~350 K. As shown in the insets, 

the star-shaped islands in NC-CDW phase melt as the temperature rises above 350 K, 

resulting in the formation of the IC CDW and an accompanying decrease in resistance. (b) 

The typical current-voltage characteristic of a two-terminal 1T-TaS2 device at RT, 

exhibiting the hysteresis window and the load line in CDW-based oscillator devices. (c) 

The left panel is the diagram of a 1T-TaS2 oscillator circuit, including a 1T-TaS2 thin film 

in series with a load resistor RS and a lumped capacitance C∑. The right panel shows a 

schematic of the real-time voltage oscillation generated by such devices. (d) Schematic 

showing the pulsed-measurement setup. A pulse generator creates repetitive current pulses 

as short as 8 ns. The generated current is then measured by a mixed-signal oscilloscope. 

(e) Optical image of the 1T-TaS2 device designed for pulsed measurements. The inset 

shows a magnified image of the channel with the flake colored in purple for clarity. The 

gap between the two signal lines was 3 μm. Reprinted with permission from A. 

Mohammadzadeh, S. Baraghani, S. Yin, F. Kargar, J. P. Bird, and A. A. Balandin, Appl. 

Phys. Lett. 118, 093102 (2021). Copyright (2021) American Institute of Physics. 
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Figure 4.1a shows the temperature-dependent resistivity of a device implemented 

with a thin channel (<10 nm) of 1T-TaS2, showing the NC to IC-CDW phase transition at 

~350 K. The current – voltage (I-V) characteristics measured for the same 1T-TaS2 device 

are presented in Figure 4.1b. The straight line is an example of the load-resistance 

characteristic required to make the oscillator shown schematically in Figure 4.1c. The 

implementation of such voltage-controlled oscillators from 1T-TaS2 CDW devices has 

been reported previously by some of us [49,56]. Other fabricated devices had larger 

thicknesses (~70 nm) to make them more robust for the testing and to ensure contact 

quality. A schematic of the pulsed-measurement setup is presented in Figure 4.1d. This 

includes a pulse generator that sources ramped (triangular) current pulses of duration as 

short as 8 ns, and a mixed-signal oscilloscope (Keysight DSOX6004A, 6 GHz bandwidth) 

that is used to measure the time-dependent variation of the generated current. 

 

4.2 Pulsed measurements setup 

The pulsed measurements were performed in a custom-designed setup with full 

impedance matching (50 Ω). The device chip was mounted on an FR-4 laminate carrier, 

which allowed the signal line of the previously mentioned on-chip coplanar waveguide to 

be connected to the measurement instruments, through semirigid coaxial cables and high-

bandwidth SMA connectors. A 50-Ω RuO2 thick film resistor, soldered onto the chip 

carrier, provided a matched termination for the input signal. An Aim-TTi TGP3151 pulse 

generator was used to provide the pulses. In this study, repetitive (75 kHz) triangular 

pulses of various width (8 – 13,333 ns) were applied to the CDW device input. The 
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resulting output pulses were then captured at the 50-Ω input channel of the oscilloscope 

and correlated to the input signal to generate a pulsed I-V characteristic. All measurements 

were performed with the CDW devices mounted inside a customized, light-tight vacuum 

chamber (~10-6 mbar), held at RT.   

 

4.3 Pulsed measurements experimental results 

Figure 4.2(a-d) shows the I-V characteristics obtained for different pulse durations 

(see Figure 4.3 for more pulse durations). In all panels, only the I-V results of the first 

generated pulse are presented. This is essential to eliminate the influence of heat 

accumulation, originating from the application of repetitive pulses, on the I-V 

characteristics of the device. The most important observation is that, when the pulse 

duration is too short (see Figure 4.2a with the 8-ns pulse), the I-V curves do not reveal 

any hysteresis. As the pulse duration is increased, however, the hysteresis, associated with 

the NC to IC-CDW phase transition, emerges (Figure 4.2b, bias voltage of ~1.65 V). 

Visual inspection of the form of the I-V curves in this figure shows that the area associated 

with the hysteresis increases rather rapidly at first (compare Figure 4.2a and 4.2b), but 

then starts to decrease (Figure 4.2c and d). More I-Vs are also available in Figure 4.3. This 

behavior is attributed to the difference in the time constants for the rate of heat 

accumulation as a result of Joule heating and the rate of the heat dissipation to the 

underlying substrate. Overall, these data are consistent with the thermally-driven 

transition scenario; while the maximum strength of the electric field is the same for all of 

the pulses, the rate of the generated heat in the device and the dissipated heat depend 
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strongly on the pulse duration. More specifically, we suggest that the ultra-short pulses of 

a few-ns duration are not sufficiently long to increase the local temperature to the vicinity 

of ~350 K, and to thereby drive the NC to IC-CDW phase transition. As the pulse duration 

is increased, however, heat should accumulate increasingly in the channel, leading to a 

rise of the local temperature and the emergence of the NC to IC-CDW hysteresis. The 

further evolution can then be understood as arising from an interplay of two time-

constants – one associated with how fast heat accumulates in the channel, and the other 

with how fast heat escapes from it. These time constants will depend on the pulse duration, 

the thermal resistance of the device, and its size. When the pulse becomes too long (of µs 

duration, as in Figure 4.2d) the local temperature does not decrease sufficiently between 

pulses to achieve full-size hysteresis, resulting in the decrease of the hysteresis window 

and saturation. Figure 4.4 exhibits the derivative of the I-V curves, 𝑑𝐼/𝑑𝑉, shown in 

Figure 4.2. The phase transitions occur at bias voltages where abrupt changes in 𝑑𝐼/𝑑𝑉 

are observed.  
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Figure 4.2. Experimental current-voltage characteristics determined using total pulse 

durations of (a) 8 ns, (b) 736 ns, (c) 3,335 ns, and (d) 13,333 ns. For the shortest duration 

shown (8 ns), no hysteresis window is observed. With increasing the pulse duration, the 

width of the hysteresis window expands and then shrinks again as the pulse duration 

approaches to 13,333 ns. This behavior is attributed to the transient heat diffusion 

characteristics of the 1T-TaS2 film, during the up and down sections of the pulse, causing 

the film to attain different temperatures at fixed bias in the hysteresis region. Reprinted 

with permission from A. Mohammadzadeh, S. Baraghani, S. Yin, F. Kargar, J. P. Bird, and 

A. A. Balandin, Appl. Phys. Lett. 118, 093102 (2021). Copyright (2021) American 

Institute of Physics. 
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Figure 4.3. Experimental current-voltage characteristics with total pulse durations of (a) 

265 ns, (b) 981 ns, (c) 1,956 ns, and (d) 6,670 ns. With increasing pulse duration, the width 

of the hysteresis window expands first but then starts to decrease again as the pulse duration 

increases. Reprinted with permission from A. Mohammadzadeh, S. Baraghani, S. Yin, F. 

Kargar, J. P. Bird, and A. A. Balandin, Appl. Phys. Lett. 118, 093102 (2021). Copyright 

(2021) American Institute of Physics. 
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Figure 4.4. Derivative of the current versus bias voltage measured for different pulse 

durations: (a) 8 ns, (b) 736 ns, (c) 3,335 ns, (d) 13,333 ns. The abrupt change in the slope 

of the I-V curves indicates the bias voltage at which transition happens. Reprinted with 

permission from A. Mohammadzadeh, S. Baraghani, S. Yin, F. Kargar, J. P. Bird, and A. 

A. Balandin, Appl. Phys. Lett. 118, 093102 (2021). Copyright (2021) American Institute 

of Physics. 
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4.4 Finite element simulations  

To verify the proposed description of the switching mechanism, we analyzed the 

time-dependent heat dissipation in the device by solving the transient heat-diffusion 

equation. Calculations were performed for the specific layered structure of the 

experimentally tested devices, using the finite element method (COMSOL Multiphysics). 

The instantaneous Joule power generated in the channel is defined as 𝑃(𝑡) = 𝑉(𝑡)𝐼(𝑡), 

where V(t) is the applied potential, and I(t) is the current in the 1T-TaS2 channel [87]. The 

layered structure (see Figure 4.1-d) considered in the calculations includes the 0.5 mm-

thick Si wafer, the SiO2 gate dielectric, and the 1T-TaS2 channel and metal electrodes. 

The through-plane thermal resistance of the Si/SiO2 substrate includes three terms: 𝑅𝑡ℎ =

𝑅𝑐 + 𝑅𝑆𝑖𝑂2
+ 𝑅𝑆𝑖, where 𝑅𝑐 is the thermal contact resistance between the 1T-TaS2 film 

and the SiO2, and 𝑅𝑆𝑖𝑂2
 and 𝑅𝑆𝑖 are the thermal resistances of the SiO2 and Si layers, 

respectively. The thermal resistance of the SiO2 layer is defined as 𝑅𝑆𝑖𝑂2
=

𝑡𝑆𝑖𝑂2
(𝑘𝑆𝑖𝑂2

× 𝐴)⁄ , where 𝑡𝑆𝑖𝑂2
 is the thickness (300 nm) of the SiO2, 𝑘𝑆𝑖𝑂2

 is its thermal 

conductivity, and 𝐴 is the cross-sectional area of the channel. The interfacial contact 

resistance is 𝑅𝑐 = [𝐺𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 × 𝐴]
−1

in which 𝐺𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒  is the interfacial thermal 

conductance and varies in a rather limited range for common 2D materials and substrates. 

For example, 𝐺𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒  for graphene, WTe2, and MoS2 with Si/SiO2 substrates is 50, 33, 

and 15 MW/m2K, respectively [95–98]. Note that, for long current pulses, where the system 

is close to the steady-state condition, the average temperature rise in the device structure 

with SiO2 layer rises to about ∆𝑇 ≈ 𝑃 × 𝑅𝑆𝑖𝑂2
, without even taking thermal contact 
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resistance into account [87]. The temperature rise driven by the interfacial contact 

resistance can be as high as 100-200 K [87,95,96].  

 

The finite element method embedded in COMSOL Multiphysics software have 

been used to model the heat distribution in 1T-TaS2 device.[101] The device geometry used 

in the simulation replicates the real device used in the experiments. In all the simulations, 

1T-TaS2 channel is assumed to be on top of a Si/SiO2 substrate with an oxide thickness of 

285 nm. Two Au contacts are located on top of the 1T-TaS2 layer. The bias voltage is 

applied on top of the two Au electrodes. The literature values have been used for the 

thermal conductivity of 1T-TaS2.[99] The heat capacity is measured using differential 

scanning calorimetry (DSC). The electrical conductivity values matched the experimental 

electrical conductivity of 1T-TaS2. The mass density of 1T-TaS2 is assumed to be 6.86 

kg/m3. The time-dependent heat diffusion equation is solved to describe the heat transport 

as: 

𝜌𝐶𝑃
𝑑𝑇

𝑑𝑡
= ∇. (𝜅∇𝑇) + 𝑞𝑒 ,  (4.1) 

where 𝜌 is the density, 𝐶𝑃 is the heat capacity, T is the temperature, and 𝜅 is the thermal 

conductivity. In this equation, 𝑞𝑒 represents the Joule heating per volume. It can be 

calculated from the following equation: 

𝑞𝑒 = 𝐉. 𝐄 = 𝐉. 𝐉/𝜎 = |𝐉|2/𝜎2.  (4.2) 

In equation (4.2), J, E and 𝜎 are the current density, electrical field, and electrical 

conductivity, respectively. In the simulations, it is assumed that the bottom of the silicon 

substrate is kept at 300 K. The whole system is at room temperature initially before any 
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bias voltage is applied. Heat radiation is assumed as a boundary condition for all the 

exposed surfaces of 1T-TaS2 and Au electrodes. This boundary condition is formulated as: 

�̂�. 𝜅∇𝑇 = 𝜀𝜎(𝑇𝑒𝑛𝑣
4 − 𝑇4)   (4.3) 

In this equation, �̂� is the surface normal and 𝑇𝑒𝑛𝑣  is the environmental temperature 

(300 K in our case). Emissivity (𝜀) is set to 0.8 in the simulation. All the other surfaces of 

the geometry are assumed to be thermally insulated. 

Figure 4.5 shows both the geometry of the whole substrate and the device as used 

in the simulation. The size of device is really small compared to the substrate. In Figure 

4.5a the square shaped Silicon/Silicon oxide substrate is visible with a tiny dark point in 

the middle of it surface. Figure 4.5b shows magnified picture of the device and its design. 

There is a thin layer of 1T-TaS2 on the substrate and two gold contact on top of the thin 

flake. You can find the detailed properties of each materials used in the simulation in 

Table 4.1. The properties of silicon, silicon oxide and gold has been listed and the 

properties of 1T-TaS2 are not included because the electrical and thermal properties in 

this material are defined as functions of temperature. It is also important to point that there 

are several parameters for geometry and implementation of the that have been listed in 

Table 4.2. Since the size of the device is much smaller than the substrate, we have used 

two domains in mesh settings of the simulation. The element shape is tetrahedral and the 

size near small features like the flake and electrodes is extra-fine and moving away from 

device it becomes bigger and get to normal element size.  
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Figure 4.5. Geometry and design of the simulated device (a) the whole substrate and the 

device in the middle of its top surface, (b) the magnified image of the substrate which 

shows the design of the device with the thin flake of 1T-TaS2 and two gold electrodes as 

source and drain. Both images are in the COMSOL simulation. 

 

 

(a) 

(b) 
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Figure 4.6. Mesh size distribution in the simulation, (a) the substrate mesh sizes are fine 

closer to the device and getting bigger and becomes normal size in the areas far from 

the device or in the bottom side of the substrate, and (b) shows the extra-fine mesh size 

in the area of interest which is the thin flake of 1T-TaS2 and the electrodes. 

 

 

 

 

(a) 

(b) 
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Table 4.1. Materials parameters 

 

Material Au Si SiO2 

Electrical 

conductivity  

(S m-1) 

45.6 × 106   
A function of 

temperature 

0 (a value close to 

0 like 10-20) 

Heat capacity at 

constant pressure 

(J kg-1 K-1) 

129 678 730 

Density (kg m-3) 19300 2320 2200 

Thermal 

conductivity  

(W m-1K-1) 

317 34 1.4 

Relative 

permittivity 
1 NA 4.2 

Coefficient of 

thermal expansion 
14.2 × 10−6 2.6 × 10−6 0.5 × 10−6 

Young's modulus 

(Pa) 
70 × 109 160 × 109 70 × 109 

Poisson's ratio 0.44 0.22 0.17 
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Table 4.2. Device and structure parameters  

 

Properties Value 

TaS2 thickness 140 nm 

TaS2 width 7 µm 

TaS2 length 20 µm 

Channel length 3 µm 

TaS2 thickness (small flake) 10 nm 

TaS2 width (small flake) 2 µm 

TaS2 length (small flake) 20 µm 

Channel length (small flake) 1 µm 

Electrode thickness 200 nm 

Electrode width 2 µm 

Electrode length 2 µm 

Si thickness 50 µm 

Si width 500 µm 

Si length 500 µm 

Voltage 2 V 

Pulse duration 10 ns 

SiO2 thickness 285 nm 
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Figure 4.7. Cross-sectional view of the simulated temperature distribution near the device 

channel, for applied current pulses of duration (a) 8 ns, (b) 256 ns, (c) 493 ns, (d) 981 ns, 

(e) 6670 ns, (f) 13,335 ns. In case of the extremely short, 8-ns, pulses, the temperature of 

the film does not rise significantly above ambient and remains below the NC- to IC-CDW 

phase transition temperature. For the much longer pulse, on the other hand, the 

temperature-rise is significant, exceeding this transition temperature.  

 

 

 

 

 

 

 

 

(a) (b) 

(c) (d) 

(e) (f) 
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The reason to have small mess elements in regions of small features is that the size of the 

objects are small and that region is also our area of interest which makes it critical for us 

to have very accurate understanding about it. Figure 4.6 shows the simulated substrate 

and device with defined mesh distribution. As explained before, the mesh elements are 

tetrahedral, and the size of elements are extra small in the area of device and the top side 

of the substrate compare to areas far from the device and also the bottom side of the 

substrate. Figure 4.6a represents the mesh over the whole substrate and the Figure 4.6b 

shows the extra-fine mesh on the device and electrodes. 

 

Figure 4.7 (a-f) present the results of simulations of the thermal profiles in a TaS2 

layer at the midpoint of 8 ns, 256 ns, 493 ns, 981 ns, 6670 ns, and 13335 ns pulses, 

respectively‡. The dimensions of the channel are 𝑊 × 𝐿 × 𝑡𝑓 = 7 μm ×  3 μm ×

 140 nm, where 𝑊, 𝐿, and 𝑡𝑓 are the width, length, and the thickness, respectively. The 

Joule heat generated by the pulse mostly diffuses through the underlaying SiO2 layer 

owing to the substantial difference in the in-plane and through-plane thermal resistance. 

The in-plane thermal conductivity of 1T-TaS2 is almost three folds higher than that of SiO2 

[99,100]. However, owing to the small thickness of the 1T-TaS2 channel, the total in-plane 

thermal resistance of the TaS2 active layer, defined as 𝑅𝑡ℎ,𝑖𝑛−𝑝𝑙𝑎𝑛𝑒 = 𝐿 (𝑘𝑓 × 𝑡𝑓 × 𝑊⁄ ), is 

approximately two orders of magnitude higher than the total through-plane thermal 

resistance, 𝑅𝑡ℎ,𝑡ℎ𝑟𝑜𝑢𝑔ℎ, of the underlying SiO2/Si layers. Consequently, almost all the 

 
‡ The finite-element simulations and analytical heat dissipation estimations were conducted in collaboration 

with Dr. Saba Baraghani and Dr. Fariborz Kargar, Phonon Optimized Engineered Materials Center 

(POEM), University of California, Riverside. 
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generated heat is dissipated through the Si/SiO2 layer as seen in Figure 4.7. One can notice 

that the SiO2 layer acts as an efficient thermal barrier owing to its small thermal 

conductivity and the thermal boundary resistance at the TaS2-SiO2 interface. While the 

heating is insufficient for 8-ns pulse duration (Figure 4.7a) to drive the NC- to IC-CDW 

phase transition, by increasing the pulse duration to 13.3 µs the local temperature in the 

TaS2 rises well above 350 K (Figure 4.7b). To further support our interpretation of the 

experimental results, we have simulated the I-V curves of the device tested experimentally 

(see Figure 4.8 and Figure 4.10). The pulse duration in these simulations was chosen to 

match the different values used in the experiments. The pulses were implemented in the 

model by applying them at various predefined ramp rates. The current at each time step 

was then calculated using the equations embedded in the COMSOL electromagnetic 

module. One can clearly see from Figure 4.8 that the calculated trend for the evolution of 

the hysteresis is highly reminiscent of the experimentally measured one (see Figure 4.2). 

This is due to the temperature rise in the 1T-TaS2 which causes a drastic decrease in 

resistance (Figure 4.1a) as a result of phase transition and thus, an increase in the amount 

of current that passes through the channel. For a quantitative comparison of the 

experimental and modeled trends, we define the width of the hysteresis (𝑉𝑚𝑎𝑥 − 𝑉𝑚𝑖𝑛) as 

the difference in the voltage values observed during the up and down ramps of the voltage 

at a constant current. This width is a meaningful parameter as it defines the operational 

range of voltages for CDW voltage-controlled oscillators and other types of switches.  

Measured and calculated values of this parameter, determined for a current of  𝐼𝑆𝐷 =

8 mA, are presented in Figure 4.9. 



 65 

 

Figure 4.8. Simulated pulsed-measurement results at pulse durations of (a) 8 ns, (b) 736 

ns, (c) 3,335 ns, and (d) 13,335 ns. The appearance, expansion and shrinkage of the 

hysteresis window follows the same trend as the experimental results. The ambient 

temperature is set at 300 K for these simulations. Reprinted with permission from A. 

Mohammadzadeh, S. Baraghani, S. Yin, F. Kargar, J. P. Bird, and A. A. Balandin, Appl. 

Phys. Lett. 118, 093102 (2021). Copyright (2021) American Institute of Physics. 
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Figure 4.9. Experimental and simulated hysteresis window width (Vcooling-Vheating) 

calculated at the constant current of 8 mA and as a function of pulse duration. The 

experimental and theoretical results both follow the same trend, exhibiting a peak at shorter 

pulse durations and saturating at longer pulse times. Reprinted with permission from A. 

Mohammadzadeh, S. Baraghani, S. Yin, F. Kargar, J. P. Bird, and A. A. Balandin, Appl. 

Phys. Lett. 118, 093102 (2021). Copyright (2021) American Institute of Physics. 

 

 

It is evident that both the experiment and simulations exhibit a peak at some 

particular value of the pulse duration, which should be defined by the interplay of the time 

constants for the generation and escape of heat.  The absolute values of the measured and 

simulated hysteresis windows are different due to the fact that not all experimental factors, 

e.g. the heat dissipated to the environment, are accounted for in the simulation. The fine 

details of the position of the simulation data points, i.e. deviations from a smooth trend, are 

numerical due to the relatively coarse mesh used. 
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The results of simulations for pulses with different durations are presented in Figure 

4.10.  At the next step, the width, length, and thickness of the device were reduced in the 

simulations to predict the operation frequency range of those devices. The temperature 

profile for a device with smaller feature sizes are presented in Figure 4.11. Our 

experimental results show that for the tested device the hysteresis window appears for a 

pulse duration of ~200 ns. This corresponds to a CDW-device switching speed of ~5 MHz. 

From the discussion above, it is clear that the speed can be increased if one optimizes the 

device structure and decreases its size, to drive the desired phase transition by allowing 

heating to develop more rapidly. To demonstrate this point, in Figure 4.12 we have used 

our experimentally validated physics-based model to simulate the I-V curves of a device 

with channel length, width and thickness of 1 µm, 2 µm, and 10 nm, respectively. From 

this figure, one can see that the hysteresis appears at substantially shorter pulses than in 

Figure 4.2 and Figure 4.8. For a pulse duration of 20 ns, the calculated channel temperature 

reaches ~360 K (see Figure 4.1), which is already above the NC to IC-CDW transition 

temperature. The hysteresis in fact begins to develop for pulses as short as ~1 ns (see Figure 

4.12d), which corresponds to a CDW device speed of ~1 GHz. The obtained data therefore 

suggest that CDW devices implemented with quasi-2D 1T-TaS2 channels can operate at 

high frequency, even if the NC-CDW to IC-CDW transition is thermally driven. We note 

that our study proves that this switching is achieved via thermal mechanism for the specific 

device design, and characteristic thermal resistance of the structure. This does not preclude 

the possibility of purely electrically driven CDW transitions in other device designs and 
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structures. If the pure-electric field regime is achieved, our estimates for the device 

operational speed should increase to even higher values. 

 

 

Figure 4.10. Simulated current in the 1T-TaS2 devices for the pulse durations of (a) 265 ns, 

(b) 981 ns, (c) 1,956 ns, and (d) 6,670 ns. The appearance, expansion and decrease of the 

hysteresis window follows the same trend as the experimental data. The ambient 

temperature is set at 300 K is these simulations. Reprinted with permission from A. 

Mohammadzadeh, S. Baraghani, S. Yin, F. Kargar, J. P. Bird, and A. A. Balandin, Appl. 

Phys. Lett. 118, 093102 (2021). Copyright (2021) American Institute of Physics. 
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Figure 4.11. Cross-sectional view of the simulated temperature distribution near the device 

channel, for applied current pulses of 20 ns duration in a device with smaller dimensions. 

Channel length and thickness of the device are 1μm and 10 nm, respectively. In this case, 

there is a significant temperature rise leading the 1T-TaS2 to exceed the transition 

temperature. Reprinted with permission from A. Mohammadzadeh, S. Baraghani, S. Yin, 

F. Kargar, J. P. Bird, and A. A. Balandin, Appl. Phys. Lett. 118, 093102 (2021). Copyright 

(2021) American Institute of Physics. 
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Figure 4.12. Simulated pulsed measurement results for the projected device with smaller 

dimensions (the device length, width and thickness are 1 µm, 2 µm, and 10 nm 

respectively), at various pulse durations: (a) 2 ns, (b) 200 ns, and (c) 2,000 ns. (d) 

Calculated hysteresis width for the same device as a function of pulse duration at constant 

current of 0.34 mA. The trend is similar to the previous experimental and simulation 

results. However, in this case, the hysteresis window can be observed even at smaller pulse 

durations. The hysteresis width has decreased compared to the larger devices. This 

confirms that, despite the dominant self-heating effect, careful tuning of the dimensions 

can lead to a device that can operate at GHz frequencies. Reprinted with permission from 

A. Mohammadzadeh, S. Baraghani, S. Yin, F. Kargar, J. P. Bird, and A. A. Balandin, Appl. 

Phys. Lett. 118, 093102 (2021). Copyright (2021) American Institute of Physics. 
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4.5 Conclusions 

In conclusion, we have reported on the room-temperature switching of 1T-TaS2 

thin-film CDW devices using nanosecond-duration electrical pulses. The switching action 

utilized the NC- to IC-CDW phase transition, which has a characteristic temperature of 350 

K. The results of our rapid pulsed measurements, and numerical transient analysis of heat 

diffusion in the device structure, indicate the thermal nature of the switching in this type 

of CDW device. The modeling results suggest that a proper tuning of the device size and 

thermal resistance can allow these devices to operate at GHz frequencies, even when the 

switching is thermally driven. 
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Chapter 5 

5  Depinning of charge-density waves in 1T-

TaS2 devices at room temperature 

Recently, charge-density-wave (CDW) materials and devices attracted renewed 

interest in the context of two-dimensional (2D) van der Waals materials§.[1–6] The 1T 

polymorph of TaS2 is one of 2D van der Waals materials of the transition-metal 

dichalcogenide (TMD) group that reveals several CDW phase transitions in the form of 

resistivity changes and hysteresis. The transitions can be induced by temperature, electric 

bias and other stimuli.[7–13] Two of the phase transitions in 1T-TaS2 are above room 

temperature (RT). The CDW phase is a periodic modulation of the electronic charge 

density, accompanied by distortions in the underlying crystal lattice, and it may be 

commensurate, nearly commensurate, or incommensurate with the underlying crystal 

lattice.[14,15] Below ~180 K – 200 K, 1T-TaS2 is in the commensurate CDW (C-CDW) 

 
§ The content of this chapter is, in part, adapted from A. Mohammadzadeh, A. Rehman, F. Kargar, S. 

Rumyantsev, J. M. Smulko, W. Knap, R. K. Lake, and A.A. Balandin, “Depinning of the charge-density 

waves in quasi-two-dimensional 1T-TaS2 devices operating at room temperature,” Appl. Phys. Lett. 118, 

223101 (2021). 
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phase. In this phase, the lattice reconstructs in the basal plane. The atomic positions 

slightly shift in a periodic star-of-David pattern forming a 2D supercell containing 13 Ta 

atoms with supercell lattice constants 𝑎𝐶𝐷𝑊 = √13𝑎0. Theory has predicted and scanning 

tunneling microscopy (STM) measurements have shown this phase to be a Mott insulator 

state with one unpaired d-electron in each √13 × √13 superlattice cell.[16] Above ~200 K, 

the C-CDW phase undergoes transition to the nearly-commensurate CDW (NC-CDW) 

phase. This phase consists of islands of coherent C-CDW phase separated by a 

discommensurate network. The discommensurate regions can be viewed as domain walls 

that separate the ordered C-CDW islands.[17]  At approximately 350 K, the NC-CDW 

phase transitions to the incommensurate CDW (IC-CDW) phase in which the translation 

vectors describing the periodicity of the CDW are no longer integer multiples of the 

original lattice constants. Finally, at ~500 K – 600 K, the material becomes a normal metal. 

The phase transitions at ~200 K and 350 K are accompanied by a hysteresis in the current-

voltage response. The hysteresis of the NC-IC transition at 350 K has been recently 

exploited in a number of demonstrated device applications.[4,18–23] 

 

The incommensurate CDW has translational invariance with respect to the lattice, 

which means that in an ideal lattice, there is no energy barrier to translation. In practice, 

there are impurities or defects that pin the IC-CDW to the lattice so that a finite electric 

field, denoted as the threshold field, 𝐸𝑇, is required to depin the IC-CDW and cause it to 

start sliding across the lattice. The sliding of the IC-CDW results in a collective current 

with a non-linear current-voltage (I-V) response, and it is generally viewed as additive to 
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the normal current carried by the thermally excited electrons. At low temperature, when 

the normal current is suppressed, the depinning of the CDW reveals itself via an abrupt 

turn-on of the current when the electric field due to the applied voltage reaches the 

threshold field. As the peaks of the sliding CDW reach the contact, they give rise to a 

periodic modulation of the current resulting in an AC component known as “narrow band 

noise” (NBN). The average fundamental frequency of the NBN is related to the velocity, 

𝑣𝐶𝐷𝑊, and wavelength, 𝜆, of the CDW as 𝑓0̅ = 𝑣𝐶𝐷𝑊/𝜆.  

 

The IC-CDW phase is common in the quasi-1D materials, and CDW sliding has 

been observed in NbSe3, NbS3, TaS3, (TaSe4)I, A0.3MoO3 where A={K, Rb, Tl}, 

(NbSe4)10I3, and TTF-TCNQ.[24,25] Interestingly, it has been noted that among the many 

known CDW materials, the CDW sliding has only been observed in the small subset listed 

above.[25] The threshold fields for depinning of CDWs in the quasi-1D materials are 

extremely low, ranging from 40 mV/cm to 4 V/cm.[14] Since the commensurate and nearly-

commensurate CDWs are locked to the lattice, there is a large energy barrier to translate 

the CDW across the lattice. Therefore, it was generally believed that sliding could only 

occur in the incommensurate phase. Nevertheless, in some materials, I-V measurements 

have shown depinning and sliding below the C-CDW transition temperature. 

Orthorhombic TaS3 transitions to a C-CDW at ~100 K, and the threshold field remains 

finite but increases as the temperature is lowered below 100 K.[14] The C-CDW transition 

of blue bronze, K0.3MoO3, also takes place at ~100 K, however, 𝐸𝑇 decreases as the 

temperature is lowered below 100 K.[26] Since the decrease in 𝐸𝑇 violates all expectations 
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based on the conventional theories of sliding CDWs, other models have been considered 

such as depinned phase solitons.[27] In this sense, CDW depinning and sliding are not 

completely understood phenomena even in the conventional CDW materials with quasi-

1D crystal structure.  

 

The initial attempts to observe depinning and sliding of CDWs in quasi-2D met 

with difficulties owing to absence of a characteristic abrupt increase in current.[28] The 

NBN phenomenon, which is an AC signature of the CDW sliding in quasi-1D CDW 

materials, has not been observed in quasi-2D CDW materials. In our recent report on 1T-

TaS2, current characteristics similar to NBN were attributed to the NC-CDW – IC-CDW 

phase transition hysteresis rather than the CDW sliding.[29] The only study, which focuses 

on CDW depinning in quasi-2D materials, is limited to the layered DyTe3 compound.[30] 

We have previously assigned certain peaks in the low-frequency noise spectral density to 

the CDW depinning in 1T-TaS2.[12,31] However, we did not have a confirmation by other 

experimental methods, and could not explain the absence of the non-linear current 

component at the threshold field. Here we use a combination of the differential I-V 

characteristics and the low-frequency noise spectroscopy to unambiguously establish the 

depinning threshold in 1T-TaS2, and elucidate its differences from that in conventional 

bulk CDW materials with quasi-1D crystal structure. The obtained results shed light on 

switching phenomena in quasi-2D CDW materials; and can help in developing 

functionalities for device applications.  
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Figure 5.1. Current-voltage characteristic of the 1T-TaS2 devices on Si/SiO2 substrate at 

room temperature. The data are presented for two devices with different channel length 

fabricated on the same structure. The arrows indicate the direction of the current sweep. 

The observed hysteresis is due to the transition between NC-CDW and IC-CDW phases 

induced by the channel current. The dashed straight lines are shown for comparison to 

visualize the gradual evolution of the current-voltage characteristics from linear to super-

linear. The inset shows the design of the two-terminal 1T-TaS2 devices used in this study. 

Reprinted with permission from A. Mohammadzadeh, A. Rehman, F. Kargar, S. 

Rumyantsev, J. M. Smulko, W. Knap, R. K. Lake, and A.A. Balandin, “Depinning of the 

charge-density waves in quasi-two-dimensional 1T-TaS2 devices operating at room 

temperature,” Appl. Phys. Lett. 118, 223101 (2021). Copyright (2021) American Institute 

of Physics. 
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Figure 5.2. (a) Optical microscopy image of the 1T-TaS2 device (film thickness < 10 nm). 

The scale bar is ~2.5 µm. The image shows two channel that are marked as device A and 

device B in Figure 5.1 (a). The channel length for device A and B are ~1.5 µm, and ~2.5 

µm respectively. The width of these devices is ~3.4 µm. (b) The hysteresis with the abrupt 

change of resistance as a result of the NC-CDW to I-CDW phase transition in the 1T-TaS2 

thin film, shown for the devices A and B. For the device A (red curve), the resistance drops 

from 472 Ω to 374 Ω as the voltage passes the threshold voltage (RL/RH=0.79). For the 

device B (blue curve), the threshold voltage is higher and the resistance changes from 710 

Ω to 487 Ω (RL/RH=0.69). Reprinted with permission from A. Mohammadzadeh, A. 

Rehman, F. Kargar, S. Rumyantsev, J. M. Smulko, W. Knap, R. K. Lake, and A.A. 

Balandin, “Depinning of the charge-density waves in quasi-two-dimensional 1T-TaS2 

devices operating at room temperature,” Appl. Phys. Lett. 118, 223101 (2021). Copyright 

(2021) American Institute of Physics. 

 

(b) 

(a) 
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5.1 Sample preparation 

For this study, we used high-quality single-crystal 1T-TaS2 (2D Semiconductors) 

as the source material. Thin films of 1T-TaS2 were mechanically exfoliated and placed on 

a Si/SiO2 substrate utilizing an in-house built transfer system. The device structures were 

fabricated by the electron-beam lithography and lift-off of Ti/Au (20-nm/180-nm) 

deposited by the electron-beam evaporation. The devices did not require a capping layer 

for the channel protection. The I-V characteristics of two tested 1T-TaS2 devices, 

measured at RT under ambient conditions, are presented in Figure 5.1. The hysteresis in 

each I-V is a result of the of transition between the NC-CDW and IC-CDW phases in the 

1T-TaS2 device. Figure 5.2 shows an optical image of a representative device structure 

and additional characterization. 

 

5.2 I-V characterizations of 1T-TaS2 devices 

The I-V characteristics were well reproducible after several weeks of testing; and 

in agreement with literature reports.[3,7,9] The pronounced hysteresis, observed at the bias 

voltage V≈1.25 V and V≈1.8 V in the devices A and B, respectively, is due to the NC-

CDW to IC-CDW phase transition. The presence of hysteresis allows one to use such I-

Vs for designing voltage-controlled oscillators and other devices by adding a load resistor, 

i.e. negative feedback, even if the resistance change is not large.[4] The nature of the NC-

CDW to IC-CDW phase transition in two-terminal 1T-TaS2 devices on Si/SiO2 substrate 

is thermal – the current in the channel raises the local temperature above 350 K due to 

Joule heating and induces the phase transition.[12,23]  
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Figure 5.3. (a) Close-up of the current-voltage characteristics of 1T-TaS2 device A for the 

small bias voltage range, VD<0.5 V. Notice that the current in the forward (red) and reverse 

(blue) sweeping overlaps. The straight black line is shown for comparison. No deviations 

from the non-linearity are observed in this bias range. (b) The derivative of current-voltage 

characteristics revealing a strong change in the electron transport. The fluctuations in 

dI/dV(VD) are attributed to the depinning and on-set of CDW sliding. Reprinted with 

permission from A. Mohammadzadeh, A. Rehman, F. Kargar, S. Rumyantsev, J. M. 

Smulko, W. Knap, R. K. Lake, and A.A. Balandin, “Depinning of the charge-density waves 

in quasi-two-dimensional 1T-TaS2 devices operating at room temperature,” Appl. Phys. 

Lett. 118, 223101 (2021). Copyright (2021) American Institute of Physics. 
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Figure 5.4. The first derivative of the current-voltage characteristics for another tested 

device on a different test structure. The depinning for this device in the forward sweeping 

occurs around ~0.14 V.  Considering the channel length of ~1 µm, the threshold field for 

this device is ~1.4 kV cm-1. This agrees with the value obtained for device A. The width of 

this device is ~4.0 µm. Reprinted with permission from A. Mohammadzadeh, A. Rehman, 

F. Kargar, S. Rumyantsev, J. M. Smulko, W. Knap, R. K. Lake, and A.A. Balandin, 

“Depinning of the charge-density waves in quasi-two-dimensional 1T-TaS2 devices 

operating at room temperature,” Appl. Phys. Lett. 118, 223101 (2021). Copyright (2021) 

American Institute of Physics. 

 

 

Since at RT, 1T-TaS2 is in the NC-CDW phase, which contains IC-CDW regions, 

the depinning of the NC-CDW can happen at any bias. We intentionally focus on I-V 

characteristics at small biases, away from the NC-CDW – IC-CDW phase transition point, 

to identify signatures of possible CDW depinning and sliding. Figure 5.3a shows the I-V 

characteristics at low bias, VD<0.5 V.  The I-Vs are almost linear under forward and 

reverse bias, without any signatures of super-linearity or hysteresis. For comparison, the 
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inset shows the depinning and on-set of CDW sliding revealed by an abrupt increase in 

current in a conventional CDW material with a quasi-1D crystal structure.[14] 

 

5.3 Differential I-V characteristics 

However, the differential I-V characteristics, dI/dV, clearly indicate a threshold 

voltage VT ≈0.15 V at which the electron transport through 1T-TaS2 abruptly changes (see 

Figure 5.3b). This phenomenon has been reproducibly observed for several devices, and 

it is clearly seen for both forward and reverse voltage sweeps with some hysteresis (see 

Supplemental Materials). The corresponding threshold field, ET=VT/L~1 kV/cm, is two to 

four orders of magnitude larger than the depinning threshold fields observed in the quasi-

1D materials (L ~1.5 𝜇m is the distance between the contacts). To further prove that 

fluctuations in dI/dV are the result of CDW depinning, we utilize low-frequency noise 

measurements, which revealed various phase transitions in quasi-2D CDW 

materials.[12,29,31,32]      

 

5.4 Results of the low-frequency noise spectroscopy 

The low-frequency noise, typically with the spectral density 𝑆(𝑓)~1/𝑓𝛾  (𝑓 is the 

frequency and parameter 𝛾 ≈ 1), is found in almost all materials and devices.[33,34] The 

details of our noise measurement setup and procedures have been reported elsewhere.[12,31]  

Figure 5.5a shows the normalized noise spectral density, SI/I2, as a function of frequency, 

f, for several bias voltages, selected near VT≈0.15, where a sudden change in dI/dV has 
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been observed. Overall, the noise spectral density follows the 1/f – type behavior, and 

increases as the bias voltage approaches 𝑉𝑇. In the vicinity of the depinning voltage, the 

noise spectra develop pronounced bulges (for example, see spectra at V=195 mV and 

V=200 mV in Figure 5.5a). The noise evolution can be more readily observed in Figure 

5.5b, ), which presents the normalized spectral density, SI/I2, as a function of the bias 

voltage, V, at fixed f=10 Hz. The SI/I2 data reproduce the hysteresis observed in 𝑑𝐼/𝑑𝑉, 

which occurs at ~0.18 V, and ~0.15 V for the forward and reverse bias directions, 

respectively. The threshold voltages obtained from the noise measurements are in 

excellent agreement with those defined by the derivative of the I-V characteristics shown 

in Figure 5.3b. (one has to compare separately for the forward and reverse bias). We have 

verified that the noise characteristics are robust and not affected by any surface 

contamination by repeating the measurements several times, including in the ethanol 

gaseous environment instead of ambient. 

 

For a more detailed analysis, Figure 5.6 (a-b) show the noise spectral density 

multiplied by the frequency, SI/I2×f, and the noise amplitude over a larger voltage range. 

From Figure 5.6a, one can clearly see the noise bulges for voltages above 𝑉𝑇. The noise 

bulges are reminiscent of the Lorentzian noise spectrum, which is described by the 

equation 𝑆𝐼(𝑓) =  𝑆0 × (𝑓𝑐
2 (𝑓2 +  𝑓𝑐

2) ⁄ where 𝑓𝑐 is the corner frequency of the spectrum 

defined as  𝑓𝑐 = (2𝜋𝜏)−1, 𝑆0 is the frequency independent portion of the function 𝑆𝐼(𝑓) 

when 𝑓 <  𝑓𝑐 and 𝜏 represents the characteristic time constant.[33,34] However, the 

attempts to fit the measured bulges demonstrated deviation from a Lorentzian shape, 
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possibly due to presence of competing processes with several time constants resulting in 

inhomogeneous broadening (see Figure 5.7.b). Figure 5.6b shows the noise amplitude, i.e. 

noise spectral density averaged over several frequencies as a function of the bias voltage. 

The noise amplitude changes over a four orders of magnitude at 𝑉𝑇. Such a large increase 

comes from both the emergence of the noise bulges and overall increase of the 1/f noise 

background. It is this exceptionally large increase in the noise spectral density, SI/I2, that 

allows for observation of the depinning in dI/dV derivative (see Figure 5.3b).  

 

In conventional semiconductors, the noise bulges in the 1/𝑓 spectrum are often 

associated with the generation – recombination (G-R) noise, which results from the charge 

carrier trapping and de-trapping by one type of a dominant defect. However, the noise 

bulges, Lorentzian-shaped or otherwise, can also be related to phase transitions[12,31,32] and 

CDW sliding.24  The common feature among various mechanisms leading to a Lorentzian 

noise spectrum is that it is produced by some process characterized only by one time 

constant. The presence of several time constants may result in the deviation from the 

Lorentzian shape as in our case.   
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Figure 5.5. (a) Normalized current noise spectral density, SI/I2, as a function of frequency 

at different applied bias voltages. Note a strong increase in the noise level as the bias 

voltage approaches the depinning point. The noise spectrum evolves from 1/f to develop 

the Lorentzian spectral features. (b) The normalized noise spectral density as a function of 

the bias voltage at a fixed frequency f=10 Hz. The noise reveals a hysteresis, which 

indicates the depinning points for the forward and reverse bias. Reprinted with permission 

from A. Mohammadzadeh, A. Rehman, F. Kargar, S. Rumyantsev, J. M. Smulko, W. Knap, 

R. K. Lake, and A.A. Balandin, “Depinning of the charge-density waves in quasi-two-

dimensional 1T-TaS2 devices operating at room temperature,” Appl. Phys. Lett. 118, 

223101 (2021). Copyright (2021) American Institute of Physics. 
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Figure 5.6. (a) Normalized current noise spectral density multiplied by the frequency, 

SI/I2×f, as a function of frequency at different applied bias voltages. The Lorentzian 

features and their evolution with the increasing current are clearly visible. (b) The noise 

amplitude as a function of the bias voltage. Note the break in the y-axis. The noise level 

experiences a drastic increase at the depinning point. The inset shows the dependence of 

the Lorentzian corner frequencies extracted from panel (a) with the current in the device 

channel. Reprinted with permission from A. Mohammadzadeh, A. Rehman, F. Kargar, S. 

Rumyantsev, J. M. Smulko, W. Knap, R. K. Lake, and A.A. Balandin, “Depinning of the 

charge-density waves in quasi-two-dimensional 1T-TaS2 devices operating at room 

temperature,” Appl. Phys. Lett. 118, 223101 (2021). Copyright (2021) American Institute 

of Physics. 
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Figure 5.7. The normalized noise spectral density as a function of frequency for different 

applied bias voltages near the depinning point (a) in log scale, and (b) in linear scale. Note 

the Lorentzian bulges, which were attributed to depinning and sliding of CDW in this 

quasi-2D material. Reprinted with permission from A. Mohammadzadeh, A. Rehman, F. 

Kargar, S. Rumyantsev, J. M. Smulko, W. Knap, R. K. Lake, and A.A. Balandin, 

“Depinning of the charge-density waves in quasi-two-dimensional 1T-TaS2 devices 

operating at room temperature,” Appl. Phys. Lett. 118, 223101 (2021). Copyright (2021) 

American Institute of Physics. 

(a) 

(b) 
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From the data fitting in Figure 5.6a we determine that for the small current levels, 

there is almost an exact linear relation between the characteristic frequency, fc, and the 

current (see inset to Figure 5.6b). The time constants, c=2/fc, for the noise bulge change 

from ~10 ms to 0.1s. The linear dependence of fc on the current in the channel of quasi-

2D CDW material is consistent with the linear relationship between the frequency of the 

NBN, 𝑓0̅, and the CDW current, ICDW, observed in the quasi-1D CDW materials.[14,15] 

These considerations suggest that the observed noise bulges, which emerge at the voltage 

V=VT, are associated with the on-set of CDW propagation in quasi-2D material. The 

normalized noise spectral density as a function of frequency for different applied bias 

voltages near the depinning point are depicted in Figure 5.7. In addition, Figure 5.8 

represents the noise spectral density multiplied by frequency 𝑆𝐼 𝐼2⁄ × 𝑓 versus frequency 

for device A shown in Figure 5.1 for voltages around the depinning point. 

 

We now estimate the ET value using conventional model developed for quasi-1D 

CDW materials. The threshold field can be written as ET=K/2e, where  is the CDW 

period and K the restoring force constant.[14] In the case of strong impurity pinning the 

restoring force constant is approximated as K=Vo1ni, where ni is the concentration of 

defects, 1 is the modulation amplitude of the charge density and Vo is the impurity 

potential. We assume typical values Vo~10-2 eV and 1~0.1.[14] Using material specific 

=12.67 A and typical distance between defects of ~10 nm determined for 1T-TaS2 from 

the scanning tunneling microscopy,[10] we calculate ni and estimate the theoretical 

depinning threshold ET=Vo1ni/2e~ 0.063 kV/cm. This is smaller than the values 
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measured in our experiments, which are in the range from 0.8 kV/cm to 1.2 kV/cm for all 

studied devices. The measured value of ~ 1.0 kV/cm can be reconciled with this simple 

theory if one assumes the distance between the defects to be ~2.5 nm. Another possible 

explanation is that the used model assumes an independent 1D conducting channel while 

in quasi-2D materials we have a conducting plane, which can increase K.  

 

To clarify the mechanism of the observed depinning, i.e. electric field induced vs. 

temperature, we consider the local heating. The temperature rise at the depinning point can 

be roughly estimated from the ratio of the bias voltage at the depinning and the NC-CDW 

– IC-CDW phase transition, VT/VNC-IC~0.1. The dissipation is proportional to 𝑉2. It was 

previously established that in the considered quasi-2D 1T-TaS2 devices the NC-CDW – 

IC-CDW phase transition is induced by the local heating by about ~50 K.[12,23] Taking the 

temperature increases near this transition as ~50 K, we estimate, from the (VT/VNC-IC)2 ratio, 

the temperature rise at the depinning point to be below ~1 K. A more elaborate calculation, 

considering the structure geometry and material parameters, performed using the model 

reported in Ref. [12] gives the temperature rise below 2.5 K. This means that the depinning 

is induced by the electric field rather than local temperature increase. We also note that the 

noise does not change around RT with the small increase in temperature. This supports our 

conclusion that in the quasi-2D 1T-TaS2 devices, the depinning is a field-induced 

phenomenon unlike the NC-CDW – IC-CDW phase transition. The CDW depinning and 

sliding in the quasi-2D material is unusual in the sense that it does not give rise to an 

observed increase in the total current (see Figure 5.3a). On a larger voltage scale (Figure 



 94 

5.1), the current becomes super-linear above ~0.75 V corresponding to an electric field of 

5 kV/cm. The different scale of the electric fields compared to those in the quasi-1D 

materials deserves further investigation.     

 

 

Figure 5.8. Noise spectral density multiplied by frequency 𝑆𝐼 𝐼2⁄ × 𝑓 versus frequency for 

device A shown in Figure 5.1 for voltages around the depinning point. The jump in noise 

level is around 3 to 4 orders of magnitude. Reprinted with permission from A. 

Mohammadzadeh, A. Rehman, F. Kargar, S. Rumyantsev, J. M. Smulko, W. Knap, R. K. 

Lake, and A.A. Balandin, “Depinning of the charge-density waves in quasi-two-

dimensional 1T-TaS2 devices operating at room temperature,” Appl. Phys. Lett. 118, 

223101 (2021). Copyright (2021) American Institute of Physics. 

 

In the quasi-1D materials, the presence of a CDW gaps the Fermi surface so that 

there are relatively few normal carriers. In contrast, in the NC-CDW phase of 1T-TaS2, the 

C-CDW islands should most likely be Mott insulators consistent with the C-CDW phase 

while the discommensurate boundary regions are semi-metallic.[35] Thus, there are plenty 

of free carriers present, and the resistivity resulting from the free carriers is  
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~1.5 × 10−3 Ωcm. In the simple model of a sliding CDW, the velocity is 𝑣 = 𝑓̅𝜆, where 𝜆 

is the CDW wavelength. Then 𝐽𝐶𝐷𝑊 = 𝑒𝑛𝑣. In this case, there is one electron for each cell 

of the C-CDW 2D supercell. Let 𝜆 be equal one edge of the 2D supercell, 𝜆 = √13𝑎0, 

where 𝑎0 = 3.365 Ȧ is the in-plane lattice constant in the normal phase. The area of the 

supercell is 𝜆2 √3

2
= 1.3 nm2. Thus, 𝑛2𝐷 = 7.8 × 1013 cm−2, and 𝑛3𝐷 =

𝑛2𝐷

𝑐0
= 1.3 ×

1021 𝑐𝑚−3 where 𝑐0 is the out-of-plane lattice constant. For the frequency 𝑓̅ = 60 kHz, 

corresponding to a voltage of 0.45 V, we obtain the velocity 𝑣 = 𝑓̅𝜆 = 7.3 × 10−3 cm/s, 

and the CDW collective current density 𝐽𝐶𝐷𝑊 = 𝑒𝑛𝑣 = 1.5 A/cm2. Since the frequency, 

and thus the velocity, is linear with the voltage, the resistivity corresponding to the CDW 

current is 𝜌𝐶𝐷𝑊 =
(𝑉−𝑉𝑇)

𝐽𝐶𝐷𝑊

1

𝐿
= 1.3 kΩ ⋅ cm, which is six orders of magnitude larger than that 

due to the normal current. Thus, the current contribution due to the sliding CDW is too 

small to be observed by the current measurements. As a result, we have an interesting 

feature of CDW sliding in quasi-2D materials: the depinning does not result in the 

observable on-set of non-linear current. One can still observe the depinning in the noise 

spectra and dI/dV characteristics since even slowly moving CDW can increase the 

scattering of the normal electrons, e.g. via their backflow[24], screening or other 

mechanisms, which deserve a separate study. The non-linearity, which is observed at 

higher fields (see Figure 1) as the bias approaches the NC-CDW to IC-CDW transition is 

likely related to Joule heating.  
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We also consider the processes of sliding discommensurations, and stochastic 

generation of free electrons from the C-CDW islands. The electron density associated with 

the commensurate islands is 𝑛3𝐷 =
1

𝑐0𝜆2

2

√3
≈

1

𝑐0𝜆2 . The velocity is 𝑓̅𝜆. Therefore, the CDW 

current is 𝐽𝐶𝐷𝑊 =
𝑒𝑓̅

𝑐0𝜆
. If instead of using 𝜆 of the C-CDW supercell, we use 𝜆′ = 𝑚𝜆 of the 

average NC-CDW island size, and picture the islands moving, or equivalently, the 

discommensurations (dcm) moving, then 𝑣𝑑𝑐𝑚 = 𝑓̅𝜆′ = 𝑚𝑓�̅�. The charge density is still 

1

𝑐0𝜆2 , so the current only changes by a factor of 𝑚, and 𝑚 is approximately 2-3 at RT.[17] 

Therefore, the value for 𝐽𝐶𝐷𝑊 = 1.5 A/cm2 is a good order-of-magnitude estimate, if we 

assume that the bulge in the noise spectrum results from a movement of the c-CDW islands 

or the discommensurations, i.e. domain walls, separating the islands. Another perspective, 

is to view the noise as similar to the G-R noise with a time constant corresponding to the 

release of the bound electron from the CDW cell. Along the contact, any released electron 

will be swept into the contact. The 2D density of electrons in the sheet of CDW cells next 

to the contact is 𝑛𝑠 =  
1

𝑐0𝜆
, and the current would then be 𝐽𝑅𝐺 =

𝑒𝑛𝑠

𝜏
=

𝑒𝑓̅

𝑐0𝜆
= 𝐽𝐶𝐷𝑊 . Thus, 

we obtain the same estimate for the magnitude of the CDW current from either perspective. 

 

5.5 Conclusions 

In conclusion, we investigated depinning of CDWs in 1T-TaS2 thin-film devices 

operating in the NC-CDW phase. A combination of the differential I-V measurements with 

the low-frequency noise spectroscopy provided unambiguous means for detecting the 
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depinning threshold field, ET, in quasi-2D materials. The depinning process in the NC-

CDW phase of 1T-TaS2 is not accompanied by any observable increase in the electric 

current. This is explained by the fact that the velocity and the current density of CDWs, 

determined from the 60 kHz characteristic frequency, are low, ~70 𝜇m/s and ~ 1.5 A/cm2, 

and the depinning field is high, 𝐸𝑇 ≈ 1 kV/cm. The large electric field acting on the semi-

metallic electrons in the discommensuration network results in a large normal current ~2 

MA/cm2 that obscures the CDW current. The on-set of non-linearity in the measured 

current at the biases larger than the depinning bias, VT, is attributed to self-heating rather 

than the CDW current. The depinning field is two to four orders of magnitude higher than 

those in the quasi-1D van der Waals materials. Our results demonstrate substantial 

differences between depinning in quasi-2D and quasi-1D CDW van der Waals materials.       
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Chapter 6 

6 Summary and conclusions 

Quasi-2D charge-density-wave van der Waals materials revealed potential for novel 

electronic device functionality, which can be performed at room temperature. This 

dissertation reports on fabrication and testing of quasi-2D 1T-TaS2 charge-density-wave 

devices at room temperature, focusing on the switching mechanisms of such devices. We 

investigated the switching of 1T-TaS2 thin-film charge-density-wave devices, using 

nanosecond-duration electrical pulsing to construct their time-resolved current-voltage 

characteristics. The switching action was based upon the nearly-commensurate to 

incommensurate charge-density-wave phase transition in this material that happens ~350 

K with a characteristic hysteresis. For sufficiently short pulses, with rise times in the 

nanosecond range, self-heating of the devices is suppressed, and their current-voltage 

characteristics are weakly non-linear and free of hysteresis. This changes as the pulse 

duration is increased to ~200 ns (corresponds to switching speed of ~5 MHz), where the 

current develops pronounced hysteresis that evolves non-monotonically with the pulse 

duration. It starts widening and at some point, the hysteresis shrinks. By combining the 
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results of our experiments with a numerical analysis of transient heat diffusion in these 

devices, we established the thermal origins of their switching. In spite of this thermal 

character, our modeling for a device with channel length, width, and thickness of 1 µm, 2 

µm, and 10 nm, suggests that suitable reduction of the size of these devices should allow 

their operation at GHz frequencies. We observed that the charge-density-wave depinning 

process in 1T-TaS2 devices is not accompanied by an abrupt increase in electric current – 

in striking contrast to depinning in the “classical” charge-density-wave materials with 

quasi-1D crystal structure. It was demonstrated that the low-frequency noise spectroscopy 

and the differential current-voltage characteristics provide unambiguous metrics for the 

depinning threshold field in quasi-2D materials. It was also established that the depinning 

of the charge-density waves in quasi-2D materials is of the field-induced nature, and the 

threshold fields are substantially larger (~ 1 kV/cm) than those in quasi-1D van der Waals 

materials (~1 mV/cm). The results obtained in this dissertation research are important for 

the proposed applications of the charge-density-wave devices in electronics. 


	1 Introduction and overview
	1.1 Introduction
	1.2 Outline of the dissertation

	2 Introduction to quasi-two-dimensional charge-density-wave materials
	2.1 Transition-metal dichalcogenides
	2.2 Properties of CDW phases in 1T-TaS2
	2.3 Depinning of CDW

	3 Fabrication of CDW devices
	3.1 Device fabrication using electron beam lithography
	3.1.1 Mechanical exfoliation
	3.1.2 PMMA spin coating
	3.1.3 Writing alignment pattern
	3.1.4 Designing the device
	3.1.5 Writing the device pattern using EBL
	3.1.6 Metallization and lift-off

	3.2 Device fabrication using EBL on diamond substrate
	3.3 Device fabrication using the shadow mask
	3.3.1 Transfer of layered materials
	3.3.2 Mask alignment
	3.3.3 Metallization


	4 Pulsed measurements of 1T-TaS2 devices
	4.1 Device fabrication with the design for pulsed measurements
	4.2 Pulsed measurements setup
	4.3 Pulsed measurements experimental results
	4.4 Finite element simulations
	4.5 Conclusions

	5  Depinning of charge-density waves in 1T-TaS2 devices at room temperature
	5.1 Sample preparation
	5.2 I-V characterizations of 1T-TaS2 devices
	5.3 Differential I-V characteristics
	5.4 Results of the low-frequency noise spectroscopy
	5.5 Conclusions

	6 Summary and conclusions



