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ABSTRACT OF THE DISSERTATION

Development of Functional Inks Based on Quasi-2D and Quasi-1D Materials for
Application in Printed Electronics

by

Saba Seyedmahmoudbaraghani

Doctor of Philosophy, Graduate Program in Chemical and Environmental
Engineering
University of California, Riverside, March 2022
Dr. Fariborz Kargar, Co-Chairperson
Dr. Alexander A. Balandin, Co-Chairperson

Printed electronics technology, in which printing techniques are used with novel
functional materials to manufacture electronic devices, has recently attracted a lot of
attention. This is because utilization of printing process facilitates fabrication of higher
volume of devices with lower cost and processing requirements compared to the
conventional fabrication methods. Different functional materials have been used in the inks
employed by various printing techniques. Recently, attention has been shifted towards a
group of van der Waals materials with quasi-1D and quasi-2D structures such as transition
metal chalcogenides. In this dissertation research, | report on the fabrication and

characterization of electronic devices printed with inks of quasi-1D and quasi-2D van der
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Waals materials. In the first part of the dissertation research, the ink was prepared by the
liquid-phase exfoliation of crystals of TiSs semiconductor into quasi-1D nanoribbons
dispersed in a mixture of ethanol and ethylene glycol. The ink was used to print electronic
conducting channels. The temperature-dependent electrical measurements indicated that
electron transport in the printed devices is dominated by the electron hopping mechanisms.
The low-frequency electronic noise in the printed devices was of 1/f7Y -type with y~1 near
room temperature (f is the frequency). The abrupt changes in the temperature dependence
of the noise spectral density and y parameter can be indicative of the phase transition in
individual TiSz nanoribbons as well as modifications in the hopping transport regime. In
the second part of the dissertation research, | used quasi-2D 1T-TaS,, which is a charge-
density-wave material, for ink preparation. The two-terminal devices with 1T-TaS
channels were printed on Si/SiO substrates. It has been demonstrated that the electrical
conduction properties are preserved despite the use of solvents. The temperature-dependent
electrical and low-frequency noise measurements indicated that the charge-density-wave
phase transitions can be successfully induced in the printed devices. The results of this
dissertation research are important for the development of printed electronics with

innovative inks of quasi-1D and quasi-2D van der Waals materials.
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1 Introduction and Overview

A set of electronic devices fabricated by utilizing printing techniques is called
printed electronics. Printing can facilitate low-cost and high-volume production of
electronics. Compared to the conventional device fabrication technigues that require many
and costly steps, printing can drastically reduce the processing steps and the amount of
labor. In addition, it eliminates the need for device production on rigid substrates such as
silicon and paves the way for the production of electronic devices on substrates such as
PET and paper.> The latter is an important advantage in the field of flexible and wearable
electronics and the internet of things (10T).t Up to now, printed electronics have been used
for many different applications such as solar cells,>® capacitors,’® sensors,®° flexible

displays,!! field-effect transistors (FETs),21 and smart packaging.'*

Many different materials have been used as building blocks for functional inks in
printing applications including metal nanoparticles,*>*® graphene and carbon
nanotubes,®? and different oxide materials.> Among these materials, there have recently
been numerous work on inks with quasi-2D transition metal dichalcogenide (TMD) van
der Waals (vdW) materials.?s?> The 1T polymorph of TaS;, a layered transition metal
dichalcogenide (TMD), is particularly interesting due to its charge-density-wave (CDW)
transitions. This material has two transitions above room temperature making it a suitable
candidate for many electronic and optoelectronic applications such as high-speed memory

devices,?® CDW oscillators,?-2° and possible transistor-less logic circuits based on CDW.*°
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Transition metal chalcogenides (TMT) is another family of crystal structures that
recently have received much attention owing to their quasi-1D structure. TMTs have shown
extraordinary electrical properties such as high breakdown voltage, exceeding that of
conventional metallic interconnects.3! Field-effect transistors (FETs) based on few-layered
TiSs have shown mobilities and ON/OFF ratios higher than or comparable to the well-
known MoS;-based FETs.3234 Up until now, despite many reports on printing electronics
using layered materials, there are no studies on the synthesis and application of inks based
on quasi-1D vdW and quasi-2D CDW materials. In this dissertation, the application of
functional inks prepared by quasi-1D TiSs and quasi-2D CDW 1T-TaS; in two-terminal
electronic printed devices are presented and their electronic transport and noise properties
are measured and discussed. It is revealed that the electron transport mechanism in the
printed TiSs devices is mainly dominated by the hopping mechanism. The low-frequency
noise data elucidate a possible phase change or change of hopping transport regimes. The
results of electronic transport measurements on devices with 1T-TaS, confirm the two
CDW phase transitions in printed devices. These results are confirmed with low-frequency

noise spectroscopy data.

1.1 Outline of the Dissertation

This dissertation includes the following chapters:

e Chapter 2: This chapter reviews different printing techniques and ink requirements.



Chapter 3: This chapter explains the procedure of making the ink, printing, and
device fabrication in detail. Images and schematics are provided to enable the
reader to reproduce the whole process. The instrumentation to characterize the
printed devices is also explained.

Chapter 4: This chapter presents the demonstration of two-terminal devices based
on quasi-1D TiSs nanoribbons. The details of tailoring the ink properties to ensure
high printing quality is also explained.

Chapter 5: In this chapter, the results of electronic and noise measurements of two-

terminal devices based on quasi-2D CDW 1T-TaS: inks are presented.



2 Introduction to Printed Electronics

2.1 Printed Electronics

Solid-state-based devices have impacted human life substantially since their first
introduction. These devices have gone through various development stages throughout the
years. For example, the first generation of transistors utilized germanium, but soon
germanium was switched to silicon because of its outstanding physical and electronic
properties.® In spite of the advancements in the fabrication of electronic devices based on
Si, still there are fundamental limitations especially when it comes to the large area, high
volume production of devices, or the production of electronic devices that require more
flexibility. Traditional methods to fabricate solid-state devices include the usage of
extensive cleanroom settings and expensive instrumentation. In addition, utilization of
high-temperature and low-pressure (for example during the chemical vapor deposition
process), and harsh environments during the etching processes limits the usage of many
substrates including flexible substrates.! For these reasons, there has been a search for
alternative techniques, such as printing methods, that can replace the costly conventional
fabrication methods. Compared to the traditional methods of electronics manufacturing,
printing can drastically reduce the amount of energy and labor that leads to a reduction of
costs. In addition to low cost, this method enables high volume fabrication of electronics
even on flexible substrates.> However these advantages come with a downfall of lower

4



precision in printed electronic devices compared to devices made with cleanroom

nanofabrication methods.

The utilization of printed electronics can facilitate the high-speed growth of the
upcoming internet of things (1oT) and wearable electronics.! Thus, there has been a great
interest in printed electronics for application in many different areas such as printed
circuitry,®® energy conversion and storage devices (e.g., solar cells, capacitors, etc.),*’
sensors, field-effect transistors (FETs),% flexible displays,® and smart packaging.® There
are different printing techniques that can be used for device manufacturing for any of these
applications including drop-casting, screen printing, inkjet printing, Gravure printing, and

flexographic printing.*

2.1.1 Drop Casting

Drop casting is an easy and tunable method of deposition of material on different
substrates. In this method, drops of the solution are spread on the surface and are left to dry
under controlled conditions. Morphology and thickness of the deposited sample can be
controlled by the adjustment of different parameters. For example, variation of the
environmental conditions such as temperature and pressure can lead to a change in the
morphology of the dried trace. The thickness of the deposited material depends on the
droplet volume and pigment concentration. Despite being simple and cost-effective, the
drop-casting method can only be utilized for substrates with small surface areas which

limits its use as a common method in the fabrication of printed and flexible electronics.*



2.1.2 Screen Printing

Screen printing is another inexpensive and straightforward method of printing on
various substrates regardless of their rigidity. The process of printing consists of pushing
the ink paste through a porous stencil to deposit the pattern onto the surface. Herein, there
are four constituents to the process: the ink paste (an ink with very high viscosity), the
screen, the substrate, and the squeegee.*? Although this method proves to be very useful in
the conventional printing industry, its resolution is rather low. It also requires extensive

use of lithography for the fabrication of the screen.*?

2.1.3 Inkjet Printing

Inkjet printing is a non-contact and mask-less printing technique in which ink
droplets are jetted and deposited onto the substrate to generate the desired pattern designed
electronically via a computer. There are two common jetting mechanisms: continuous
inkjet and drop-on-demand (DoD). In the continuous process, the ink droplets are
generated continuously to be deposited on the substrate whereas, in the DoD process, ink
droplets are only generated if required. This can be done through the piezoelectric or
thermal jetting mechanism.>*3 In the piezoelectric mechanism, the ink is pushed out of the
reservoir due to a pressure pulse caused by the piezoelectric material in the printhead. In

the thermal mechanism, ink droplets are propelled as a result of bubbles generated after a



rapid heat-up of the ink. The DoD process is more commonly used for inkjet printing owing

to its simpler operation compared to the continuous inkjet process.**

2.1.4 Gravure and Flexographic Printing

Flexography and gravure printing are printing techniques referred to as the
continuous roll-to-roll (R2R) techniques. These methods are fast transfer and large area
printing processes which are mainly used for industrial purposes such as packaging and
books and newspapers printing. One of the main differences of the flexography and gravure
printing processes is in the amount of applied pressure. Other differences include the ink
transfer pathway and printing speed. The details of the printing procedures can be found in

the literature.*>46

2.2 Comparison of Different Printing Methods

As indicated in the previous sections, printing techniques are different in various
aspects. Therefore, one can select a printing process based on the application needs such
as the desired printed feature size, production speed, and the type of substrate the print will
be made on. A summary of some of the important parameters in the selection of the printing
techniques is listed in Table 2.1. Based on the table, one can conclude that inkjet printing
is a good choice for prototyping and lab-scale work due to its high precision and acceptable

throughput.



Table 2.1. Comparison of different printing processes

Printing Method Throughput Precision Required Ink
Drop Casting Low - Low
Inkjet Medium High Low
Screen Medium Low Low
Gravure Medium Low High
Flexographic High Low High

2.3 Important Ink Parameters in Inkjet Printing

Various parameters affect the quality of inkjet printing. These factors include ink
composition, its physical properties (e.g., viscosity, surface tension, density, etc.), drying
and spreading of the ink, and the required post-processing steps. The latter should be

carried out to improve the physical and electrical properties of the printed device.

2.3.1 Ink Composition

First-ever inks were made in ancient China by mixing soot and gum resins to make
an ink paste. Since then, so many developments have been made to the inks along with the
evolution of the printing processes. This includes switching pigments from soot to colored
plants and then to organic or inorganic chemicals. Additives were also mixed into the inks
to make them suitable for modern printing processes. Nowadays, inks are generally
composed of four major parts: pigments, binders, additives, and solvents.*’

For graphical inks, pigments are used for ink coloration. There are also other

pigments incorporated into the ink for some special functions. For instance, calcium
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carbonate (CaCOs3) and titanium dioxide (TiOz2) are used for color intensity reduction and
opaque ink production, respectively. Various other pigments can also be added to the ink
for serving different functions such as gloss or protection against environmental conditions
such as heat or humidity.*®

With the advent of printed electronics, functional materials such as conductors,
semiconductors, and dielectrics were imbodied in the inks as pigments.*® Some of the
functional materials that have been used in inks include metallic nanoparticles such as
silver and copper,®® organic materials such as Baytron-P, poly (4-vinyl phenol) (PVP),
and polythiophene,® and carbon materials such as carbon black, graphene, and CNTs.%%5!
Recently, there has been an increasing interest in the utilization of layered 2-D materials
as functional pigments owing to their unique material properties.**

Binders are usually polymers used to bind the pigment particles to each other and to
the printing substrate. Ink binders may dry as a result of solvent evaporation. Otherwise,
post-processing such as annealing or ultraviolet light exposure may be required to cure and
harden the ink.5? Binder selection for a specific ink is based on the physical properties
required such as adhesion or gloss level. For example, cellulose is utilized as a binder to
make the ink moisture resistant.*?

Additives constitute a very small proportion of the inks with the purpose of
modification or tailoring specific ink properties. Surfactants are an example of ink additives
that are used to improve the wetting properties of the ink. The solvent, as suggested by its
name, is a component to dilute other ink components and keep the ink in liquid form. Water

or any type of organic solvent can be used in the ink. Depending on the printing method,



type of substrate, printing purpose, and drying conditions one can select the desired solvent.
For instance, in high-speed printing processes such as gravure printing, solvents with
higher drying rates should be chosen, whereas for screen printing, the solvent with a slower

drying rate should be selected to avoid clogging up the mesh pores.>

2.3.2 Drying and Spreading of the Ink

Spreading and drying of the ink are the two crucial factors in the determination of
the final print pattern morphology. The spreading of the ink during the printing process is
defined by its wettability. The contact angle between the droplet and the underlying
substrate, 6, is a measure of how well the ink spreads on the substrate (Figure 2.1). Contact
angles larger than 90° are indicative of poor wetting whereas angels smaller than 90°
suggest good wetting of the surface. In the printing process, the term ‘good wetting’ refers
to a scenario when the ink is capable of spreading and maintaining contact with the
substrate leading to a continuous trace. For this to happen, the solid interfacial surface
tension should be greater than that of the ink. Therefore, it is easier to wet surfaces with
higher surface energies like copper than the substrates with lower surface energies such as
polytetrafluoroethylene (PTFE). As a rule of thumb, if the difference between the surface
tension of the substrate and the ink falls in the range of ~7 to ~10 mN m, a good wetting
will be achieved. The contact angle is determined by Young’s equation.>* According to this

equation, for a droplet, surrounded by gas or its vapor, on a homogeneous, smooth, ideal
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surface, the relationship between the interfacial surface tensions of gas, solid, and liquid is

given by:

{sv = (51 + {1y cOS O, (2-1)

where {,,, {;,,, and {,; are the surface tensions of the solid surface, liquid surface,

and the solid-liquid interface, respectively.

Clv
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Figure 2.1. Schematic of a droplet on a solid surface.

Other than spreading, the ink drying rate plays an important role in the final
morphology of the printed pattern and depends on the ink viscosity. For the inks with high
viscosities such as the inks used for screen printing, rectangular cross-sectional profiles of
the prints are indicative of a uniform deposition, drying, and distribution of the ink.*® As

the viscosity is lowered to more moderate ranges, the cross-sectional profile turns into
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semi-circle geometries. It is worth noting that if the viscosity of the ink is too low, the
cross-sectional profile will exhibit the so-called “coffee-ring” patterns which result in an
undesired morphology.*® Basically, this phenomenon happens because of non-uniform
evaporation of the solvent during the ink droplet drying on the surface. When the ink
droplet is dispensed onto the substrate, the contact line at the edge of the droplet-substrate
interface has the highest surface area to volume ratio. This leads to faster evaporation rate
of the solvent compared to the center of the droplet. The difference in the evaporation rate
causes a concentration gradient across the droplet (lower solvent concentration at the
edges). As a result, there is an outward convection flow carrying the pigments to the edges
leaving little to no material at the center.>® In addition to viscosity, drying, and

environmental conditions have substantial impacts on this process.>®

2.3.3 Ink Jetting Behavior

In the printing process, one has to make sure there is stable disposal of the ink
droplets from the nozzle. This means droplets of the ink should form continuously without
the formation of secondary (satellite) droplets® to eliminate ink deposition in unwanted
areas. This behavior in the ink can be determined by paying close attention to the ink
thermophysical properties determined by the dimensionless Z-number which is the inverse

of the Ohnesorge number (Oh):

12



1 _¥¢pa (2.2)

Here, a is the diameter of the nozzle, n is the viscosity of the ink, and p and { are
the density and surface tension of the ink, respectively. Generally, it is considered that the
optimum value of Z should lie between 1 to 14. If the Z value is higher than 14, there is a
high possibility of satellite droplet formation. Z values less than 1 leads to the formation

of elongated droplets or no ink droplet formation at all.>%8:9

2.3.4 Ink Preparation and Strategies to Improve Print Quality

Liquid phase exfoliation (LPE) is the conventional method for the preparation of
functional inks with layered vdW materials. As the first step, materials are exfoliated in a
liquid-phase environment such as n-methyl-2-pyrrolidone (NMP). The as-exfoliated
dispersions are often used as inks for printing. However, the problem with this method of
ink preparation is that the solvents used for exfoliation usually have a high boiling point.
Thus, in this case, printing will be time-consuming since the solvent should evaporate at
the end of the printing. In addition, high surface tension and low viscosity of these solvents
prevent print lines with high quality. To address this issue, different approaches can be
applied. One approach is to treat the surface to adjust the surface tension between the ink
droplet and the substrate.>® Another method is to use polymeric binders in the formulation

of the ink. In this method, the exfoliated material by the LPE technique is first removed
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from the initial solvent. The flakes are then dispersed again in another selected solvent
mixed with a polymeric binder. Adding binders can adjust the viscosity of the ink. In
addition, there is a chance for increasing the concentration of functional material in the ink
using this method. However, it should be noted that the addition of binders in the ink can
decrease the desired properties of the functional ink, such as its electrical conductivity. To
account for this, post-processing and thermal annealing is necessary which makes the
printing process more complicated. An alternative and simpler approach is to mix two
different solvents. This will cause a uniform dispersion and drying of the ink as a result of
the Marangoni effect during ink drying. The Marangoni effect happens due to the surface

tension gradient caused by the difference in the temperature or composition. &
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3 Fabrication of Printed Devices

3.1 Preparation of the Ink Using Liquid Phase Exfoliation

The conventional methods of device fabrication based on 1D or 2D materials include
mechanical exfoliation of the material using a Scotch tape method.?%®1-%* Utilization of this
method leads to nanomaterials with variable thickness and hinders the scale-up of the
production of electronic devices.®>®” Another method, is to synthesize the highly
crystalline material using chemical vapor deposition (CVD) which is expensive and
energy-intensive and requires a harsh environment (high temperature and vacuum).®
Alternatively, solution-based synthesis has been employed as a simple, low-cost method
that can be used for the preparation of functional inks. However, smaller flake size,
thickness variation, and high defect density of the nanomaterials are inevitable while using
this method.%® Generally, two different approaches are taken for the solution-based
synthesis of nanomaterial: top-down and bottom-up. Liquid phase exfoliation is a top-down
method that is widely used for the preparation of functional inks owing to its simplicity
and effectiveness. In this method, bulk crystals of the material are placed in a solvent and
the weak van der Waals forces between the layers of the material are broken down using
strong sonication or shear energy. Different solvents such as dimethylformamide (DMF),
N-methyl-2-pyrrolidone (NMP), acetone, and ethanol have been used for exfoliation of 1D
and 2D materials.%®-" In this method, it is important to choose adequate solvents that match

the surface energy of the layered material.
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After the exfoliation, there might be a need to transfer the nanomaterial to a different
solvent such as isopropyl alcohol (IPA). To do this, the as-exfoliated material is centrifuged
at a high speed and then, the original solvent is collected from the top part. Afterward, the
secondary solvent, the one that is actually used in the ink formulation, is added to the flakes.
The mixture is sonicated for 15 minutes to ensure homogeneous dispersion of nanomaterial
in the solvent. This process is repeated several times to make sure that the original solvent

is fully removed.
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Figure 3.1. Schematic of the exfoliation and ink preparation steps. The red box represents
the exfoliation process and the green box represent the solvent exchange, size selection,
and adjustment of ink properties. Not all the steps in this box are necessary. For example,
the solvent exchange and size selection steps can be skipped for some inks.

In the next step, the physical properties of the ink should be adjusted to obtain a Z-
number between 1 to 14, as discussed in the previous sections. Figure 3.1 exhibits the
whole process of ink preparation. In this study, ethylene glycol is used as a secondary

solvent because of its high viscosity compared to the main solvent (usually ethanol or IPA)
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to adjust the ink viscosity. Other than viscosity adjustment, the addition of ethylene glycol
will suppress the formation of the coffee ring by causing the Marangoni effect in the ink

droplet.®®

3.2 Preparation of Device Contacts Using Electron-Beam
Lithography

In this work, electron-beam lithography (EBL) is used to fabricate the gold contacts
of printed devices. EBL is associated with multiple steps. For the scope of this work, the
steps are as follows: (1) PMMA spin coating of the substrate, (2) writing the electrode

pattern using EBL and development of the substrate, and (3) metallization and lift-off.

3.2.1 PMMA Spin Coating

Before writing the electrode pattern on the silicon substrate using EBL, the surface
of the silicon should be covered with a thin layer of polymeric material resistant to electron
beam such as polymethyl methacrylate (PMMA). The diced silicon wafers should be
cleaned in advance for the PMMA spin coating. The cleaning process consists of sonicating
the wafers in acetone followed by ethanol sonication for 5 minutes. The substrate is then
dried with high purity nitrogen gas. Spin coating is used as the next step and for the
deposition of PMMA on the substrates. To start the spin coating process, a few drops of

PMMA is dropped on the wafer that has been previously placed on top of a holder disk in
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the spin coater machine. Special care should be taken to avoid the formation of any air
bubbles during this step. The spin coater is programmed with a special recipe for this
process. This recipe consists of three steps: spreading, spinning, and stopping. The

parameters are listed in Table 3.1.

Table 3.1. Different steps of the spin-coating recipe with conditions for proper coverage
of the sample

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

Step 1 (spread) 400 3 400
Step 2 (spin) 4000 45 2000
Step 3 (stop) 0 2 2000

Note that faster spinning speeds usually lead to a thinner layer of PMMA on top of
the silicon wafer. It is important to have the thickness of the resist smaller than the total
thickness of the metal electrodes. Otherwise, the lift-off of the metals from the surface will
be impossible. The recipe presented in Table 3.1 leads to a resist thickness of about 170
nm. After the spin coating is done, it is necessary to do post-treatment by heating up the
resist to its glass transition temperature (Tg). For the 495 PMMA, Ty is between 100 °C and
160 °C. So, the sample was kept at 185 °C for two minutes after each layer of resist is

applied to the surface.
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3.2.2 Writing and Development of Electrode Pattern

Electron beam lithography, which is a process of using electron beams to write
patterns on an electron beam resist, is used for this step. This method is preferable
compared to the conventional photolithographic methods because the shorter wavelength
of electrons makes the writing of finer patterns with higher resolutions. In this equipment,
the electron beam is steered by the magnetic deflectors based on the computer-assisted
design (CAD) pattern. To follow the CAD pattern, the stage is moved by the stage
controller and stage monitor. For this study, a Leo SUPRA 55 equipped with an electron-
beam patterning system is utilized.”*”™ The electrodes were designed using DesignCAD

software.

While using the EBL, one should know where the electrode patterns are going to be
written. For this reason, a small dot of diluted silver paint is placed on the substrate surface
prior to placing the sample in the chamber. Afterward, utilizing the scanning electron
microscope at low voltage (around 5 kV), the shiny silver dot will be located on the
substrate surface to determine where the electrode pattern should be written. To write the

electrode pattern, the NPGS software and the pattern run file are used.

To complete the EBL process, the PMMA resist should be developed in a developer
solution consisting of a mixture of methyl isobutyl ketone (MIBK) and isopropyl alcohol
(IPA). The ratio of MIBK:IPA is 3:1 in the developer solution. This is to remove the parts
exposed to the electron beam and make the sample ready for the metallization step. In order

to do this, the sample is submerged in the developer solution for 20 s. It is then removed
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from the solution and soaked in IPA for another 20 s. It is then dried using high-purity
nitrogen gas. The quality of the written and developed pattern can be confirmed using an

optical microscope.

3.2.3 Metallization and Lift-Off

To deposit the metal electrodes on the substrate, two different metals were used.
Titanium and gold with the thickness ratio of 1 to 10 (5 nm Ti and 50 nm Au or 20 nm Ti
and 200 nm Au) are deposited on the substrate at this step with titanium being the first
layer. The reason for this structure is that titanium has good adhesion to the silicon wafer
surface and can assist in better attachment of gold to the substrate. In this step, an electron
beam evaporator is used for metal deposition. The samples are placed inside the chamber
of the evaporator. The chamber is then pumped down to the pressure of 2x107 torr which
is ideal for metal deposition. To deposit the titanium layer, a slow deposition rate of 0.5
Als is used. Subsequently, the deposition of the gold layer should be carried out with the
same slow rate of 0.5 A/s for the deposition of the first 10 nm of the layer, and then it is
ramped up to 2 A/s. After the deposition is done, the chamber should be left to cool down
in vacuum before the samples can be removed. For this study, a Temescal Model BJD —
1800 electron beam evaporator is used. A schematic of this procedure is presented in Figure

3.2.
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Figure 3.2. (a) schematic of an electron beam evaporator and its operating procedure, (b)
actual image of an e-beam evaporator located at UCR’s nanofabrication facility.

Following the metal deposition, the metalized part of the sample without any pattern
should be removed in a lift-off step using acetone. If the thickness difference between the

PMMA and the deposited metal is sufficiently large (as discussed in the previous sections),
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by soaking the sample in acetone, all the excessive metal will lift off from the surface. One
must make sure that all the excess metal is removed. Otherwise, the removal of the
unwanted metallic parts would be impossible after the sample is taken out of acetone. The

final pattern can then be checked using an optical microscope.

3.3 Printing of Functional Ink

After deposition of the contacts, the functional ink is printed on top of them using
an inkjet printer. The printer used in this work is a Hyrel 30M material printer. To make
the printing process similar to inkjet printing, the extruder head of the printer was swapped
with a syringe head holder to make the printing of the inks possible. The silicon wafer with
the gold electrodes is placed on top of the printed stage. The stage and printer head can
move in different directions to follow the computer-assisted design (CAD) pattern for the
print. The stage is also heated up to 60 °C to speed up the ink drying process and enhance

the Marangoni flow inside the ink droplet leading to no coffee-ring formation.

Before printing, the ink was loaded in a syringe. To ensure fine print traces, a syringe
needle with an appropriate diameter should be selected. As opposed to regular inkjet
printers, the printer used in this work works based on the application of a small force on
the syringe shaft to dispense the liquid. Having a syringe needle with a very small diameter
will require more pressure on the shaft and makes the control of the ink droplet size harder.
This will lead to poor condition in the final print. In this work, a gauge 27 blunt-end needle

with an inner diameter of 210 um was employed.
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After the ink is loaded into the printer, the printing parameters should be adjusted.
These parameters include the moving speed of the stage and the printer head, stage
temperature, droplet volume, and the number of printing passes. All these parameters can
be tuned using a built-in software called Repetrel. After each round of printing, the printed
trace is left to dry before printing another layer on top. This step is repeated until the
approximate desired thickness is achieved. After the printing is finished, the pattern is
checked with an optical microscope to ensure the quality of the print. An image of the

printer used for this work is presented in Figure 3.3.

Figure 3.3. Image of the Hyrel 30M printer with modified print head used for the printing
of the functional inks
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3.4 Electrical Characterization of Printed Devices

After the device is printed out, the electrical transport properties and low-frequency
electronic noise of the channel were investigated. The current-voltage characteristics of the
device at constant and varying temperatures were measured using the cryogenic probe
station (Lakeshore TTPX) with a semiconductor device analyzer (Agilent B1500). The
sample was left in the chamber of the probe station and then the chamber was vacuumed
down to a pressure of approximately 10 bar. The temperature can be adjusted by using a
line of liquid nitrogen and a heater that are connected to the stage. The electronic noise
setup includes a portable signal analyzer (Stanford Research 560) which was used for
signal amplification when necessary. The voltage bias was supplied to the device using
batteries to avoid the 60 Hz noise and its harmonics. More details of the measurements will

be presented in the next chapters.
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4 Printed Electronic Devices with Inks of
T1S; Quasi-One-Dimensional Van der

Waals Materials

4.1 Introduction

Recent years have witnessed a boost in printed electronics research and development
as the technique facilitates mass production of electronic devices with lower cost and
processing requirements 247, The approach also enables the manufacturing of large-scale
and flexible devices by expanding the choices of substrates from conventional silicon to
flexible surfaces such as paper and textile """, Inks with proper thermophysical properties
are the crucial component of the printing industry. Different functional materials have been
developed and used as the ingredients for the inks employed by various printing techniques.
Printed electronic devices can find applications in various areas. Flexible radio frequency
tags,”® wearable electronics,”” organic light-emitting diodes,® and organic solar cells®! are
just a few examples of such applications. Despite the recent advancements, however, the
list of available materials as ingredients for the inks is limited. Little is known about the
nature of the charge transport and electronic noise characteristics in printed electronic

devices.
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Some of the previously demonstrated inks are based on metal nanoparticles, such as
Ag,*>® Au,’” and Cu,® carbon allotropes, such as graphene® and carbon nanotubes®?, and
nanowires, such as ZnO, dispersed in suitable solvents.! Most recently the attention has
turned to the layered quasi-two-dimensional (2D) van der Waals (vdW) materials, such as
transition metal dichalcogenides (TMDs), including Mo0S2,%%% MoSe2,?* WS,,%* and
BizTes.?° The class of quasi-2D vdW materials is promising for printing owing to a relative
ease of ink development. It is known that TMD materials have weak vdW bonding between
structural units allowing for their exfoliation into flexible quasi-2D layers. The inks of
quasi-2D vdW materials can be prepared by the liquid-phase exfoliation (LPE) process and
dispersion of the exfoliated flakes in proper solvents. Additionally, TMDs exhibit tunable
electronic and mechanical properties, which increase their value as ingredients for various

functional inks.3483-87

The class of layered vdW materials is not limited to quasi-2D materials only. Most
recently, there was a rapid emergence of interest in vdW materials with quasi-one-
dimensional (1D) crystal structures.®88 These materials are quasi-1D in the sense that they
have strong covalent bonds along the atomic chains, and vdW bonds or substantially
weaker covalent bonds in directions perpendicular to the chains °°-°2. Transition metal
trichalcogenides (TMTSs), with the chemical formula of M X3, where M is a transition metal
and X is a chalcogen, are a prominent group of quasi-1D vdW materials °*-°%, Examples of
materials from this group include TiSs, %% TaSes, * NbSs, % ZrSs, 949979 7rTe;,% and
their solid solutions.®* Unlike TMDs, which exfoliate into quasi-2D atomic planes, TMT

crystals exfoliate into needle-like quasi-1D structures with high aspect ratios. 3490:93.100
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Motivated by the recent developments in the quasi-1D vdW material synthesis and
exfoliation, we demonstrate the feasibility of the use of such materials in the inks for
printed electronics. The high aspect ratio and flexibility of the exfoliated bundles of quasi-
1D atomic chains offer specific advantages: possibly better connectivity of the individual

flakes, smaller loading fractions required to achieve electrical conduction. 10192

The intrinsic properties of quasi-1D vdW metals and semiconductors can add to the
unique ink functionalities. The exfoliated quasi-1D TMTs have demonstrated exceptional
electrical properties. For example, the bundles of TiSs, TaSes, and ZrTes have shown
exceptionally high breakdown current densities of ~1.7 MA/cm?, ~10 MA/cm?, and ~100
MA/cm?, respectively 3'For the present study, we selected TiSz.2% 1 It is an n-type
semiconductor with a bandgap of ~1 eV at room temperature (RT).104106110-112 The
material undergoes a metal — insulator transition at temperature Tj;~220 K and exhibits
metal-like properties at higher temperatures.t® Bulk TiSz whiskers were shown to have the
RT Hall mobility of about 30 cm?V-1s1,297 and comparable exciton mobility of about 50
cm?V1st 114 Theoretically, it has been suggested that a single quasi-1D monolayer of TiSs
can have mobility of ~ 10,000 cm?V1s, which is higher than that of quasi-2D MoS.1*
The experimentally observed mobilities in TiSs are considerably lower than the theoretical
prediction, likely due to the polar-optical phonon scattering.*31® The few-layer TiSs-
based field-effect transistors (FETs) revealed mobilities of about 20-40 cm?V-1s? and
ON/OFF ratios of > 10%;3 these experimental values are comparable or higher than those
in FETs based on few-layer MoS,, which are ~10 to 20 cm?V-1s.3233 On the other hand,

it has been reported that TiSs exhibits charge-density-wave phase transitions at low
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temperatures.*'’ This feature, in addition to all other promising electrical characteristics,
has made TiSz an interesting material to experiment with innovative inks for printed
electronics. The use of quasi-1D TiS3 can add new functionalities to the ink. A report on
the LPE and drop-casting of TiSs''® suggested that this material might be suitable for ink

printing if a proper solvent is found and printing parameters are optimized.

The crystal structure of monoclinic TiSs falls into the P2:/m space group. TiSz has
a highly anisotropic structure, in which quasi-1D chains of TiSz prisms are covalently
bonded along the b-axis. These weakly interacting chains are assembled into vdW-stacked
quasi-2D layers parallel to the ab plane of the crystal structure. A previous theoretical study
has shown that the cleavage energies required for breaking weak interactions between the
quasi-2D layers separated by the vdW gaps and between the quasi-1D chains within the
layers are both comparable to the cleavage energy of graphene layers in graphite.® Because
of this, cleavage of TiSz crystals may realistically proceed along several different planes
between the quasi-1D chains (such as (001), (100), (101), etc.), resulting in a formation of

high-aspect-ratio exfoliated nanoribbons.®®

Here we report on the fabrication and characterization of electronic devices printed
with inks of quasi-1D van der Waals materials. The quasi-1D van der Waals materials are
characterized by 1D motifs in their crystal structure, which allows for their exfoliation into
bundles of atomic chains. The ink was prepared by the liquid-phase exfoliation of crystals
of TiSs semiconductor into quasi-1D nanoribbons dispersed in a mixture of ethanol and
ethylene glycol. The temperature-dependent electrical measurements indicate that electron

transport in the printed devices is dominated by the electron hopping mechanisms. The
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low-frequency electronic noise in the printed devices is of 1/f7-type with y~1 near room
temperature (f is the frequency). The abrupt changes in the temperature dependence of the
noise spectral density and y parameter can be indicative of the phase transition in individual
TiSz nanoribbons as well as modifications in the hopping transport regime. The obtained
results attest to the potential of quasi-1D van der Waals materials for applications in printed

electronics.

4.2 TiSs Ink Preparation and Printed Device Fabrication

TiSz crystals were synthesized by the direct reaction between metallic titanium and a sulfur
vapor in a vacuum-sealed quartz ampule at 550 °C, as described in our previous works, 3114
(Figure 4.3(b)) Figure 4.1 presents the results of X-ray powder diffraction (XRD)
measurements of the synthesized TiSs material. The TiS3 crystals have been ground using
an agate mortar and pestle and subjected to powder X-ray diffraction analysis using Cu Ka
radiation. The pattern shows clear evidence of preferential orientation due to stacking of
the material. The XRD pattern presented in Figure 4.1 along with its LeBail refinement
demonstrates the high purity of the material. TiSz crystallizes in a ZrSes — type structure
with the P2:/m space group.t!® The lattice constants extracted by the LeBail analysis are a
=0.4965(1) nm, b =0.3402(1) nm, ¢ = 0.8801(1) nm, and B = 97.64(1); these values are in
a good agreement with the previously reported data.3*1411® Because of their highly
anisotropic crystal structure, these crystals are needle-shaped, with their long axes

corresponding to the crystallographic b direction of the quasi-1D TiSz chains. The LPE
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process was performed on these TiSs crystals in ethanol, resulting in cleavage of the
bundles of the atomic chains, which appeared as needle-like nanoribbons. The liquid phase
exfoliation was conducted by placing 100 mg of TiSz crystals in a round-bottom flask with
50 mL of dry ethanol. The round-bottom flask was sealed with a septum and then placed
in the center of a 40 kHz ultrasonic bath sonicator. Nitrogen gas was bubbled through the
dispersion during the first hour of sonication to remove any dissolved oxygen. The
dispersion was sonicated for a total of 24 hours sealed under nitrogen gas. After exfoliation,
the dispersion was transferred to a 20 mL dram vial. This transfer was conducted in a dry
nitrogen-filled glove box to prevent any oxygen or water contamination. The resulting

dispersion of the liquid-phase exfoliated TiS3 in ethanol had a concentration of 2 mg/mL.
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Figure 4.1 The powder XRD pattern of TiSz accompanied by the LeBail analysis.

The solution-exfoliated quasi-1D TiSs nanoribbons were characterized by atomic

force microscopy (AFM). A droplet of TiSz dispersion in ethanol was placed on a Si/SiO>
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and dried in air. The resulting TiSs nanoribbons on a substrate were imaged using an atomic
force microscope (Bruker Dimension Icon). The analysis of the AFM images was carried
out using Gwyddion software.*?® A representative AFM image is shown in Figure 4.2(a).
The solution-exfoliated TiSz particles generally had a ribbon-like shape, which is
representative of the quasi-1D structure of TiSs. The thickness of these nanoribbons varied
from several hundred nm down to several nm as illustrated by the AFM height profile in

Figure 4.2(b).
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Figure 4.2. (a) Atomic force microscopy (AFM) image of the fragment of the TiS3
nanoribbons on Si/SiO. after the liquid phase exfoliation. (b) AFM thickness profile
measured along the green dashed line across one of the solution-exfoliated TiSs
nanoribbons in panel (a). Reprinted with permission from Supporting Information of
Baraghani et al., Printed electronic devices with inks of TiS; quasi-one-dimensional van der
Waals material, ACS Appl. Mater. Interfaces. 13 (2021) 47033-47042. Copyright (2021)
American Chemical Society.
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The quality of the material after the exfoliation has been confirmed with Raman
spectroscopy (Renishaw InVia). The measurements were performed in the backscattering
configuration under a visible red laser (1 = 633 nm). The laser spot size on the sample
was ~1 um. The excitation power on the sample’s surface was varied between 0.1 pW and
2 mW. After each measurement, the samples were carefully inspected using optical
microscopy. No laser-induced changes in the samples were detected. Figure 4.3(c) presents
the Raman spectrum of exfoliated TiSz bundles at RT. The monoclinic structure of TiS3
has C,, point symmetry with the irreducible representation of I' = 84, + 4B, + 8B, +
44,,. Four dominant Raman peaks identified at 174, 297, 367, and 556 cm™ belong to A4,
vibrational symmetries.®29312! The peak at 174 cm™ is associated with the rigid chain
vibrations.?! The two peaks at 297 cm™ and 367 cm™ are related to the internal out-of-
plane vibrations involving each monolayer. The peak at 556 cm™ is attributed to S — S
diatomic motions.'?! The three low-intensity peaks at 163, 276, and 401 cm™* that shoulder
to the dominant Raman peaks belong to B, vibrational symmetries.’?#** The Raman
spectra confirm the material quality after the exfoliation processing steps. To further
confirm the high quality and crystallinity of the solution-exfoliated TiSs nanoribbons, we
studied them by transmission electron microscopy (TEM) (FEI Tecnai Orisis). The
accelerating voltage was 200 kV. TEM image of a representative TiSz nanoribbon is shown
in Figure 4.3(d). A selected area electron diffraction (SAED) pattern recorded on this
nanoribbon (see the inset in Figure 4.3(d)) confirms that it is highly crystalline. According
to the indexing of the diffraction spots in this SAED pattern, the observed view corresponds

to the ab plane of TiSs. The long axis of the crystal represents the crystallographic b
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direction of the quasi-1D chains, which is in agreement with the most expected exfoliation
scenario.” A high-resolution TEM image in Figure 4.3(e), which was recorded for the
same nanoribbon, confirms that this is the ab plane, because the observed interplanar
distances perfectly match the a and b crystal structure parameters of TiSz (a = 0.4948 nm,

b =0.3379 nm, ¢ = 0.8748 nm, and the cant angle = 97.62°).
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Figure 4.3. (a) Schematic of the monoclinic crystal structure of TiSs from two
viewpoints. The blue and yellow spheres represent the Ti and S atoms, respectively. The
parallelogram demonstrates the unit cell of TiSs. The side view in the right panel exhibits
the quasi-1D nature of the atomic chains. (b) Optical photograph of the TiSs crystals
used in this study. (c) Raman spectrum of exfoliated TiSz (black curve) at room
temperature. The red curve shows the cumulative fitting of the experimental data by
individual Gaussian functions. (d) TEM image of a representative solution-exfoliated
TiSs nanoribbon. A SAED pattern recorded on this crystal is shown in the inset. (e) High-
resolution TEM image of the same TiSs nanoribbon as in panel (d). (f) Schematic of the
printing process of TiSs devices on top of gold contacts made with electron beam
lithography. The image in the dashed circle is the optical image of the actual TiSz device
channel. Note the absence of the “coffee-ring” effect in the channel confirming that the
material is distributed evenly. The scale bar is 200 um. The vial contains the liquid-phase
exfoliated TiSsz ink. Reprinted with permission from Baraghani et al., Printed electronic devices
with inks of TiSz quasi-one-dimensional van der Waals material, ACS Appl. Mater. Interfaces.
13 (2021) 47033-47042. Copyright (2021) American Chemical Society.

A schematic of the printing procedure and device is shown in Figure 4.3(f). The
electrodes were fabricated by e-beam lithography followed by the lift-off of Ti/Au (20-

nm/200-nm) deposited by e-beam evaporation. The TiSz channel was printed by a 3D
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printer (Hyrel 30M) on top of the electrodes. To mimic the function of an inkjet printer,
the printer head was swapped with a syringe holder and a syringe was utilized for
dispensing of the ink. A blunt-end needle syringe with gauge 27 was used with the printer.
20 layers of material were printed on the substrate with the gold electrodes. The printed
channel has the dimensions of 500 umx4 umx6 um (WxLxt). The thermophysical
properties of the ink and proper selection of the injecting nozzle size play a crucial role in
the ink droplet formation, even spreading of the ink on the substrate and subsequent drying.
The nonuniform deposition of the material in printing often happens as a result of the
“coffee-ring” effect that should be avoided by adjusting the concentration of the ingredients
in the ink and surface modification of the substrate.*?* The droplet formation behavior is
characterized by a dimensionless Z-number (inverse of Ohnesorge number)®%1% 7 =
\/(p_a /1, where a is the printer’s nozzle diameter [m], and ¢, p, and x are the surface
tension [N m™], density [kg m~3], and dynamic viscosity [Pa X s] of the ink, respectively.
Generally, proper droplet formation and dispense occur in the range of 1 < Z < 14.
Otherwise, satellite droplet formation (Z > 14) or elongated ligaments (Z < 1) may
deteriorate the accuracy of the printing by deposition of the ink on undesired areas. 30585,
However, there are studies that report quality printings with Z > 14, especially for
nanomaterial-based inks. For example, graphene-based inks with Z~24 or polystyrene-
nanoparticle-based inks with Z~21 to ~91 have been successfully printed.4450%:126-128
Therefore, the Z-number limits seem not to be strict for vdW materials, and inks with Z-

number values close to the range guarantee proper printing quality.
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To tune the Z-number for printing with quasi-1D vdW ink, we used a syringe with
an inner diameter of a = 210 um. 3 mL of 4 mg/mL of exfoliated TiSz in ethanol was
mixed with 3 mL of ethylene glycol (EG) to give 6 mL of 2 mg/mL of TiSz in 1/1 vol%
ethanol/ethylene glycol as the ink. Ethylene glycol was added to the ink to increase the
viscosity of the ink. This is to ensure proper dispensing and drying of the ink. The viscosity,
surface tension, and density of the ink were measured to calculate the characteristic Z
number. To measure the viscosity, a Cannon SimpleVIS viscometer was used. 0.5 pL of
the ink was inserted into the device and the measured kinematic viscosity was displayed
on the device screen. Then this value was divided by density to calculate the dynamic
viscosity. A CSC Scientific DuNouy interfacial tensiometer was used to calculate the
surface tension of the ink. To measure the surface tension, the device ring was inserted into
the ink. Then, the ring was raised slowly until the film between the ink and the ink breaks,
and the measured amount of surface tension can be read from the device dial. With the
addition of EG to the ink, the dynamic viscosity and surface tension of the ink were
measured to be ¢{~3.3 [Nm™!] and u~3.35x 1073 [Pa X s], respectively. The mass
density of the ink was calculated using the rule of density for mixtures. The calculated
density of the ink was p~949.6 [kgm~3]. With these values, the calculated Z number of
the ink is Z~24 for the nozzle with inner diameter of 210 um used in this work. No satellite
droplet formation or elongated ligaments were observed during the printing. The addition
of EG helped to circumvent the “coffee-ring”.®° This is depicted in Figure 4.4. A faster
evaporation rate of ethanol causes enrichment of the droplet contact line with EG, leading

to a surface tension gradient in the droplet and uniform dispersion of the material while
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drying.*>’® As seen, the addition of EG results in the elimination of the coffee-ring effect.

To augment the flow through the ink droplet the bed temperature of the printer was kept at

60 °C.

e, 4 o P TECRS
X P N 5

Figure 4.4. Optical image of the printed line (a) before, and (b) after the addition of
ethylene glycol. The scale bar is 200 pum. Heavy formation of coffee-rings can be
observed in the printed trace before addition of EG. These are marked with arrows in the
image. In addition, the width of the printed line is larger than when ethylene glycol is
added. Reprinted with permission from Supporting Information of Baraghani et al., Printed
electronic devices with inks of TiSz quasi-one-dimensional van der Waals material, ACS Appl.
Mater. Interfaces. 13 (2021) 47033-47042. Copyright (2021) American Chemical Society.

Figure 4.5 (a) shows an SEM image of the channel. As seen, the printed channel has

the dimensions of 500 pmx4 pumx6 um (LxWxt). The average thickness of the device was

measured using an optical profilometer (Figure 4.5 (b)).

37



Figure 4.5. (a) SEM image of the printed device channel showing the quality of the
material exfoliation and the morphology of nanoribbons in the ink and in the printed
channel. The scale bar is 10 um. (b) Surface profile of the printed channel. The roughness
of the surface and the thickness of the film can be determined from this data. The inset
is the top view of the channel surface profile. Reprinted with permission from Supporting
Information of Baraghani et al., Printed electronic devices with inks of TiS; quasi-one-
dimensional van der Waals material, ACS Appl. Mater. Interfaces. 13 (2021) 47033-47042.
Copyright (2021) American Chemical Society.

4.3 Electrical Characterization and Low-Frequency Noise

Measurements

All current-voltage (I-V) characteristics and resistivities were measured in the
cryogenic probe station (Lakeshore TTPX) with a semiconductor analyzer (Agilent
B1500). The low-frequency noise experiments were conducted in the two-terminal device
configuration. The noise spectra were measured with a dynamic signal analyzer (Stanford
Research 785). A battery biasing circuit was used to apply a bias voltage to the devices.
This was done to minimize the noise at 60 Hz and the harmonics associated with it. The
signal measured by the dynamic signal analyzer is the absolute voltage noise spectral

density, Sy, of a parallel resistance network consisting of a load resistor (RL) of 46 KQ and
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the device under test with a resistance of Rp. The normalized current noise spectral density,
Si/1%, was calculated S,/I? =S, x [(R, + Rp)/(R, X Rp)]?/(I? X G) where G is the

amplification of the low-noise amplifier.

4.3.1 Electrical Transport Characterization

The electrical current-voltage (I-V) characteristics of the fabricated two-terminal
devices were measured in the temperature range from 78 K to 350 K. The I-V results are
presented in Figure 4.6(a). The weakly non-linear I-V curves were attributed to formation
of the Schottky barrier at the printed channel — metal contact interface. Interestingly, it was
previously shown that Au forms an Ohmic contact with TiSs,'?° provided that there is a
clean ultrahigh-vacuum-enabled interface between the two materials resulting in strong
Au-S interactions. The presence of Schottky barrier for these devices can be explained by
the fabrication process, where the interfaces between the printed TiSsz nanoribbons and the
Ti/Au pads contain various surface adsorbates and residual solvent molecules. At low bias
voltage, from -0.1 V to 0.1 V, the I-V characteristics can be considered approximately
linear (see the inset to Figure 4.6(a)). The resistivity of the printed TiSs channel was
extracted a standard two-probe technique (see Figure 4.6(b)). The resistance, R, was
extracted from the linear part of the I-V plots presented in Figure 4.6(a). Assuming the
isotropic properties in all directions, the resistivity was determined from the formula p =
RA/L, where [ and A were the channel length and the cross-sectional area, respectively. At

RT, the resistivity of the printed devices was ~195 Qxm. The resistivity values reported in
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the literature span a wide range from 0.02 Qm to 200 Qxm for individual exfoliate bundles
of atomic chains, i.e. nanoribbons, and crystals with defects.!*3117118 Note that our
resistivity results include the contact resistance. The solvent residues can also affect the
overall resistance of the channel. Given the disordered nature of the printed device, the
extracted values of resistivity are reasonable and consistent with data reported for

individual nanoribbons.13

As one can see in Figure 4.6(b), the resistivity continuously decreases with
increasing temperature. This is in contrast with the data on the electrical resistivity
measurements of bulk and mechanically exfoliated few-layer TiSs devices reported over
an extended temperature range of 4 K to 400 K. 104107108113 1 the latter case, the resistivity
decreased with the temperature increasing up to ~250 K, which is typical for semiconductor
material. At temperatures above 250 K, TiSz exhibits metallic properties, i.e. the resistivity
increases with the temperature rise.!'® In printed devices, however, one would expect to
have a network of randomly arranged exfoliated TiSs atomic chain bundles with many
bundle to bundles interfaces, defects, and impurities resulting from the LPE process and
subsequent printing. In this case, the electron hopping transport to be the main mechanism
of electron conduction. The electrically conductivity due to electron hopping has smaller
values than the bulk band conduction, and it increases with increasing temperature. We

now analyze the resistivity data in more details.

Several models have been proposed to describe the electron hopping in disordered
material systems*3°. In the nearest neighbor hoping (NNH) model, the system is considered

to have randomly distributed isoenergetic sites with a concentration of N, and the electron
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localization length of a so that Nya <« 1. The electrical conduction is carried out by the
charge carriers jumping between the nearest sites. The temperature dependence of the
electrical conductivity in NNH mechanism, ayyy, is described by the equation oyyy =
oonnu€XP (—Enxnu/kgT), Where kg is Boltzmann constant, ogyyy and Eyyy are the NNH
conductivity constant and the NNH activation energy, respectively. This equation is similar
to the equation for the electrical conductivity in the thermally activated band-conduction
model, o = gyexp (—E,/kgT), where E, is the thermal activation energy. The main
difference in the formalisms is that Eyyy < E, SO that generally NNH occurs at rather high
temperature where the thermal activation energy is not sufficient to excite electrons to the
conduction band but enough to excite them to the available spatially-separated energy sites
between the conduction and valence bands. At the low-temperature limit, the electron
hopping is dominated by the variable-range hoping (VRH) mechanism*®-13 where the
upward transition of electrons between energetically distinct but spatially nearby states is
less likely than the transition to states with energetically close but spatially farther away
states. Our experimental data at low temperature can be better described with the Efros-
Shklovskii VRH model***131134 in which the hoping distance between the trap sites is not
constant and carriers can hop between the levels closer to the Fermi level.’3! The
temperature-dependent conductivity in this model is described by the equation ¢ =
OorseXp [—(Tgs/T)Y?], where aozs and Ty are parameters that depend on the localization

length and dielectric constant of the material.*3*

Figure 4.6(c) shows the Arrhenius plot of the resistivity data in the entire examined
temperature range.®+1% The plot is divided into four regions shaded in yellow, blue,
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orange, and green colors. The blue and green regions correspond to the temperature ranges
where the slope of the resistivity changes significantly. The change in the slope of the curve
in blue region is a signature of transitioning from VRH (yellow) to NNH (orange)
conduction in disordered materials.321%-139 The activation energy calculated for the NNH
conduction is ~12.4 meV. As expected, the extracted value is significantly lower than the
thermal activation energy reported for bulk TiSs crystals which is ~43 meV.1%5107.113 The
data deviates from the NNH model at high temperature again (see green area in Figure
4.6(c)). The reason for such a deviation needs a further investigation. Some previous
studies have reported that bulk crystals of TiSs are likely to undergo the charge density
wave (CDW) phase transitions at ~60 K and ~220 K.''37 The high-temperature phase
transition in bulk form can happen in the temperature range between 200 K to 260 K,
depending on the quality of the sample.!!” The reported phase transition temperatures are
close to the transition regions, which we marked in green and blue colors in Figure 4.6(c).
Figure 4.6(d) shows the resistivity data as a function of T=1/2 in the temperature range
from 78 K to 115 K where VRH conduction dominates. According to the Efros-Shklovskii
VRH model, the plot of In (¢) as a function of T~/2 must be linear. One can see an
excellent agreement between our experimental data and the fitted linear regression in this

temperature range.
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Figure 4.6. (a) Current-voltage characteristics of the TiSs printed device as a function of
temperature. The inset shows the linear I-V dependence at small bias voltages. At higher
voltages, the 1-V curves become non-linear. (b) Electrical resistivity of the printed TiS3
channel as a function of temperature. The decrease in resistivity with temperature
increase is consistent with the electron hopping transport mechanism. (c) Arrhenius plot
of the electrical conductivity of the printed TiSz channel. Different shades of color in the
plot indicates changes in conduction mechanism from nearest-neighbor hopping (NNH)
to variable-range hopping (VRH). (d) Plot of In(o) versus T~1/2 for the printed device
channel at low tempratures. The experimental data agrees with the theoretical Efros -
Shklovskii variable range hoping model (dashed line). Reprinted with permission from
Baraghani et al., Printed electronic devices with inks of TiSs; quasi-one-dimensional van der
Waals material, ACS Appl. Mater. Interfaces. 13 (2021) 47033-47042. Copyright (2021)
American Chemical Society.
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4.3.2 Low-Frequency Noise Experimental Results

We used the low-frequency electronic noise spectroscopy to further elucidate the
electron transport properties in our printed devices. The details of our experimental setup
and measurement procedures have been reported elsewhere in the context of other material
systems 1% The analysis of the noise spectral density, its functional dependence on
frequency, electric bias and temperature can provide a wealth of information on electron
transport, particularly in material systems with high concentration of defects and impurities
which act at the charge trapping sites. We have successfully used the electronic noise
spectroscopy for monitoring phase transitions in materials which reveal strongly correlated
phenomena 2962138140141 Typjcally, at the frequencies f<100 kHz, materials show the
spectral noise density of S(f)~ 1/fY type, with y~1. In Figures 4.7(a) and (b) we present
the voltage-referred noise power spectral density, S,,, and the normalized current noise
power spectral density, S;/I?, for the device channel printed with the quasi-1D TiSs ink as
a function of frequency. The noise spectra were measured for several bias voltages at RT.
One can see that the noise generally follows the 1/f trend, and it increases with the increase
in bias voltage as expected 62138141 There are some traces of Lorentzian-type bulges at
frequencies above =100 Hz. They can indicate a presence of certain defects or impurities
with particularly high concentration that act as the trapping centers for the charge carriers
contributing to the current conduction. If such a defect, with a characteristic time constant
of the charge carrier trapping and de-trapping, dominates the current fluctuations, its

contribution to noise spectrum appears as a Lorentzian bulge.'#2
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Figure 4.7. (a) Voltage-referred noise power spectral density, and (b) the normalized
current noise power spectral density as the function of frequency at different applied bias
voltages. The data in (a) and (b) follows 1/f noise dependency. Reprinted with permission
from Baraghani et al., Printed electronic devices with inks of TiSs quasi-one-dimensional van
der Waals material, ACS Appl. Mater. Interfaces. 13 (2021) 47033-47042. Copyright (2021)
American Chemical Society.

Figures 4.8(a) and (b) show the voltage noise spectral density, S,, and the
normalized current spectral density, S; /12, as a function of temperature. All measurements
were carried out with a small applied bias of ~0.3 V to avoid Joule heating. The spectra in
both plots follows the 1/fY. However, y is no longer close to 1, and it reveals a rather
strong functional dependence on temperature. Figure 4.8(c) shows the extracted values of
yas a function of temperature in the range from 130 K to 350 K. The black dashed lines
are eye guides only. The observed large deviation of y from 1 can be related to the
Lorentzian bulges (see Figure 4.8(a) and (b)), which are more pronounced at low and high
temperature limits. The changes in the noise spectra can be associated with the reported

metal — insulator transition at temperature Tw~250 K 13 as well as the change in the
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electron hopping conductivity around T~320 K (see green region in Figure 4.6(c)). Figure
4.8(d) shows the normalized noise spectral density, S;/I?, as a function of temperature at
the fixed frequency of 10 Hz. The noise level abruptly increases at the temperature of ~320
K. This supports the hypothesis of changes in the electron hopping transport mechanism

as seen in resistivity data in Figure 4.6(c) and y parameter dependence in Figure 4.8(c).
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Figure 4.8. (a) Low-frequency noise spectra of voltage fluctuations, S,,, as a function of
frequency measured at different temperatures. (b) Normalized current noise spectral
density as a function of frequency for various temperatures. (c) Extracted values of y as
a function of temperature. (d) Normalized noise spectral density versus temperature at
the constant frequency of f = 10 kHz. Reprinted with permission from Baraghani et al.,
Printed electronic devices with inks of TiS; quasi-one-dimensional van der Waals material, ACS
Appl. Mater. Interfaces. 13 (2021) 47033-47042. Copyright (2021) American Chemical
Society.

4.4 Conclusions

In conclusions, we reported on printing electronic devices with inks of quasi-1D
vdW materials. The ink was prepared by the LPE of small crystals of TiSs semiconductor
into quasi-1D nanoribbons dispersed in a mixture of ethanol and ethylene glycol. The

temperature dependent electrical measurements indicate that electron transport in the
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printed devices is dominated by the electron hopping mechanisms. The low-frequency
electronic noise in the printed devices is of 1/f7Y-type with y~1 near room temperature (f
is the frequency). The abrupt changes in the temperature dependence of the noise spectral
density and y parameter can be indicative of the phase transition in individual TiSs3
nanoribbons as well as modifications in the hopping transport regime. The obtained results
attest to the potential of quasi-1D vdW materials for applications in printed electronics.
The developed printing process can also facilitate characterization of new quasi-1D van
der Waals materials predicted by the machine learning studies, which are being currently

synthesized.
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5 Charge-Density-Wave Inkjet Printed
Devices with Solutions of 2D van der Waals

Materials

5.1 Introduction

Solution-processed two-dimensional (2D) van der Waals materials offer a scalable
route toward the next-generation of printed electronics on flexible substrates. The inks of
2D materials are essential for wearable and skin electronics based on mechanically soft and
stretchable materials allowing for integration with the human body.>!43-247 Inkjet printing
is one of the most promising approaches for large-area fabrication of flexible electronics.
Printing of a wide range of electronic components, including metal wiring and
interconnects, field-effect transistors, photovoltaic devices, and light-emitting diodes, has
been demonstrated. The inkjet printing is based on a limited number of process steps, and
as such, well suited for mass production. However, there is one serious issue with the
printed electronics that utilize the inks of 2D van der Waals materials. One can readily print
a metallic conductor or an electrical insulator. A percolated network of graphene or
metallic carbon nanotubes can conduct the electricity efficiently, offering a rather low sheet

resistance.?282148 A printed layer with an ink of boron nitride flakes can serve as an efficient
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electrically insulating barrier, serving, for example, as a gate dielectric. Unfortunately, a
printed layer with the ink of semiconducting flakes never offers an electrical conductivity
characteristic of the true band-conduction semiconductor. The reason is that in any printed
channel with the ink of semiconducting materials, e.g. MoS», the electrical conductivity
will be of the electron hopping type, having little to do with the intrinsic semiconducting
properties of the 2D material used in the ink. This explain why the electron mobilities in
the most of the printed transistors are below 10 cm?V!s, and in many cases are below 0.5
cm?V1st, Some approaches that let to mobilities above 10 cm?V!s?! require extra
processing steps, utilize nanoparticle inks are not stable in ordinary solvents, yet still do
not attain the band-type conduction. We deal with a fundamental problem - one cannot
achieve the semiconducting band conduction transport in printed device channels. In any
percolated network of semiconducting flakes, the electron transport will be limited by the
interface between the two contacting flakes. In order to overcome this challenge which
limits the applications of printed electronics one has to come up with an unconventional

solution.

Recently, charge-density-wave (CDW) materials and devices attracted renewed
interest in the context of 2D van der Waals materials.?"2%6164149-151 The 1T polymorph of
TaS: 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.?®2153 A schematic of the crystal structure of the material is presented in Figure
1.a. The transitions can be induced by temperature and electric bias.®4%1! The phase

transitions at ~200 K and 350 K are accompanied by a pronounced hysteresis in the current-
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voltage response. It is worth mentioning that the transition at lower temperature cannot be
observed if the thickness of the material is too small. At temperatures below this lower
transition (~200 K), the charge density is fully commensurate with the underlaying lattice
(C-CDW). At this state, the atoms form aggregates of 13 atoms in the form of start of David
as exhibited in Figure 5.1(a). As the temperature increases, the material enters a nearly
commensurate phase (NC-CDW) in which islands of commensurate phase exist in a sea of
incommensurate phase. This is demonstrated in Figure 5.1(b). Continuation of temperature
increase will drive the material to the incommensurate (IC-CDW) phase at temperatures
higher than 350 K as shown in Figure 5.1(c). The hysteresis associated with the transition
from the nearly commensurate (NC) CDW phase to the incommensurate (IC) CDW phase
at 350 K has been already exploited in a number of demonstrated devices with the
micrometer scale channels.®™! Here, we use the ink of 1T-TaS; van der Waals material to
print the CDW device. Since the functionality of the device is based on the hysteresis,
which happens in each individual flake of 2D material, it is not impeded by the interfaces
between the percolating flakes. In this printed CDW device we do not rely on the electron
hopping conductivity but rather on the change in the resistive state in the flakes contained
in the ink. Our approach allows to achieve the same intrinsic functionality in the large-area
printed devices that is available in the individual 1T-TaS> channels. It constitutes a game
changer for printed electronics and overcomes the problem of inability to print a

semiconducting channel for achieving certain functionalities.
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Figure 5.1. Schematics of 1T-TaS; atoms in (a) fully commensurate CDW phase, (b)

nearly commensurate CDW phase, and (c) incommensurate CDW phase
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5.2 1T-TaS2 Ink Preparation

5.2.1 Crystal Synthesis

High-quality 1T-TaS> used for this study was synthesized by the chemical vapor
transport (CVT) method from the elements using l> as the transport agent through
quenching from the crystal growth temperature. The details of the synthesis process is
reported elsewhere. 14915415 Optical and SEM images of the crystals are presented in Figure
5.2 (a-b). Raman spectroscopy on the crystals was carried out at room temperature to
further confirm the quality of the crystal (Figure 5-2 (c), purple curve). There are six Raman
peaks observed at 64, 98, 239, 310, 367, and 390 cm™. The spectral position of these peaks

agrees well with the Raman signature of TaS; previously reported in the literature,>6-162

5.2.2 Liquid Phase Exfoliation of 1T-TaS:

The synthesized 1T-TaS; crystals were exfoliated in the DMF solvent. 3 mg of the
bulk crystals were placed in a vial containing 10 mL of DMF. The mixture was sonicated
in a bath sonicator for 90 minutes. After this step, some unexfoliated parts of the crystal
were removed from the solution and sonicated in 5 mL of DMF for another 90 minutes.
The procedure was repeated until no unexfoliated crystals were left. Raman spectrum of
the exfoliated flakes are shown in Figure 5.2(c). As seen, the spectral position of the Raman

peaks of the exfoliated material matches that of the as-grown crystal. However, there is a
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broadening of the peak located at 64 cm™, most likely due to the defects introduced to the

crystal during the LPE process.**®

(a)

~
(@)
~

Bulk TaS, - 300K
Exfoliated TaS, - 300 K

Fittings
Cumulative Fit Peak

1S
(&)
<t
(o]

Intensity (Arb. Units)

0 100 200 300 400 500
Raman Shift (cm™)

Figure 5.2. (a) Optical, and (b) SEM images of the synthesized 1T-TaS; crystals. (c)
Raman spectra of the bulk 1T-TaS> crystal at room temperature before (purple curve)
and after (blue curve) liquid phase exfoliation. The green and red lines are the individual
and cumulative Gaussian fittings of the Raman peaks in blue curve.

5.2.3 Ink Preparation

The exfoliated 1T-TaS; flakes were then transferred and redispersed in isopropyl
alcohol to facilitate faster drying of the ink droplets during the printing process. For the
solvent exchange process, the solution was centrifuged at 11000 rpm for 15 minutes to
separate the exfoliated flakes from the DMF. The DMF was then removed and the

exfoliated flakes were dispersed in 10 mL of IPA as the secondary solvent. The solution
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was sonicated for 5 minutes to ensure good dispersion of the exfoliated material and to
eliminate any possible agglomeration of the exfoliated flakes. This step was repeated three
times to remove any excess DMF that might have been left in the solution. The exfoliated
flakes were sorted based on the thickness and lateral size using centrifugation at different
speeds. In this method, the solution was centrifuged at 3000, 5000, and 8000 rpm for 30
minutes leading to large, medium, and small flakes separated. The centrifugation process
was started at 3000 rpm and at each time, the supernatant was collected. The sediments
were dispersed in 5 mL of IPA:EG (1:1 vol%) as the final ink formulation. Note that, as
described previously, EG was added to tune the viscosity and drying rate of the ink and

will be explained in more details next.

5.2.4 Thermophysical Properties and Printing Parameters of the Ink

As described in the previous chapter, the thermophysical properties of the ink as
well as the printing nozzle diameter determines the Z-number (Equation 2-2). Typically,
for the printing process, the Z-number should be in the range of 1 < Z < 14 or otherwise,
satellite droplet formation (Z > 14) or elongated ligaments (Z < 1) may occur. This is
problematic as it can drastically reduce the print quality by having inks drop at unwanted
areas.*3°0%85 To further tune the ink’s thermophysical properties, ethylene glycol (EG)
was added to the dispersion of the flakes in IPA in 1:1 (vol%) proportion. The addition of
EG not only adjusts the ink fluidic properties, but also aids the circumvention of coffee-

ring effect due to Marangoni flow in the droplet as mentioned previously. After the
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preparation of the ink, SEM image of the flakes was taken to ensure the stability of the
flakes in the solution and check for any possible agglomeration. No clusters of are observed
As exhibited in Figure 5.3 (b). The concentration of the 1T-TaS; flakes in the ink was
measured utilizing UV-visible spectroscopy (Agilent 60 UV/Vis). The ink was diluted 50
times and placed in a quartz cuvette (1 cmx1 cm) and the measurement was done in the
wavelength range of 200 nm to 900 nm. An absorption peak is observed at ~280 nm related
to the electron transition upon UV illumination.'®® The concentration of the flakes was
determined using the Beer-Lambert law:"®1%* A = £Cl, in which A is the absorption, € is
the molar extinction coefficient (M™cm™), I is the length of light path (cm), and C is the
concentration (M). The molar extinction coefficient of 1T-TaS; is 6x10° [Ref. 1°°]. The
concentration of flakes in the solution was calculated to be ~3.07 mg/mL. Based on the
concentration and using the rule of mixtures, the density of the ink was calculated to be

p~949.6 (kg/m?).

The surface tension of the ink was measured utilizing a CSC Scientific DuNouy
interfacial tensiometer. This was done by inserting the device ring into the ink and raising
the ring slowly until the film between the ink and the ring breaks. The surface tension of
the ink was {~2.94 (N /m). For measuring the viscosity of the ink, a Cannon SimpleVIS
viscometer was used. The measured kinematic viscosity displayed on the device was then
divided by the density to calculate the dynamic viscosity as, pu~5.85 x 1073 (Pa X s).
Using a syringe with nozzle diameter of 210 um, Z~13.1 is obtained according to
Equation (2-2). The obtained value is within the acceptable range which ensures a stable
jetting and high print quality.
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Figure 5.3 (c) shows a schematic of the printing procedure and the contacts in the
printed device. Figure 5.3 (d), is a time-lapse optical image of the ink droplets falling down
from the nozzle. As seen, no secondary or elongated droplets were formed during the

printing process from because of perfectly tuned Z-number.

5.3 Printing of the Two-Terminal CDW device

To print the active channel for the two-terminal device used in this work, first sets
are electrodes were fabricated on the substrate using e-beam lithography. Electrodes were
made by e-beam evaporation of Ti and Au with the thickness of 10 nm and 100 nm,
respectively. Then a lift-off method was used to remove excess metals from the surface.
The CDW channel was printed on top of the electrodes afterwards. A blunt-end needle
syringe with the nozzle diameter of 210 um was used for dispensing of the ink. The
temperature of the print bed was kept at 70 °C to expedite the drying of the ink and
preventing the coffee-ring formation. 10 layers of material were printed on a Si/SiO;
substrate. An optical image of the printed device is presented in Figure 5.3(e). The printed

channel has the dimensions of 500 pmx3 pmx2 um (LxWxt).
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Il Il

Flgure 5 3. (a) Image of the exfoliated 1T-TaS> dispersed in isopropyl alcohol (IPA).
The vial on the very left side includes the unsorted as-exfoliated 1T-TaS; flakes. Other
three vials, from left to right, contain flakes with decreasing thicknesses; (b) SEM image
of the exfoliated 1T-TaS> flakes in DMF, (c) schematic of the device printing process,
(d) time-lapse optical image of the ink droplet formation and dispensing from the syringe
needle to the substrate. No satellite or elongated droplets are formed, (e) optical
microscopy image of the actual printed 1T-TaS; device.

5.4 Electrical Characterization and Low-Frequency Noise

Measurements

The current—voltage (I-V) characteristics were measured in the cryogenic probe
station (Lakeshore TTPX) with a semiconductor analyzer (Agilent B1500). The noise
spectra were measured using a dynamic signal analyzer (Stanford Research 785). The bias
voltage was supplied by a battery biasing circuit to minimize the noise at 60 Hz and the

harmonics associated with it. The signal measured by the dynamic signal analyzer is the
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absolute voltage noise spectral density, Sy, of a parallel resistance network consisting of a
load resistor (RL) of 3 KQ and the device under test with a resistance of Rp. The normalized
current noise spectral density, SilI, was calculated as
S;/12 =S, X [(R, + Rp)/ (R, X Rp)]?/(I? x G) where G is the amplification of the low-

noise amplifier.

5.5 Results and Discussion

5.5.1 1-V Characterization

The current-voltage characteristics of the printed devices were measured in the
temperature range of 80 K to 400 K. The results are presented in Figure 5.4 (a). At high
temperature ranges of T > 340 K, the I-V curves are linear suggesting that the device
exhibit ohmic contact characteristics. However, as the temperature decreases slight
deviations from linearity in the 1-V curves are observed. The latter is most likely due to the
transition of the 1T-TaS, from IC-CDW to NC-CDW and then to C-CDW phases which
accompanies with a small band-gap opening and thus, Schottky barrier formation at the
contact interfaces. The resistance of the device at different temperatures for both heating
and cooling cycles was extracted from the I-V curves and is shown in Figure 5.4 (b). The
data reveal a hysteresis window at lower temperature range which is attributed to the C-
CDW to NC-CDW phase transition. The formation of the hysteresis window is similar to
the behavior of the two-terminal devices fabricated by mechanically exfoliated single

crystal 1T-TaS>. However, the NC-CDW to IC-CDW transition typically observed at
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T~350 K in single-crystal devices is not observed in the printed devices. This might be due

to the disordered nature of the printed devices.

The CDW transition in 1T-TaS; can be induced by stimuli other than the temperature
variation,2%64140151.166 £or example, application of bias voltage may also trigger the CDW
transition. However, it is still a point of debate whether the electric field directly sets off
the transition or it is the Joule heating as a result of bias provokes the change. Figure 5.4
(c) and 5.4 (d) show the I-V characterization of the printed device under two different bias
voltages. The experiments were carried out at 7 = 110 K below the C-CDW to NC-CDW
since the change in the resistance is more prominent in this range. As one can see, as the
bias increases to ~0.5 V, no transition is observed in the 1-V curves (Figure 5 (c)). However,
when the bias exceeds ~0.9 V, an abrupt jump in the current-voltage curve is observed.
Nonetheless, it should be noted that, when bias is applied to the device, a full hysteresis
loop similar to that observed in Figure 5 (b) is not observed. The latter suggest that the

electric field might directly trigger the CDW transition as well.
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Figure 5.4. (a) Current-voltage curves of the printed device at different temperatures.
The device has been cooled down from 380 K to 80 K. (b) Resistance of the 1T-TaS;
device at different temperatures, (c) current-voltage characteristic of the device at 110
K. The bias voltage is swept from 0 up to 0.5 V, (d) current-voltage curve of the printed
device at 110 K when the bias voltage is increased to 1 V.

5.5.2 Low-Frequency Noise Measurements

To further confirm the phase transition in the printed device, we used low-frequency
noise spectroscopy.?®®162138 The details of the experimental setup and measurement
procedures have been reported elsewhere.®®1% At the frequencies less than 100 kHz,
materials often show the spectral noise density of S(f)~ 1/fY type, with y~1. Figure 5.5

(@) and 5.5 (b) shows the voltage-referred noise power spectral density, S,, and the
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normalized current noise power spectral density, S;/I%, as a function of frequency at
different temperatures. In all experiments, the bias voltage was kept at ~0.1 V to avoid
Joule heating. One can see that the noise spectrum follows the 1/f trend. Some traces of
Lorentzian bulges at frequencies above =100 Hz are observed that might be an indicative
of defects or impurities.**? Figure 5.5(c) and 5.5(d) exhibit noise power spectral density
and normalized current noise power spectral density at the frequency of f=10 Hz as a
function of temperature. Noise measurements were carried out when the device was cooled
down from 400 K to 80 K with a cooling rate of 2 K/min. C-CDW to NC-CDW and NC-
CDW to IC-CDW phase transitions are clearly observed as an abrupt increase in the noise
spectral density. The temperatures at which the phase transitions happen agree with the
finding from Figure 5.4. It is worth noting that the increase of noise spectral density is
much sharper at lower temperature than the one for transition at higher temperatures (~340

K).
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Figure 5.5. (a-b) Sv, and normalized noise data as a function of frequency at different
temperatures. (c-d) Sy, and normalized noise data as a function of temperature at f =
10 Hz when the device was cooled down from 400 K to 80 K. The device voltage was

kept constant at 0.1 V.

5.6 Conclusions

In conclusion, we successfully printed two-terminal electronic devices based on 1T-
TaS, CDW material. The crystals of TaS> were exfoliated by LPE technique in DMF. To
prepare the ink, the solvent exchange was done, and the flakes were dispersed in a mixture
of IPA and ethylene glycol. The results of I-V characterization and low-frequency

electronic noise spectroscopy clearly confirmed the C-CDW to NC-CDW and NC-CDW
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to IC-CDW states. We showed that by application of heat and bias voltage, the printed
channel can undergo different CDW states. The findings can pave the way to fabricate

novel printed electronic devices based on CDW layered vdW materials.
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