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Abstract

This thesis centers on temhancement of printed fiekffect transistors (FETs) with a primary
focus on addressing challenges through innovative inkjet printing methodologies. The study
concentrates on the utilization of hydrophobic fluoropolymers, particularly Teflon amorphous
fluoropolymer (TeflorAF), as gate dielectrics in organic tHitm transistors (OTFTs)Teflon

AF, while promising for its low charge trap density, thermal stability, and low dielectric constant,
presents impediments due to its low surface energy, resuitiagues like dewetting and bulging

of printed patternsThis obstructs the creation of uniform lines using-legcosity ink. To resolve

these challenges, this thesis presents novel strategies for inkjet printingpatienms on

hydrophobic surfaces.

Two approaches are outlinéal successfully inkjet print micepatterns on hydrophobic surfaces
The first involves a sequential inkjet printing and drying proogbg;h maintainsnk adherence

to the surfaceMeanwhile, @ energy minimization techniquegalicts the equilibrium shape and
volume of patternswhich is influenced by surface tension forces.eT$imulation accurately
predictsthe required ink volume for achieving dry patterns with smooth edges, advancing inkjet
printing techniques for electrais. The second approacdemonstratestackedcoin methodology

to form smooth lines on hydrophobic surfadéariations in drop spacing, stage speed, and stage
temperature map out various regime®lated dropletsisolated groupingsbroken lines, true

stackedcoin, and delamination.

The study further investigates the fabrication of OTFTs employing Téfforgate dielectric.
Plasma treatment is applied to render the hydrophobic layer amenable to inkjet printing of silver

electrodesMorphological and surface chemical properties of Teféifilms change after plasma



treatment and gradually reverse after annealing of the electrdties.affects theorganic

semiconductor/dielectric interface amtdnsequentliythe OTFT performance.

Moreover, the research explores inkjet printing capabilities by incorporating carbon nanotubes
(CNTs) into the TFT channel. Strategic utilizatiand engineeringf the coffee ring effect in
inkjet-printed CNT channebbviate the need for surface treatmdnkjet printing leads tdhe

aligning and bundlingf CNTson theline edgeswhichimproves device performance.
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Chapter 1. Introduction

1.1. Printed electronics

Printed electronics offers many potential advantages, includingcdstvand lowtemperature
manufacturing, chemical tailorability of materials, mechanical flexibility, and {arge
printability 1. Although it falls behind silicon electronics in terms of power consumption and
performance, it offers more design and fabrication freedom both chemically and mechanically.
There are areas where organic electronicsscapass the capabilities realized by the traditional
silicon industry. It is possible to print materials with different functionalities including conductors,
semiconductors, and insulators as long as they can be prepared in solution form. Stacks of devices
and materials can be printed on a variety of substrates such as paper and textile. Therefore, it offers
promising applications in health monitoring, smart packaging, and recyclable electroAits.
important research focus in the area of printed electronics is to explore simple, inexpensive and
versatile fabrication processes for Ilayea electronics. Organic and cardmased
semiconductors can be deposited as thin films in electrical devices using solution processing

techniques such as inkjet printing, extrusion printing, gravure, blade coating and spin coating.

Thin-film transistors (TFTs) are the fundamental componeht®any circuits, and improving

their performance is a key to improving printed electréfic&or instance, conventional TFTs

used in activanatrix backplanes are rigid and their fabrication needs chemicals for etching, masks,
and expensive vacuum processes. One of the most important characteristics of semiconductors
specifically for transistor apipations, is carrier mobility. Carrier mobility is an important factor

for the maximum switching speed in circuits, and it is still relatively low in organic



semiconductors. New synthesis methods and solution processing techniques have been employed
to adieve high carrier mobility in organic semiconductors. For instance,-p#Pg&cene organic
thin-film transistors (OTFTs) with the mobility of 4.6 é.s have been achieved through solution
sheering. Considering that amorphous silicon carrier mobility is in the order of?IVcsnand it

is sufficient for use in TFTsthe recent progress in solutiprocessed OTFTSs is quite promising.
Carbonbased semiconductors such as carbon nanotubes (CNTs) have high carrier mobility and
since they can be formulated printable inks, they are popular candidates for printed TFTs. CNT
TFTs are used in flexible displays and electronic circuits, mainly as switches and infréttors.
CNTs are robust and flexible and they have carrier miasilih the order of 10 cifV.s even when
solutionprocessed. Both OTFTs and CNT TFTs will be discussed in this thesis with the goal to

improve their performance.

Directwrite printing methods such as inkjet offer the advantage of-dnegemand (DOD)
printing, which adds flexibility and creativity to the designs during the printing process. A wide
range of devices can be inkjatinted with high accuracy and resolution. Moreover, inkjet can be
incorporated with other printing techniques. Inkjet printinglmgations as well, some of which

are low throughput! pattern formation dependey on surface wettability and pestinting
challenges present in patterns with low viscosity ink. The inkjet printing process, its requirements

and pattern formation challenges will be discusedtis chapter.

1.2. Inkjet printing

Inkjet printing is a direetvrite printing technique that is advantageous for rapid prototyping and

the ability to modify the design while printifdgMoreover, inkjet printing can cover a large range



of film thickness and pattern width, and has high edge sharpness compared to other printing
techniques? Inkjet printing is a nonimpact printing (NIP) technique. This means that the ink
transfer to the substrate is contactless, and therefore the substrate is not polluted by the printing
equipment. The droplet formation can happen in two different ways: DOD and continuous. In
DOD, the droplets are ejected only when they are needed. The inkjet printing equipment consists
of a nozzle, ink reservoir, pressure control unit to keep the ink at #zenarifice, and a stage

which holds the substrate. The nozzle can have either a thermal or a piezoelectric actuator which
ejects droplets either by an electric pulse or thermal expansion, respedfigele 1-1 shows

inkjet printing operation schematically. In the next section, ink and substrate requirements for

inkjet printing are discussed as those topics will be addressed in the subsequerd.chapte

Piezoelectric actuator

Nozzle orifice

Deposited ik

¥~ Substrate

Figurel-1. Inkjet printing operation

1.2.1. Inkjet printing requirements

In terms of printable materials, inkjet printing is applicable to inks that fall into a printability
window. Printability isdefined with ink properties such as viscos#y (, surface tensi

density (n). To define a printability range,



interplay of interfacial, viscous, and inertial forces. These numbers are Reynoloerr{iR®) and

Weber number (We):

'Y'Qi_d)" 1-1
L :l:d)”
wQ —F 1.2
where v, p, Yy, and n are the i nkrespeclivelgandy, de

a is the radius of the printing nozzle orifice. Z number is the ratio of Re over the square root of We
and it is commonly used to define the printability window for inks. Generally, its lower and upper
limits are defined by high and lowseosity inks, respectively.

YQ 7o 1-3
wQ -

P

In addition to ink properties and nozzle dimensions, the waveform produced by the piezoelectric
actuator also affects the droplet formation. Waveforms can have different shapes such as unipolar,
bipolar, and squardrigure 1-2a shows a 6Qum-diameter nozzle and a stable jetting of low
viscosity ink. Prior to the printing of the pattern, the waveform is optimized for a stable droplet
jetting. Figure 1-2b shows the waveform. Here, the waveform is bipolar and its parameters are

pulse voltages (23 ar@3 V), pulse rise and fall times (12 ps) and pulaell and echo times (40

US).
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Figurel-2. a) Microfab nozzle and a stable jetting of a low viscosity ink. The scale bar represents

500 um. b) The waveform used to jet the ink.

1.2.2. Pattern formation with inkjet printing

To print highresolution patterns, printing techniques such as inkjet and graseiresed™’ For

both of these techniques, the ink spreading and pattern formation are influenced by substrate
wettability. After a droplet of liquid has been ejected from the nozzle and deposited on a substrate,
before it dries, the pattern starts to formeTiguid, the substrate and the surrounding gas form a
solid-liquid-gas thregohase system. As shown kigure 1-3, the three phases come into a final
equilibrium depending on the relative energies between them. Surface tensions of the three phases

are |inked to each other by Young’'s equation:

[ OEl - r 1-4

Wherer hr andr are surface tensions of the ligujas, solidgas and solidiquid interfaces.

—is the angle between the liquid and the solid and is called contact angle.
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Figure1-3. A droplet on a surface. Arrows @lving surface tensions of the liquigs, solidgas

and solidliquid interfaces—is the contact angle between the liquid and the substrate.

On surfaces with high wettability, the ink contact angle is below 90°, meaning that lines and other
patterns cate printed. But if the contact angle is above 90°, the printed droplets will not spread
to merge with each other and form pattéfnigsually, reporting an equilibrium contact angle is

not enough to characterize the wettability of a surface. Two dynamic contact angle values are
required. After droplet impact on the surface, if the surface is wettable, the droplet contact line will
advance with an advancing contact angte)(until it stops and starts to recede with a receding
contact angle-) until the droplet gets pinned on the surface and its contact line stays fixed and
drying begins. The difference between these two angleslied contact angle hysteres¥s.
According to Yoeisidealyseroe huufactoris such as surface roughness and
contamination increase its valtfeSurfaces with low wettability have lo¥— as their roughness

is low. Figure 1-4a and b showmages of droplets advancing and receding on surfaces with
relatively high wettability. In this cas&—is high. Similarly,Figure1-4c and d shovimages of

droplets advancing and receding on surfaces with low wettability having-ew



Figure1-4. Images of droplets on surfaces with relatively high wettability (a) advancing and (b)

receding. Similarly, droplets (c) advancing and (e) receding on surfaces with low wettability.

1.2.3. Line formation

In microelectronics, smooth paths with low edge roughness are needed. For instance, when
printing source and drain electrodes in transistors or gate electrodegjat¢éomnfigurations, low

line edge roughness will ensure accurate measurement of channel length and gate electrode
overlap, respectively. In this thesis, the focus is on the simplest pattern as a building block for
more complex patterns, devices, and circuits: lines. In chapter 2 and 3 the formation of smooth
lines will be extensively discussed through experiments andations. Inkjetprinted silver lines

are used as source and drain electrodes in OTFTs in chapter 4. Moreover, CNT lines with



controlled thickness variation are inkjatinted in the channel of TFTs in chapter 5. Therefore, in

this section a brief overvieof the subject is presented.

Different modes of behavior have been defined for ingjeited lines®?! As shown inFigure

1-5, these different modes are individual drops, scalloped lines, smoashbudged lines and
stackedcoin lines. Contact angle, drop spacing and stegpperature determine the morphology

of a printed line. For ink droplets to coalesce and form connected lines, the drop spacing between
consequent printed droplets (d) must be smaller than the diameter of the droplet on the surface
(do). Therefore, the catition of d < @ must be satisfied, otherwise individual droplets are printed
(Figure1-5a). Equilibrium drop spacing g is the drop spacing thiads to a smooth line with
parallel edges. When d »4kcalloped lines are formeé&igure 1-5b) and when d < bulged

lines are formedHigure 1-5d). Only at d = 4 smooth lines are achieveBigure1-5c). All these
morphologies occur when the ink evaporation duration is longer than the droplet deposition delay.
If the ink evaporates faster than the droplet deposition delay, each droplet dries before the
deposition of the subsequent dretpleading to the formation of stackedin lines Figurel-5e).

In this case, changing the drop spacing will not change the line width. This morphology will be

discussed in detail in chapter 3.
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Figurel-5. Different modes of behavior for printed lines: (a) indinatdrops, (b) scalloped lines,

(c) smooth line, (d) bulged lines and (e) stackeih lines.

1.2.4. Coffee ring effect

One of the primary challenges encountered in solution processing, involves the occurrence of the
coffee ring effect. Coffee ring effect is thi@g-shaped pattern that is left on the surface after a
liquid pattern dries as depicted figure 1-6. During the evaporation process, the edge of the
droplet evapates faster. The contact line, which is the interface of the solid, liquid and the
surrounding vapor, is pinned. The contact line tends to stay pinned, therefore, the loss of solvent

is compensated by liquid flowing from center to the edges. As a rdssltapillary flow takes



most of the solute to the edg@dn short, two factors cause the formation of a coffee ring: The
pinning of the contact line and the evaporation of the droplet from the edges. In the case of lines,

the pattern will be linear instead of circular.

a) — b) C)

o ® apillary flow Rimghaped s
ey 0t o * %
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[® 0" ® ¢ 0% \ /"- --F\m

| I ,H _]

Figure 1-6. Coffee ring effect(a) droplet after deposition on the surfad®) the drying and

capillary flow moving the solute particles to the edges, @hdhe ringshaped stain left on the

surface.

Figurel-7 shows an optical micrograph of printed silver source and drain electrodes on poly vinyl
phenol (PVP)xoated glass and the thickness prafil¢he lines showing coffee ring effect on the

line edges. In this case, coffee ring effect is not critical to the device performance. However,
thickness variation in the channel of transistors is undesi@bleerally, effolsare made to avoid
coffee ing effect and film thickness nemiformity when a layer is solutieprocessed in a
device?®2%In chapter 5, instead of eliminating coffee ring effect, we engineer it and take advantage

of the carbon nanotube alignment in granted line edges to improve transistor performance.
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Figurel-7. (a) Optical micrograph of printed source and drain electrodes orcBatBd glass. (b)
Thickness profile of the lines showing coffeleg effect on the line edges. Scale bar represents

200 pm.

In this dissertation, inkjet printing is used to fabricate TFTs. TFT electrodes and channels are
inkjet-printed while interfaces are engineered to optimize device performance. Therefore, TFT

strudure and parameters are discussed in the next section.

1.3.  Thin-film transistors

Solutionprocessed fiel@ffect transistors (FETs) are getting a lot of attention due to their
application in displays, biosensors and flexible amplifier circditss was discussed earlier, in

this thesis, we aim to investigate some challenges of solution processed electrong. device

that purpose, transistors are used since they consist of multiple layers and thus their fabrication
requires multiple processing steps. Therefore, to demonstrate difficulties that arise during both

printing and processing steps such as annealinghawcase two groups of transistors, OFETs

11



and CNT TFTs. Then we turn those difficulties into opportunities to explore and improve the
device performance. OTFTs are very similar to mexidle-semiconductor fielgkffect transistors
(MOSFETSs). TFTs have fouayers: gate electrode, gate dielectric, source and drain electrodes,
and the semiconductor (organic or inorganic). In MOSFETS, the substrate is doped silicon, and the
source and drain electrodes are highly doped silicon regions with opposite poltdréybtmdy to

ensure low resistance contact to the terminals. The channel is formed when the polarity of the
substrate inverts in a thin layer between the source and drain electrodes. In OTFTSs, the substrate
and the semiconductor are of different materilie substrate does not have an electrical function,

the semiconductor does not invert its polarity to conduct, and the source and drain electrodes are
conductive materials that are deposited in contact with the semiconductoFlgyeel1-8 depicts

OTFTs in two configurationdottomgate topcontact, and bottorgate bottorrcontact The same
configurations can be applied to CNT TFTs as well, whestead of an organic semiconductor,

carbon nanotubes are deposited in the channel region.

a) b)
Source rain . .
Organic semiconductor Organic semicon
~  Channel SoulChanne | r ain
ielectric ielectric
Gat e Gat e
Substrate Substrate

Figure 1-8. Organic thinfilm transistors in (a) bottorgate topcontact, and (b) bottomgate

bottomcontact confyurations
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1.3.1. TFT operation and parameters

To characterize TFTs electrically, outpi® (w ) and transfer'Q ) characteristics are studied.

In this thesis, we fabricate TFTs and evaluate them based on their parameters. Those parameters

are extracted from deviceM characteristics which we discuss here briefly.

The output characteristics (drain curref@) (versus drain voltaged{)) has two regimes: linear

and saturation. Linear and saturation drain current and voltage satisfy the following equations:

o W,
=

5 @ Q0 gw 15

And,

Wherew and0 are the transistor channel width and length, respectigelyis the capacitance of

the dielectric layery is the threshold voltage, ahds the chargearrier mobility.

Field effect mobility H,

Field effect mobility is one of the most important parameters in a transistor-efietd mobility

is the velocity of charge carriers in the presence of an external electric field. It is calculated from

the slope ofO @ in the linear regime and tiséope of “O @ in the saturation regime:

13



Lt §Rtio

"0 is the maximum transistor current at its maximwrandw values. It depends on many factors
such as the length and width of the semiconductor channel, the chargeffeetdmobility, the
capacitance of the gate dielectric, and the device operating voldages. the minimum transistor
current which ideldy occurs when the transistor is switched aff ( 7). A large”O YO ratio

will distinguish between ostate and offtate of a transistor, and it is a determining factor in

designing digital circuits.
Threshold voltage {4

When increasingp, the transistor current will start increasing after the interfacial traps are filled.
The onset voltage for the transistor to turn on is called threshold votiggé& most common
method of extraction isisingthe extrapolation of the square ramit"O versusw in saturation

regime , and the extrapolation“@fversusw in linear regimé®:

14



T O 1-9
T
And,
, 0
@ © o 1-10
T

Subthreshold swing (SS)

Subthreshold swing (SS) is another parameter that indicates the presence of charge traps, and it is

defined as the inverse slope®f(in log scale) versue). SS shows how fast a device switches
from off state to on state, and it has the units ofe¢adie (meaning: the amount of increase of

needed to cause a-1dld increase irffO). It is defined as:

YY ———— 1-11

Output resistance §. )

The conductance of a transistor is equal to the slope &@thev curve. The output resistance is

equal to the inverse of the conductance:

15



Y = U 112

Output resistance in the linear regime depends on contact resistance, which is an important factor
in transistor performance. Contact resistance will be used to explain the results in chapters 4 and

5. Therefore, in the next section its definition andadéht extraction methods will be discussed.
1.3.2. Contact resistance in OTFTs

As voltage is applied to the channel through source and drain electrodes, in addition to channel
resistance, the total applied voltage drops at the semiconductor/metal cont&atasedue to

contact resistance:

® Yo Yo Yo TOY Y Y 1-13

And,

Y Y Y 1-14

Yo andYo are voltage drops across the source and drain electrodég, andY arethecontact
resistanc€’Y ) atsourceanddrainterminals respectivelyYo andY arechanneloltagedrop
and resistanceacrossthe semiconductorchannel.’Y is assumedproportionalto the channel
length, but if the channellengthis too small,”Y will dominatethe device,andit will become

difficult to getaccurateesistancealues?”.

16



There are different methods of measuring and extracting contact resistance in transistors. In this
dissertation, +V measurements are used with two extraction methods: transfer length method

(TLM) and Y-function method (YFM).
1.3.2.1. Transfer length method (TLM)

TLM is the most widely used contact resistance characterization method in OFETS. In this method,
devices with different channel lengths and fixed channel widths are fabricated. Then, their total
output resistance is extracted using the inverse of the slope of the output characteristics in the linear
regime. The total resistance is the sum of contact resetalY Y Y ) and the channel

resistance’Y ).

Y Y Y Y 1-15

As an example, ifrigure1-9, the width normalized total resistancé ( w ) values of an OFET

are plotted versus the channel length. Thetgrcept of the line equation givééw . With @

p o Ttf1,'Y is calculated to bp @0 . One disadvantage of TLM is that the reported value is an
average over several devices. Moreover, it is sometimes difficult to find a good linear fit to extract

contact resistance due to large parameter variations from orue de\anothé?.

17
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Figure1-9. Rot. W versus channel length in an OFET

1.3.2.2. Y-function method (YFM)

YFM is a simple and efficient method to eadt lowfield mobility, contact resistance and
threshold voltage. Loviield mobility is the intrinsic carrier mobility of the transistor, which is not
affected by contact resistance. When compared with extracteeeffelt mobility values from

other mehods, lowfield mobility provides information on how voltage drop affects carrier
transport in the channel. The main advantage of YFM is the possibility of contact resistance
extraction from a single device. The YFM technique is introduced in detail if®Rief YFM, the
transfer characteristic in the linear regime is used. Using the current equation in the linear regime,

the Y-function is defined as:

9 — —#16 6 6 1-16
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where'Q is the transconductanae, and0 are the channel width and length of the transistor,
is the dielectric capacitance per unit ateais the lowfield mobility, @ is the drain voltage, and

w is the threshold voltage. From the slope of Y versus is obtained and from theirtercept,

w is extracted (seEigurel-10a). Next, — versusw @ is plotted, using the equation below:

=]

p | 6 6

¢ T4 16

1-17

Finally, from the xintercept,—and contact resistance are extracted Esgare1-10b). —is the

mobility attenuation factor and it leads to #hdraction of contact resistance:

[ I I 1 ' 2 1-18
7
' —# 1 1-19
where— 11,°0 and’Y are the mobility reduction coefficient, transconductance parameter,

and the souredrain contact resistance, respectively. In our calculations we igretednd
assumed the carrier mobility to be constant under the applied vertical field. This asseumptio
ignores phonon scattering in the channel. As a result, comparisons with TLM show an

overestimation of contact resistartée.
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Figurel-10. a) Y function versus gate voltage, 8} versusw

1.4. Motivation

Solutionprocessed fiel@ffect transistors have key applications in flexible electronics, biomedical
devices, energy harvesting and storage systems, and smart packaging. Thefiofalsicast
effective, scalable, and versatile. In this thesis, fabrication challenges in the areas of inkjet printing

and challenging surfaces such as surfaces with low wettability will be discussed.
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Multifaceted challenges are encountered when attempting inkjet printing on hydrophobic surfaces.
3031 These challenges are prevalent in various fields, notably microelectronics and biological
applications, where achieving higesolution patterns on such surfaces proves to be a complex
task. Hydrophobic fluoropolymers have many applications such asmg@oataterial, circuit
encapsulation and gate dielectric in figflect transistors323> While printing methods such as
extrusion and screen printing are less influenced by substrate wettability, their resolution is limited.
To achieve highresolution patterns, inkjet printing is employed, but on surfaciés low
wettability, issues arise. Adjacent droplets tend to merge and bulge, deviating from the intended
pattern. Surface modification can increase surface wettability, but it requires extra steps and
equipment, moreover it can change the surface margiiohnd chemical compositicf?!
Techniques such as symmetric printing, staet@id lines, and simulations to predict ink behavior
have been proved successful in producing pagten hydrophilic surfacéé?>#24however they

have not been investigated on hydrophobic surfaces.

The utilization of hydrophobic fluoropolymers like Teflon amorphous fluoropolymers (Teflon

AF) in TFTs offers numerous advantages, such as wepetlency and smoother dielectric
surfaces, leading to enhanced performance by reducing defects in the organic setocond
(OSC) channel?** Despite these befits, incorporating hydrophobic fluoropolymers into
solutionprocessed electronic devices poses considerable challenges. One of the key obstacles is
the difficulty in fabricating transistors with small channel lengths due to the necessity of high
wettabiity surfaces for inkjeprinted source and drain electrodes. Plasma treatment, a commonly
used method to increase wettability, changes surface properties such as roughness and chemical

composition without affecting the bulk material, but it can influemeesurface chemically and
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morphologically, potentially altering carrier transptr€onsequently, many reports limit OTFTs
with hydrophobic gate dielectrics to vacwnmocessed electrodes, mainly due to the complexity

of printing electrodes onto a hydrophobic dielectrit®

Inkjet printing stands out as a highly promising method for depositing CNT inks in the channels
of TFTs*"*8owing to its widespread use in creating Ghsed devices like TF18*#5 strain

and chemical sensors??and conductive films$>4 CNT ink formulations have been designed to
accommodate a high percentage of semiconducting CNfsffering a viable solution for inkjet
printing and providing an effective means of regulating the distribution of CNTs within the TFT
channef®° Different deposition techniques often involve tradts; high-density techniques like

drop casting or spieoating offer high fieleeffect mobilities but result in lower ewff current

ratios, whereatw-density methods like inkjet printing generally achieve higheoférturrent

ratios at the expense of lowering the fielfiect mobility®%%¢* These challenges have led to
exploring innovative strategies to improve CNT TFT performance by controlling CNTs' placement
within the TFT channel™® Coffee ring effect although typically a challenge causing tube
aggregation on pattern edg&s;an be leveraged as a natural mechanism, eliminating the need for
surface treatmefitor theuse of multiple solvent&®e. With inkjet printing, CNTs can be aligned

on droplet edges as a result of capillary ff%? And, since the performance of CNT TFTs
improves by regulatingNTs inside the TFT channel using solution processing technitfts,
coffee ring effect can be utilized and engineered to enhance transistor performance. This technique
allows precise manipulatiomd control over CNTSs' distribution within the channel, effectively
regulating their alignment and density, critical factors influencing the device's electrical

performance.
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In summary, the inherent capabilities of inkjet printing to finely deposit inkshatienging
surfaces and its applicability for printing low viscosity inks play a crucial role in addressing the
intricate tradeoffs typically encountered in TFTs. The aim of this thesis is to tackle the -above
mentioned challenges and take advantage kjetirprinting as a technique to deposit high

resolution features with low viscosity inks.

1.5. Thesis Organization

As discussed in the previous section, in this dissertation, inkjet printing is utilized to form thin
films of material that have implications asicropatterns on challenging surfaces, conducting
electrodes in TFTs, and aligned carbon nanotubes in the TFT channel. Here, the content of each
chapter is briefly introduced. In this thesis, first, two approaches to inkjet printing patterns on
hydrophobicsurfaces are discussed. Then, OTFTs with iAljetted electrodes incorporating a
hydrophobic dielectric with reversible surface properties are presented. Finally, inkjet printing is

used to align carbon nanotubeghe TFT channel.

In chapter 2, the @llenge of inkjet printing on hydrophobic surfaces is tackled through sequential
printing and dryingand controlled surface energy minimization. The use of a sequential printing
and drying process, coupled with computational modeling, becomes an ineosttitegy to
create micrepatterns on such surfaces without the need for blanket surface modification. This
approach enables the creation of hydrophilic/hydrophobic regions by inserting a drying step in the
printing process. Subsequently, this techniquens precise mickpatterns using a combination

of inkjet printing and drying sequences, which aids in regulating and predicting ink volumes

necessary for specific pattern dimensions.
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In chapter 3, another approach to inkjet printing conductive lines droplyobic surfaces is
demonstrated. In stackedin methodology, an interplay of printing speed, drop spacing and stage
temperature leads to the formation of smooth lines. Staosiedprinting, proven effective for
creating conductive lines on hydrophiBarfaces, involves depositing subsequent droplets with
longer delay than the evaporation time of the prior droplet. This allows wet ink to adhere to the
previously dried ink area. By expediting the

different regimes, the adapted stacketh method becomes applicable on hydrophobic surfaces.

In chapter 4, a hydrophobic material (TeflaR) is used as the gate dielectric in OTFTs. It is
shown that plasma treatment as a surface modification techniqugeshizuie morphological and
chemical properties of TefleAF surface which are reversed with a subsequent annealing step in
the device fabrication process. The source and drain electrodes arerimked with a 20 um
channel length on plasma treated Tefid- and are later annealed. This annealing step acts as a
postannealing step for TefleAF and depending on the temperature, its surface properties are
reversed, which affects the transistor performance. Understanding the reversible nature -of Teflon
AF surfaces becomes pivotal in engineering the interface between OSC and dielectric, impacting
the OTFT performance. The study reveals that-pogealing after plasma treatment plays a
significant role in reversing the effects of surface modification, enhgnthe transistor
performance by reducing surface roughness and altering wettability and reactive elements on the

surface.

In chapter 5, inkjet printing is used to regulate CNTs in the TFT channel. Through inkjet printing,
thin films of low viscosity inksare deposited and when such inks are dried, very often a

phenomenon called coffee ring effect occurs. Efforts are usually made to avoid coffee ring in
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devices such as transistors where channel thickness and roughness are required to be minimum for
bettercharge carrier transport. Here, the coffee ring effect is managed and transformed into an
advantageous mechanism. By using inkjet printing, the need for additional surface treatments or
complex multisolvent systems is avoided. By carefully engineerimgcbifee ring effect in the

CNT film, low resistance aligned CNTs are achieved through CNT bundling. The research
highlights the importance of inkjet printing as a scalable andeftesttive solution for producing

high-quality CNT TFTs, aligning with theature of solutiofprocessed printed electronics.

Finally, chapter 6 provides a summary and conclusion of all the chapters with insights into possible

areas for future research.
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Chapter 2. Controlled pattern formation on hydrophobic
surfaces using sequential drying and surface energy

simulations

This chaptehas beemublished in The Journal of Chemical Physics, Copyright AIP Publishing.

Paria NaderiBenjamin Raskin SheuteAlidad Amirfazli, Gerd Grau; Inkjet printing on
hydrophobic surfacesControlled pattern formation using sequential drythgChem.Phys.14

July 2023; 159 (2): 024712ttps://doi.org/10.1063/5.0149663

2.1. Introduction

In this chapgr, an approach to inkjet printing on a hydrophobic surface is discussed. It is often
inevitable to use hydrophobic films such as Teflon amorphous fluoropolymers (Pdfloas a
coating material, device encapsulation, or the gate dielectric in transfstdince later in the
thesis, the fabrication of OTFTs with Tefl@d as gate dielectric is presented, pattern formation

on such surfaces is investigated here in detail. The formation of-patterns on surfaces with

low wettability, seen in applicationsich as microelectronic devices and-biofaces with cell

based assays poses a significant challéhtjePrinting techniques such as extrusion and screen
printing are not as influenced by substrate wettability compared to other techniques, but their
resolution is low? " To print high-resolution patterns, inkjet printing and gravure printing are
used'™>’" For both of these techniques, the ink spreading and pattern formation are influenced by
substrate wettability. On surfaces with low wettability, adjacent droplets merge and bulge into

larger circular drops rather than maintain the printed pattern such as a line or square. Consequently,
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to deposit functional inks on hydrophobic surfaces, for instance, as conducting electrodes in
printed electronics, a common approach is to increasedtiability of the surface using surface
modification/2 For example, to achieve finer thiitm patterning through printing, surfaces with
hydrophilic/hydrophobic adjacent regions can be created with plasmaérgail he ink wets the
hydrophilic region and is confined by the hydrophobic regidmsowever, in addition to adding

extra manufacturing steps to the process, surface treatment methods such as®ftaanth
addition or removal of monolayéfs® may alter the surface both chemically and physiéally

potentially compromising the functionality of the printaitro-patterns’

There are some ways of forming migatterns on hydrophobic surfaces without resorting to
surface modification. One approach is the chemical modification of the ink, for instance by using
gelation polymers mixed with Ti&Jnk, where the thermal gelation of the ink prevents it from
dewetting the hydrophobic surface and helps forming straight’fin€kis approach requires
modifying the ink formulation, which may not always be a viable option. On the other hand,
stackedcoin lines have been inkjgtinted on surfaces with high wettabil#yln this method, the
printing stageis heated and the ink is dried immediately after it is deposited on the substrate.
Ideally, each droplet is dried before it retracts, and the subsequent droplet is pinned on the previous
droplet. When printing stackezbin lines, the heat from the prirtage can cause the solvent to
evaporate in the nozzle and hinder droplet jetting due to ink agglométatidrile it helps with
pinning the droplets on the surface, it is more applicable torgslvath high boiling point, and

due to the high temperature condition, it is not considered as a general method.-&tacked
method will be extensively studied in the next chapter, where we demonstrate successful inkjet

printing of lines on TeflorAF within a defined temperature and speed range.
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Another technique for forming ink patterns on hydrophobic substrates involves printing of the
corners of a rectangle and drying them, followed by the deposition of ink between those corners,
which is therstretched by the previously dried corner dropfétdowever, in Ref 7], the focus

was to use the printed pattern as a foNyerlapped transtor gate electrode without the need for
accurate patterning, low edge roughness, or high resolution. In a similar study leveraging surface
tension forces, highesolution lines were formed by sandwiching a layer of ink between-a pre
patterned substrate thiprinted dots and a cover plate. Bridges were formed between the dots as
the ink solvent evaporatédl.While smoah and welcontrolled lines were formed with this
method, the process requires careful control over the dewetting process limiting the types of
patterns that can be printed. Additionally, the entire surface is initially covered with the ink, which

may poge difficulties for complex multlayer devices.

When lines are inkjeprinted on surfaces regardless of wettability, the beginning of the patterns
tend to bulge due to Laplace pressure gradient between an already printed larger volume with
lower curvaturend the newly printed droplet with higher curvature. One way of preventing-inkjet
printed lines from bulging at the beginning of the line is to use symmetric priftiith
symmetric printing, thredroplet line segments are printed with the middle dtdpéng printed

last. This method prevents the bulging at the beginning of printed patt€ros surfaces with

high wettability, however it has not yet been explored on surfaces with low wettaliktre & a

needto understand and contrttie printed line formation process on hydrophobic surfaces through

the development of novel methods.

Simulations can be used to predict printed ink behavior on a surface and prevent waste of material

and time, while providing better understanding of tla¢tgyn formation. Different simulation
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methods have been employed to predict the formation of patterns, for example, the Nawer
Stokes and continuity equatio?f$! the lattice Boltzmann equatida®® and the energy
minimization integraf? Among these methods, the energy minimization approach is simple, time
efficient, and it can emulate the shape of midroplets with a high level of accuracy to find a
steag-state solutiort®> This method finds the equilibrium state of the droplet by calculating its
energy using the surface integral of the appliedds. The minimum energy state for the system
represents the equilibrium st&f€°>Surface Evolver is a popular simulation tool that uses gradient
descent method to minimize the energy to stilndyequilibrium state of droplets by taking into
account forces such as surface tension, and givitlye energy is mimiized using the gradient
descent method, in which each vertex on the surface of the body has an energy and a force that
acts on it. The total energy of the surface is a function of the coordinates. The negative of the
energy gradient is the force which haglirection from higher to lower energy and moves the
vertex in that direction to define the shape of the interface in an iterative process. As such, when
running the simulation, the system, through iterations and refinements, moves vertices
simultaneousl to minimize the surface ener8{Gradient descent method is a popular method to
find the minimum energy state, but iarc have challenges. For example, achieving good
convergence by employing the gradient descent method alone, is often not ffosSibée
challenge with the energy minimization method is the accurate modellthg contact angle at

the discontinuities between regions of different wettabilities. At these boundaries, the energy
minimization integral fails to work. One way of dealing with this problem is replacing the gradient
descent method with a direct searaétinod at the boundariés**which means using two different
methods for the different areas. This approach requires timeeand alternating between two

algorithms.
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To overcome the challenge of printing on hydrophobic surfaces, here a combination of simulation
and experimentahpproachess demonstrated, following the strategy below. To produce micro
patterns on a hydropb@ surface, silver nanoparticle ink is inktinted on TeflopAF films.

The method uses printing and drying sequences, where hydrophilic’/hydrophobic regions are
created on the surface without blanket surface modification. The dried ink from theifitistgor
sequence acts as the hydrophilic region as the high silver nanoparticle content of the ink renders it
hydrophilic. The desired pattern is formed in the second step by depositing and drying more ink
on the hydrophobic region between+printed anchrs. In other words, with an adaptation of the
symmetric printing methodology, patterns are inkjghted on hydrophobic surfaces, with a
drying step to be inserted into the symmetric printing process to form line segments. Schematics
of the sequential pnting and drying steps to form miepatterns are shown migure2-1. The

edge profile of the line is influenced by the volume of the prim&dIt is crucial to have the

ability to anticipate and regulate the required volume of ink for a specific line length, particularly

in areas such as microelectronics where pattern dimensions determine electrical performance.
Instead of experimental triahd error methods to determine accurate rpatbern dimensions, a
computational model was devised based on energy minimization with Surface Evolver to predict
the ink volume required to print line segments with different lengths and other patterressuch
triangles. The printed patterns are simulated and analyzed with only the contact angle of the ink
on the substrate as an input parameter. This allows us to confirm whether surface tension is the
main force controlling the equilibrium state of migratierns obtained through the sequential print

and dry method. The simulation results are used to predict the printed volume necessary to print

smooth patterns after drying.
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Side View Top View

- ‘ ‘ Wet ink (anchon

Dried ink (anchor)

b)
C) Filling with wet ink
d) Dried line

Figure2-1. Schematics of the sidad top views of the sequential printing and drying of the micro
patterns with the following steps: (a) Print the first sequence of droplets, (b) dry droplets, (c) print

the second sequence of droplets, and (d) dry final pattern.

2.2. Experimental

TeflonrAF 160 (SigmaAldrich, Oakville, Canada) was used as the hydrophobic surface. It was
dissolved in Fluorinert F40 (SigmaAldrich, Oakville, Canada) with a 1.6% concentration. The
Teflon-AF solution was sphtoated at 500 rpm for 1 minute on glass slides aredi @it 150 °C

for 15 minutes. Two printing approaches were used for printing lines, i.e., the traditional method
(method 1) and the sequential printing and drying method (method 2). In this thesis, alnuftom
inkietp r i nt er wdiamdéter mozz@\DJ-ATPAO1-60-8MX, Microfab Technologies, Inc.

Plano, TX) was used. And, for the micropatterns, silver nanoparticle ink (ANP DGRMEIL,T
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Advanced Nano Products, Co., Sejong, Korea) was used. In the traditional method, single droplets
(volumet® wL) were printed with different spacing, i.e., the drop spacing of the printed single
droplets was varied between-805 Y m. I n the sequenti al printir
anchors each comprising of 10 droplets (volume 1.9 nL) were printed at difféstartces from
eachother(1/2 6 0 p m) . Next, the printed anchors wer e
different volumes of the ink were printed between the two anchors. For each anchor spacing
between 174260 um, first a minimum volume of ink wasinted to connect the anchors. Then,

the volume was increased droplet by droplet, to find where a relatively smooth line will form.

2.3. Simulations

To model the line pattern formed by the sequential printing and drying method, Surface Evolver
was used. Theurface in general is defined as a complex of vertices, edges and facets. A vertex is
a point with coordinates. An edge is defined by the head and tail vertices, and each facet is defined
by at least three edges. A body is defined by the facets that make houndaries. The body
initially has an approximate shape (but accurate volume), and later approaches the desired shape
defined by the imposed constrains through an iterative evolution. The surface energy is the integral
of the forces acting on the $ace. For instance, if the force is only surface tension, we can write

the energy as:

~,

0 YO B " T-@00 2-1

whereT is the surface tensioi®)is the surface tension unit vectoris the area of the facet, and

is the contact angle of the liquid on the solid surface.
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In the present work, the system was defined as two regions having ink contact angles of 84°+2°
for printing surface and @®r anchor regionkigure2-2 shows the advancing and receding contact
angles of silver ink and deionized (DI) water on Teffdh. The contact anglef the silver
nanoparticle ink on a TefleAF film is 84°+2°. Although the surface is not as reetting as it is

for water with a contact angle of 120° + 2°, it is still considered asamtting in practiceSince
Teflon-AF has low wettability, the conthangle hysteresis is low. The abawentioned contact

angles are average values of the advancing and receding contact angles. The contact angle of DI
water and silver ink on TefleAF and dry silver ink were measured using the sessile drop method

(KriissDSAL10, Kruss Scientific, Germany).

In the simulation, gravity was ignored since the printed features are in the micro scale with a Bond
number (Bo) equal ta® o p 1. Bo is the ratio between gravitational and surface tension

forces:

Y Y0 2-2

Where'Y , Y0 and! are liquid spherical droplet radius, liquid/vapor specific weight difference
(density) and surface tension respectivély. 0 0 " Q " "Q, andy

p @U Ta . Silver nanoparticle ink properties are giveMable2-1.
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Figure 2-2. (a) Advancing and (b) receding contact angles of silver ink on Téffon(c)

Advancing and (d) receding contact angles oiMater on TeflopAF.

Table2-1. Silver nanopatrticle ink properties

Surface tension (mN/m) 35

Viscosity (cps) 16.7
Density (g/mL) 1.38
Silver content (wt %) 31.7

Contact angle (°) on TefleAF 84+2

Contact angle (°) on dry silver | 12+2
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The anchor regions were positioned at a distance of d to each other. Due to geometry limitations
in Surface Evolver, anchor regions were assumed to be flat circles flush with the printing surface.
In this model, surfae properties are applied to a flat substrate surface and the anchor thickness
and its variations are not accounted for in the simulation environment as the thickness of the dried
anchors is negligible compared with the thickness of the wet line seghmentadiusr of the

anchor regions was 39 umhe perimeters ohese circles are the parametric boundaries and are

schematically shown iRigure2-3.

As detailed in Reff], parametric boundaries are matatical constrains applied to the geometry

of the simulated body and are defined using equations and algorithms. The vertices that are
positioned on the boundaries can only move on the 1D boundary paths and they do not participate
in the surface minimizain process. In the model, half of the vertices were placed on the perimeters
of the anchors (fixed), with the other half placed on the top surface of the anchor hemispheres. The
anchors were modeled as hemispheres, and the volume of the hemispherasoreasingthe
calculation of the total liquid volume because it only represents 2.5% of the volume of a wet
droplet. The parametric boundaries were imposed on the edges of the initial body to confine the
body (printed ink) to the perimeters of the anchdtss method ensures that the contact angle of

0° can be preserved for anchors. Here is the first part of the code where first the perimeters of the

circles are defined through formulas, and then parameter boundaries are imposed on them:
1. constraint display{the left circle inFigure2-3)
formula: sgrt((x)"2 + y*2 + (height)*2) = rad

2. constraint display?2 (the right circle igure2-3)
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formula: sqgrt((xdroplet_distance)*2 + y*2 + (height)*2) = rad

. Boundary hemi_conl Parameterl (imposing the parametric boundary the left circle in

Figure2-3)

x1: rad*cos(pl)

x2: rad*sin(pl)

x3: 0

. Boundary hemi_con2 Parameterl (imposing the parametric boundary the right circle in

Figure2-3)

x1: rad*cos(pl) + droplet_distance

x2: rad*sin(pl)

x3: 0
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Figure2-3. (a) Top view of the surface view in simulations. The circles represent the previously
printed and dried silver drops, i.e., the anategjions. (b) Local contact angle variation in the x

direction, with boundaries, full wetting, and surface tension constraint regions shown.

Figure 2-4a shows the initial body confined to the parametric boundaries at the perimeter of the
anchors, andrigure 2-4b shows the same system without paraiméoundaries. The volume of

the anchor hemispheres showrFigure 2-4 does not represent the real volume and it is simply
used to hold the initlavertices on its surface. The simulated ink will only see the perimeters of the

anchors and is not constrained by any other geometrical boundary. The body was defined as the
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volume encompassed by edges that connects vertices both on the perimetetamsutiace of

the anchor hemispheres.

Figure2-4. Initial defined body in Surface Evolver (a) with, and (b) without parametric boundaries

imposed on its edges.

Another group of constrains defined in R&f [are 2D constraints, which are forces imposing
restrictions on the body in two dimensions. The only 2D constraint used in this model is surface
tension on the printing surface, d8gure2-3. This 2D constraint is the foundation of the model

in which the surface tension of the hydrophob

Al —— 2.3
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where, ,, ,and, are the solidrapor, solidliquid and liquidvapor interfacial tensions. This

constraint was exerted on the body facet that lies on the surface with low wettability.

In the code, first the contact angle of the ink on the surface is defined as inpetdode to work.
Next, the surface tension constraint is introduced with a keyword (here BOT). Then, after the faces
are defined using the edge numbers, the constraint is applied on the face that is in touch with the

surface. Here is the code:

1.1.1.1. parameter agle_bottom = 84 // contact angle between plane and surface
2.1.1.1. #define BOT {cos(angle_bottom*pi/180)) // virtual surface tension of facet on
plane

3.1.1.1. faces /* given by oriented edge loop */

43 63 92-77-91 color cyan

44 64 79-78-92 color cyan

45 51 52 53 5565 56 57 58 59 60 61 62 63 64 Tension BOT color cyan constraint 1

46 65 66 67 68 69 70 71 72 73 74 75 76 77 78 color cyan

There are 16 facets in the initial ink body, but here only a few facets are given. Finally, the body
is defined using the faces thragke its boundaries with the surrounding environment, its volume

and its density:

4.1.1.1. bodies /* one body, defined by its oriented faces */

39



1-31-32-33-34-35-36-37-38-39-40-41 -42 -43 -44 45-46 volume ((37*200000)

density 0.000000000000138

Here, ¥ and 200000 are the number of printed droplets and the volume of an individual droplet,
respectively. Since gravity effect is not taken into account as a constraint, the density value is not
used in the calculations. At the end, the number and degrteeatidns and refinements are added

to the code.

The experimental methods (method 1 and 2) will be discussed in the next section. In the remaining
chapter, using the simulation model described above, a correlation between experiment and

simulation for inkgt-printed micrepatterns will be devised and demonstrated.

2.4. Droplet deposition on a surface with low wettability

Figure2-5a shows the nozzle and the ejected droplet in th€igiire2-5b and ¢ show single wet

and dry droplets on the TeflohF surface; the initial volue of both were equal. The dry droplet

has a radius of 18.6 pum (theAHRisaunreftaecre oifs a~ Mle
an average thickness of 3. gom. The Figureckness
2-5d. The thickness profiles of the dry droplets were measured using a stylus profilometer (Alpha

Step D600, KLA-Tencor, USA). The dimple iRigure2-5d is due to accumulation of mate?fsl’

on the edges of the droplet cisecapillary flows.
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Figure2-5. (a) A 60pm-diameter inkjet nozzle and an ejected droplet in the air. hpkjeted
single (b) wet, and (c) dry droplets on TeflaR surface. (d)Thickness profile of a single dry

droplet.

When an ink droplet contracts or shrinks on a hydrophobic surface before complete drying, this
phenomenon is often associated with the process of pinning. During inkjet printing, droplets are
deposited onto the gace, and due to solvent evaporation, the droplet's outer edge advances
inward. However, if the surface is hydrophobic, the contact angle remains high, preventing the ink
from spreading out uniformly. As the solvent continues to evaporate, the ink ueslargeceding

contact line behavior, where the liquid droplet's edges retract inward due to the force of surface
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tension and contact line pinnifgThis pinning effect restricts the ink from spreadirggulting in
a contracted, thicker center with receding edges, which influences the final morphology and

density of the printed feature

In the next two sections, twime formation methods will be discussed. The traditional approach
involves adjusting drmplet spacing to determine the line's formation, showcasing the challenges of
forming continuous lines on a TeflgkF surface. While smaller spacing results in droplet merging

and irregularities, larger spacing leads to disjointed lines. This method engsithat alteringhe

drop spacingwon't resolve the challenge due to surface thermodynamics. Conversely, method 2
proposes a sequential printing and drying technique. Symmetric printing creates anchors at each
line's ends, followed by printing the inteediiate droplets. This method efficiently pins the ink on

the surface, enabling the formation of line segments.

2.5. Method 1: Printing continuous lines on a surface with low

wettability

Method 1 represents the traditional approach to form lines on a surfabdgh/method, a series

of I'ines with varied drop spacing was printed
an excessively small drop spacing results in lines that exhibit bulging, and an excessively large
drop spacing leads to scallopingdadiscontinuities in the line<$:?* Figure 2-6a depicts a
schematic of the inkjet printing process. On a hydrophsilirface, as can be seerfFigure2-6b,

when the drop spacing is small, every few droplets merge, and the number of the merging droplets
decreases by increasing the drop spacing. In all pan€igure2-6b, the same number of droplets

were printed (12). At a drop spacing of 75 uyum
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of 80 pum, the individual printed droplets no |
to affirm that the TeflorAF surface exhibits a newetting behavior for this silver nanopatrticle

ink, pointing to the challenge that was discussed earlier to form a continuous line through
adjustment of the drop spacing. Changing the volume of printed droplletetvemedy the issue

due to the same surface thermodynamic principle that governs this phenomenon.
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Figure2-6. (a) Schematic of the inkjet printing process. (b) Inkyétted silver nanopatrticle lines
with different drop spacing on the Tefl@F surface. The drop spacing for each image is shown

on top of the image. The scale bar rm@pirbtesent s

2.6. Method 2: Sequential printing and drying

Method 2 is the sttagy proposed here. It was employed to print line segments on a surface with
low wettability. Method 2 is a symmetric printing method, where anchors at the two ends of the
line segments are printed first, and the middle droplets are printed last. Taepivktbn the
surface, the first sequence of droplets was dried before printing the second sequence in the middle.
Figure2-7 shows the process. Firstyo anchors with a distance of 206 were printed and dried
(Figure 2-7a). Each wet anchor has the volume of 1.93 nL (10 single printed droplets).
Subsequently, ink volumes of 1.8 nL to 6.4 nL were printed between anchor regions, and dried
(seeFigure 2-7b-e). It can be observed frofigure 2-7 that varying the volume of the printed
droplets in between the anchors ojpes the shape of the line segments. As the ink volume is
gradually increased, the width of the line segments increases accordingly. When the volume of the
printed droplets is insufficient, the connection is hardly formed after driziggie2-7b). As the

volume is increased, the connection widens, but it remains thinner than the anchor diagqeter (

2-7c). At a specific volume for a given line segment length, the dry line width approaches the
anchor diameteiHigure2-7d), resulting in a smooth line after drying. However, further increasing

the ink volume results in a line segment width larger than the anchor diafgteep-7e), which

is generally not desirable. Considering the above, the strategy suggested in this study works for
printing lines. Longer lines can be generated by repeating this process; even corners can be formed

by positioning the next dry anchor not along the initial line, but at a desired orientation.
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Figure2-7. Optical images of line segments printed with method 2 in the wet (top row) and dry
(bottom row)state. (a) Step one to form the anchor regions. Subsequently printed ink between
anchor regions with ink volume of (b) 1.8 nL, (c) 3.6 nL, (d) 5 nL, and (e) 6.4 nL. The scale bar
represents 100 um. The droplet separation distance is 200 pm. In each ¢bkitop,row shows

the line segments before drying, and the bottom row shows the same line segments after drying (at

150 °C for 15 minutes).

Figure2-8 shows the drying process of a line segment with an anchor distance of 200 um while

stage temperature increases from 22 °C to 150 °C.
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Figure2-8. The drying process of a line segment with an anchomaistaf 200 um while stage

temperature increases from (a) 22 °C, to (b) 57 °C, and to (c) 150 °C. Scale bar represents 100 pm.

2.7.  Simulating the sequential printing and drying process

To minimize experimentation to produce printed lines with different chaistate and explore

patterns other than a line, the wet patterns were simukatrae2-9a and b show the experimental

and simulated | ine segments before drying wit
volumes of 1.2, 3.2, and 5.0 nEigure2-9c shows the graph of the midpoint for wet line width

versus the printed volume for the same anchor distance; the objective is to attain a smooth line, so
the width of the midpoint for the line was used as the point of comparison, theimioljpthe line

was selectedince it shows the most deviation from a straight line that is the goal of the work.
Figure2-9 shows an excellent agmment between experiment and simulation with an average error

of 1.1%.
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Figure2-9. (a) Experimental printedand(b) simulated line segments with the anchor distance of
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The distance between the two anchors was varied in both experiments and simulations. The results
for the anchor distances of 1jth, 230um and 26Qum are shown ifrigure2-10. Optical images

of both the inkjefprinted lines and their simulated counterparts are presented, offering a visual
confirmation of the consistency between the real and modeled results. Theprirkied
experimental andimulated data are very close to each other and follow the same trend. This trend
could relate to the shape and width of the line segments or the degree of discontinuity within the
printed lines. The close match between the experimental and simulatitis neglies that the
primary forces at play are watharacterized by the inputs to the simulation, with the contact angle
being a significant factor. The optical images of the irgjaited and simulated line segments for

the volume of 5.6 nL for differd lengths are also presentedrigure2-10. Understanding how
different anchor distances affect the final printed line profile is crucial for pragsinting, where

exact dimensions are necessary for functionality, such as in microscale transistors or sensors.
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Figure2-10. From left to right, graphs of the midpoint linewidth versus printed inknaelutop
view images of printed and simulated |ine seg
pm, and (c) 260 pm. Red arrows point to a vol

The images of line segment are all for the volum&.6mL.

Parametric boundaries were used on the perimeter of the anchors where the wettability abruptly
changes from one region to the other, to avoid discontinuities in the gradient descent method.

Defining parametric boundaries at the location of didoorttes allows us to remove the
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discontinuous coordinates from the energy minimization integral by fixing them in place. The

implementation of surface tension via the contact arig@@® "M | -@Q 9 as a 2D constraint
leads to simulationesults that fit the results obtained from printed patterns. As confirmed by this
model, the formation of microdroplets with the sequential drying method is mainly governed by
the surface energy of the substrate. Factors such as gravity, pinning, anchpagcp do not
significantly influence the equilibrium state of migpatterns obtained through the sequential

drying method, as these phenomena are not included in the model.

Understanding the surface tension forces that lead to the minimal energy Ilstate u to
understand the final ink shape. Without the anchors, the wet ink makes a contact angle of ~90°
with the surface and becomes a hemisphere instead of a line to minimize surface energy. As there
IS no pinning, no stable line can be formed. Increasi i nk vol ume only adds
radius. The anchors add two areas where pinning of contact line occurs allowing for formation of
a line. Due to the high surface energy of the dried silver anchors, surface energy is minimized
when the wet ink fily wets the anchors. This constraint allows a line to be formed rather than a
hemisphere. The positioning of the ink exactly in the-potht of the anchors leads them to be
equally covered by wet ink. Therefore, a bridge of ink forms between the anghmfs jncreases

in width with increasing ink volume as seerFigure2-7.

If we plot the ink volume versus the anchor distance which leads taighstline with smooth
edges (Fronfigure 2-9 and Figure 2-10), a line with constant slope can be found (B&pire

2-11); the error bars show an error margin of one droplet (0.2 nL). Seltdvior suggests that a
print factor (PF) exists which correlates the required printed volume to the anchor distance (d),

i.e.:
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Figure2-11. The ink volume needed to produce a smooth line segment versus line segment length.
The graph shows a linear relationship betweerutlied and anchor distance and its linear fit.

The slope of the linear fitis& pmt * & (with y-intercept, standard error and Being equal to
-0.3nL,u& p 1™ nLand 1.00, respectivelyThe error bars show error margin of one droplet

(0.2 nL).

PF serves as a metric that, once determined from an initial experiment involvingthey mf a
line of specific length, can be applied to predict the behavior of ink for printing lines of different
lengths. This factor is essentially a bridge between the experimental data and the predictive

model s, capturing t,lwetting ans @rying leehawibr ontalgieen subsitates f | «

The significance of PF lies in its ability to infer the relationship between the volume of the ink

deposited and the final width of the line pdsying. If the PF is consistent across various line
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lenghs, then one can conclude that the ink's spread on the substrate and the subsequent drying
follows a predictable pattern. This predictability is crucial for applications where precise line

dimensions are necessary for the correct functioning of the pamtests.

For instance, when a specific line length and ink volume result in a successful print with the desired
line width and uniformity, the PF derived from this print can be used to calculate the volume of
ink needed for a different line length aimittggachieve a similar print quality. This application of

PF means that once the factor is determined experimentally for a particular set of conditions, it can

streamline the printing process for new patterns without the need for extensive trial and error.

This will be further explained below, but before thaFigure2-12 we show that this method of

printing can be utilized for printing other features such as triangles usingaticher patterns.

Using method 2, equilateral triangles were ingehted and omparedvith thesimulationresults.

The top view optical images of the inkjetinted experimental and simulated triangles and the
graphs of the image area versus printed ink volume are shokigure2-12. This comparison
underscores the robustness of the model since it can adapt to more complex shapes beyond straight

lines, which are more common in printed electronic circuits.
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Figure2-12. Optical images of (a) wet and (b) dry printed, and (c) simulated equilateral triangles
(side dimension = 200 pum), with ink volumes o
scal e bar r e@)yThessennlatesl antd Digerintechimage area versus ink volume
with a percentage error of 2.9%.

53



To demonstrate the second implicatiorFgjure2-11is to predict the final ink patternsing the
simulations. Therefore, firste need to consider the drying process of the ink, i.e. the removal of
the solvent and having only the solute (silver nanoparticles) left behind. The fact that we can
predict the final ink pattern only considering surface energy minimization meanstdghtimics

of the drying process do not significantly affect the final equilibrium state. The drying of the ink
where the contact line recedes and the final line sisagmhieved is much slower, i.e., in the order

of minutes compared to spreadingindera second. The drying process will determine feature
dimension, which is of great importance in microelectronics since it affects the electrical
properties. The simulations can be used to predict the dry shape and, in particular, the printed
volume requiredo form straight smooth features on hydrophobic surfaces. The linewidth versus
volume for all the four tested anchor distanceBigure2-9 andFigure2-10can be fit to a square

root function

where w is the line width, V is tharinted volume or Ve, and A is a fitting parameter. There are

two distinct phases in the drying process of a droplet (or a pattern in general) on a surface with
low contact angle hysteresis. The schematic drawikgginre2-13 shows the drying process of a
droplet, starting from an initial wet droplet with the diametewgé:. In the first phase, as the
dropletdries, the contact line recedes without being pinned to the surface due to the low wettability
of the surface, while the contact angle stays fixed. Therefore, the droplet maintains the shape of a
spherical cap. The volume of a spherical cap is propottiortae cube of its radiusjr The onset

of the second phase is when the droplet becomes pinned. The simulations are based on energy

minimization of the liquid surface and hold only for phase one. In phase one, the droplet is regarded
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as a spherical capo for the volume ratio between the pinned and wet state, we will have the

following value based on the measured drop radii for this ink on Féffon

o
&
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In phase twpthe concentration and viscosity of the ink has increased sufficiently to inhibit the
contact line from further movement, and the droplet contact angle starts to reduce. When pinning
starts, the cord length (or contact lengthfrigure2-13 is Wyin (Which is assumed to be equal to

Wadry). Substituting win in equation 2-5), leads to a value for 4 and using the volume ratio in
equation 2-6), Vwet can becalculated. We assume thaetsame relationships and assumptions

hold for lines and other features, too, which was validated for lines and triangleswet kialive

that results in smooth line segments (linewidth equal to anchor diameter) was measfomed fo
different anchor distanceBigure2-14a-d show the wet and smooth dry line segments for anchor
distances of 170, 200, 230, and 260, respectivelyThe plot inFigure2-14e shows values for

the printed volume needed to create smooth line segments versus the anchor distance for the
experimental and simulation results. The values predicted from the simulation are close to the
experimental results with an average absolute error of 10.7%. The same method was used to predict
the area of triangles printed with different ink volumes dmivs a good match with experiment

with an average absolute error of 22.2%. The larger error for triangles is likely due to their more
complicated shape having three anchors and three edges with complications arising from their

pinning process.
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Droplet shrinking Onset of pinning

Figure2-13. The drying process of a droplet, starting from an initial wet droplet with the diameter
of wwet until its diameter reachesinin phase one. In phase two, the contact line is pinned as the

drop volume s reduced to Wy.
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Figure2-14. Images of smooth line segments in the wet and dry state for anchor distances of (a)
170, (b) 200, (c) 230, and (d) 26, respectively. (eYhe printed volume needed to print a

smooth dry line segment versus the anchor distance for the experimergahaladion results.
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2.8. Conclusions

In this chapter, a new printing method is shown to form mpatterns on surfaces with low
wettability that does not require surface modification. A model based on energy minimization
predicts the shape of the inkjatinted micro-patterns with good accuracy and only the contact
angle of the ink on the surface as the input, confirming that the formation and equilibrium state of
these micrepatterns are mainly governed by surface tension forces. Line segments with different
length were printed and simulated. Both the experimental and simulation methods are extended to
more complicated shapes such as triangles. Moreover, the energy minimization based simulations
were used to predict the required printed ink to produce smowptfeatures, which show good
agreement with experimental results. The computational simulations that incorporate the PF
provide a powerful tool for predicting the end result of the printing process. By inputting the
contact angle of the ink on the substrand the desired pattern dimensions into the simulation, it
becomes possible to accurately forecast the outcome, thus reducing material waste and increasing

the efficiency of the production process.

In the next chapter, another approach to realize imkjating on hydrophobic surfaces will be

presented.

58



Chapter 3. Inkjet -printing on hydrophobic surfaces with the

implementation of stacked-coin strategy

3.1. Introduction

In this chapter, another method to overcome the difficulties of inkjet printing on hydrophobic
subgrates through stage heating is discussed. The method is an adaptation ofiackadting,

a technique which has been successfully used in the production of conductive lines on hydrophilic
surfaces in thitfilm transistor€® and conductive film¥. Stackeecoin printing is a technique in

which the time taken to deposit a subsequent overlapping droplet in a pattern is longee than t
evaporation time of the prior dropftFigure 3-1 shows how increasing the stage temaure

results in droplet pinning on the surface and eventually, stemdkadnorphology. By introducing

a heated stage, the drying kinetics of the droplet are altered. The temperature of the stage is

controlled to enhance the evaporation rate of theesbiv the ink.

Conductive inks composed of silver nanoparticles and a solvent are commonly used in the printed
electronics industry. When dried, due to the silver content, the ink becomes hydrophilic. Taking
advantage of the hydrophilic nature, we showedhe previous chapter that wet ink can be
anchored to a dried ink regin The effect of impacting droplets experiencing a wettghili
gradient between the low surface energy substrate and the hydrophilic attraction to the previously
dried hydrophilic droplet prevents the application of the stack&d technique at room
temperaturéFigure3-1b). The drying time of the droplet at room temperature supersedes the time
taken for a wet droplet to completely overlap the previous dried droplet in the system. Through

manipulation of this situation, by eelerating the rate of drying of the ink through stage heating,

59



we can adapt the stackedin method for use on hydrophobic surfafleégure3-1c and d) The
work in this chaptedefines the window for successful printability introducing andelating key

parameters of droplet spacing, stage temperature and stage movement speed.

a) b)

Room Temper atfutne Room Temper at

d)

i gh Temperatfu i gh Temper aft

Figure3-1. (a) Wet droplets printed slightly overlapping a dry droplet. (b) Due to low surface
wettability, wet droplet covers the dry droplet. (c) Wet droplet is printed slightly overlapping a dry

droplet on a heated stage. (d) Wet droplet dries on the stage with an overkapmvitus droplet.

3.2.  Substrate preparation and printing process

This work was done with a custebuilt inkjet printer with an accuracy of4dum as will be
demonstrated in subchapteR.4.. The stage was programmed to come to a complete stop in order
to jet the droplet before moving to the subsequent position, limiting stage speed based on both

drop spacing and the maximum acceleration of 256,000 um/s. The pvad@perated in a drep

60



on-demand (DOD) mode with a Microfab 60 pum orifice nozzle {MJP-01-60-8MX, Microfab
Technologies, Inc. Plano,TX), controlling precise droplet ejection through a piezoelectric
transducer. The specific piezoelectric waveform was:i@é/voltage, 30 V dwell voltage30 V

echo voltage, dwell time of 20 ps, echo dwell time of 40 us and all rise and fall timgssat 6
Droplet ejection speed was typically21m/s, droplets are approximately 0.2 nL in volume at

ejection.

The ink that wa used for experimentation was a silver nanopatrticle ink (Anapro, DGRYRCY,

with 30-35% by weight nanoparticle silver suspended in triethylene glycol monoethyl ether
(TGME) solvent. With the surface tension, viscosity and density of the ink bein§ BNGM

13.7 cP, and 1450 kgArrespectively. The substrate used was TefAén1600 (SigmaAldrich,
Oakville, Canada) coated glass microscope slides. Coating of microscope gladsyslidéen

AF was achieved through spin coating at 500 rpm for 60 seconds. -Pdflenlution was annéesd

at 150 °C for 30 minutes before being translated over to the printer. The contact angle of the ink
on the substrate surface was measured to be 84°. Despite the ink contact angle beitige< 90°
system still exhibits significant hydrophobic tendenaigsliscussed in the previous chapieus,

the system is considered hydrophobic. The substrate preparation and inkjet printing gn@cess

shown schematically iRigure3-2.
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Figure3-2. Schematics of the substrate preparation and inkjet printing process.

The independent variables used in this investigation were substrate/stage temperatlig® (150
°C),dropspacing-30 pnm) and st age choicewhigheange ofsepmeratdres T h e
here isdue tothe hydrophobic nature of the substrate, since the drying time of impacting droplets

is a crucial factor to consider for the success of this proposed method. demgeeclose to the
sintering temperature of the silver ink recommended by the manufacturer were initially
investigated and proved as an optimal starting point for investigation. Stage movement speed was
varied from 5 um/s to the maximum speed which caadieeved, limited by stage acceleration

for the specific drop spacing investigated. On a fundamental level, these three variables (stage
temperature, printing speed and drop spacing) have been proven to affect printed line morphology
in tandem, being thiindamental three effective factors that badirectly controlled within our

setup. To minimize ink evaporation within the nozzle and ensure smooth production and testing

of lines, the nozzle was held approximatehz Tm from the substrate surface. Upon nozzle
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clogging, the nozzle was forwafllished with isopropanol (IPA) in a sonication chamber, then
backflushed with IPA heated to 80 °C. Substrate roughness, ink concentration and atmospheric
pressure were assumed constant throughout printing. Additionally, it is assumed that the substrate
can be onsidered flat, with optical profilometry data showing miniwadiationsin the order of

10-100 nm as seen Fgure3-3.
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Figure3-3. Optical profilometry example with group of in drop spacing lines.

3.3. Inkjet -printed stacked-coin line regimes

The printed lines can be categorized into several uniquely identified regimes. The identified
regimes aresolated droplets, isolated groupsngroken line, true stackexzbin, and delamination.
Examples of the expected morphologies present within each of these regimes are $houne in

3-4. Through the observation of dried ink patterns, the mechanisms which yield specific ink

63



morphologies can be identified. These mechanisms indicate distinct changes in printability, which
reflect the onset of successfuhd formation. Each independent variable is investigated to

determine a corresponding limiting condition, e.g., instantaneous drying temperature, maximum
achievable drop spacing, and onset of asymmetric droplet spreading, all of which will be touched

uponlater.

The isolated droplet regime is largely a temperature dependent réggues@-4a). This regime
occurs when the drying time of the droplets is substantially longer than the dewetting time and
droplet spacings relatively high Overlapping wet droplets on the surface @b dry quickly
enough to prevent them from completely dewetting and drying on the previous droplet. This is due
to the wettability gradient caused by the overlap of the wet droplet onto both the previously dried
hydrophilic droplet and the hydrophobic stibte. This regime leaves large, isolated droplet
profiles at regular intervals which is akin to the expected result when printing lines on hydrophobic
surfaces at room temperature as discussed in the previous chapter; the temperature of the surface
has noyet reached a state in which it can affect line morphology. This is similar to isolated droplet
regimes identified for hydrophilic surfaces. In this study, the isolated droplet regime was seen for
any drop spacings greater than approximately 70kigure 3-5 shows regime windows which

are governed by the three interdependent factors: drop spacing, speed, and stage temperature.

The isolated groupingegime is similar to that of the isolated droplet regirRayre 3-4b);
however, the morphology of droplet groups begins to take a more ovular ashapgularly
occurring groups of droplets can be observed, showing the onset of an instantaneous drying
condition. While wet droplets are still affected by the wettability gradient, complete overlap onto

the previous droplet is not achieved before dryifigs results in an offset of the droplet to be
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sintered on the substrate surface. This can be seen by the repeatability of enlarged groups of
droplets and their spacings remaining consistent. This predictability in the size of droplet groups
indicates thespecific shift of each droplet in a grouping until natural group separation occurs. The
predictably regular spacings and sizes of the groupings indicates that droplet behavior is
predictable and is not subject to small fluctuations or errors in prinbingitions. Therefore, this

is identified as a separate regime from isolated droplets. The onset of this condition is heavily
dependent on droplet spacing, substrate temperature and stage speed/deposition frequency as these
variables must operate efficieptin tandem to overcome wettability gradients. For a constant
temperature, reducing the drop spacing or increasing the speed, leads to the transition from isolated
droplets to isolated grouping regime. At a constant drop spacing, increasing both thatieeper

and the speed helps with the transition. And finally, at a constant speed, reducing the drop spacing

and increasing the temperature will lead to the formation of isolated groupings.

The broken line regime exists as a transitional refiete@een isolated groupiagnd true stacked

coin morphology Figure3-4c). Droplet groupings begin displaying unpredictable behavior, with
groupingsof unstable lengths beginning to occur at various intervals. Within this regime, full
stackedkc oin ines up to 1000 pm can be produced;
different pattern of groupings is observed. This morphology can exfshwibnditions where the
overlap, drying time and deposition rate are sensitive to system hardware and software fluctuations
which can cause a line breakage, thus these regions are not identified as printable regions for true
stackedcoin morphology. Thenesence of this regime can indicate onset conditions of stacked

coin regime.
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True stackegtoin regime indicates printing conditions which yield continuous lines with stacked

coin morphology Figure3-4d). This is the ideal printing regime, and this study aims to discover

the conditions necessary for a variety of speeds, drop spacings and substrate temperatures for
which stackeetoin regimes can b&chieved Figure3-5 maps the situations where stacked coins

can be produced at different stage temperature, with varying stage speed, and drop spacing. As is
evident fromFigure 3-5e, increasing stage temperature expands the printability window for
stackedcoin morphology; however, in microfabrication lower processing temperature is
preferable Figure 3-5a shows the occurrence of staclain lines at lower temperature, but the
printing speed is very lowkigure 3-5b demonstrates slightly higher temperature and very high
printing speed, but the drop spacing is low which means higher volume of ink per line length.
Figure 3-5¢c and d comprise of larger printability windows for stacketh lines where a wider

range of speed and drop spacing is possible.

The delamination regime is the smallest ideadifregime occurring exclusively at low drop
spacings and low stage speed and high stage temperdtigase 3-4e and Figure 3-5c-e).
Delamination refers to printed lines partially depinning from the surface. Partial delamination is
the result of tensive forces across thigkness of thdine during printing, where the tail of the
delaminated line begins to rise off the surface. Partial delamination occurs naturally before being
transitioned into full delamination. Full delamination has also been observed on the liles. Wh
partial delamination has been observed to correct itself and stop delaminating, the surface does not
recover from full delamination once it has started. A similar phenomenon with the curling up of
inkjet-printed lines has been report&ayith the root cause being a product of the buitstress

gradient within the silver nanoparticle ink due to the rapid drying and high stage temperature
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experienced by the lines. The peace of the delamination phenomenon indicates a region where

true stackegoin lines cannot be reliably produced. Full and partial delamination are shown in

Figure3-4e,i and ii, respectively.
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Figure3-4. Identified line printing regimes: (a) isolated droplets, (b) isolated groupings, (c) broken
line, (d) true stackedoin, and (e) delamination regisiénset figues show dill delamination (e,

i) and partial delamination (e, ii) on TeflgkF surface. Scale bar represents 100 pm.
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Figure3-5. Printing behavior regime map for variable drop spacingstagk speed parameters at:

(a) 150 °C; (b) 160 °C; (c) 170 °C; (d) 175 °C; (e) 180 °C.
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The regime maps iRigure 3-5 clearly show that the successtbis technique favors regions of

high droplet overlap (low drop spacing), and high substrate temperature. Overlapping droplets are
subject to lower contact angles in overlapped regions, which positively influences the printability
of low drop spacings du® ink droplet pinning. At lower contact angles, it is observed that ink
dries faster compared to larger contact antfiéEhe effect of increasing droplet overlap (or
decreasing the drop spacing) is reflected in the regime maps, with systetaed pith higher

droplet overlap experiencing a larger range of conditions for true stackedine formation. As

drop spacing is increased, the range of stackaua formation decreases until reaching the system
limits of 20 and 25um for substrate teperature of 170°C or higher (segure3-5c-e). The effect

of stage speed depends on the drop spacing and substrate temperature.

The critical temprature of the system is defined as 180 °C where almost only lines exhibiting true
stackedcoin or broken stackedoin behavior are record€Bigure3-5€). This temperature can be
further identified by observations of line morphologies approaching this temperature. It is expected
that increasing the hydrophobicity of the system would increase the critical temperature of the
system, as drying timemsd the strength of dewetting of droplets are heavily influenced by droplet
contact anglé€* At lower temperatures, it is clear from the dry patterns that temperature is
influential in final regime morphologies. This is evidenced by the chdoting patterns at lower
temperatures transitioning into a predictable stacadd morphology at higher temperatures
(Figure 3-6). Droplet coalescare is significantly influenced by spreading while sintering. As the
system approaches the temperature of instantaneous drying, line morphologies begin to exhibit
less evidence of wet droplet coalescence dynamics. At high temperatures impacting droplets can

produce individual coffee ring morphology when drying on advred droplet. The coffee ring
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effect is enhanced at high temperatures, thus being an indicator that the instantaneous drying

condition is met once this pattern is observed in the stacbiedegime?!

Figure 3-6. Comparison of 1@um drop spacing lines exhibiting enhanced droplet coalescence
during sintering due to spreading at theperature of (a) 160 °C, (b) 170 °C, (c) 175 °C, and (d)

180°C. AlIl at average stage speed 800 pm/ s.

This key difference in ink behavior indicates the onset of the critical temperature, as lower
temperatures possess considerabftuence from droplet coalition dynamics. Upon further
increasing the stage speed, line printability begins to improve across all substrate temperatures and

drop spacings. This improvement is due to the asymmetric droplet impact spreading due to the
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stage movement at higher spee&sure 3-7). Asymmetric droplet impact spreading occurs when
droplets impact a stage with sufficiently high speegrtonote drop deformation and asymmetric
spreading”® Typically, inkjetprinted electronicsayers and deviceare printed at speeds on the

orderof 10-100 mm/s, which is significantly faster than stage speeds use&® fitis.is due to

the |imitations of the apparatus which is | im
values of drop spacing used herigure 3-7a shows consistent asymmetric droplet spreading
across |ines with a 30 pm drop spacing printe
stage speeds, the droplet morphology appears as a conttegitedJpon further inspection, only

droplets which have observable overlap to the previous droplet in the system express an
asymmetric droplet profile. This suggests that while droplets will be subject to asymmetric
deformation due to the high stage spedbey will only retain this beneficial shape if they have
experienced sufficient contact pinning to the previous droplet in the system. Droplet asymmetric
spreading increases the length of droplets as they impact and sinter upon the surface, which can
result in larger droplet overlap conditions being satisfied with subsequent overlapping droplets.
With a large overlap onto the hydrophilic surface of the dried droplet, subsequent droplets can pin

to the surface, thus increasing printability at higher speBde onset of advantageous changes in

droplet regimes due to stage speed conditions occursfro@ 000 pm/ s. The i nves:
stage speed is limited by the acceleration capabilities of the setup. The limitations of droplet
spreading is an importapoint of further research to identify the limitations of the throughput of

this technique. Despite this, the spreading mechanisms observed at high temperatures positively

influence printability and this is expected to remain true for higher speeds.
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Figure 3-7. Overlapping dried droplet spreading behavior with-nwerlapping isolated droplets
at system critical temperature 180°C: (a) 30

at 10 (bcap barrepresents 0m

Despite the successful production of lines, there are some notable drawbacks to this technique.
The first being the technical issue of nozzle clogging. During the production of these lines, it is
not uncommon for inkentrained within the nozzle to sinter due to radiative heat from the stage.
The closer the printhead is to the stage, the more exposed it is to radiative heat and thus is more
susceptible to nozzle clogging. Nozzle clogging is more prevalent at lowesp&ags due to the
increased time between droplet jetting allowing the nozzle tip to be further influenced by the stage
temperature. Regime maps at lower stage temperataigesd 3-5a and b) show that regimes

begin to transition towards isolated droplets at high speeds after experiencing transitions towards
true stackegtoin morphology at intermediate speeds. This is not reflected at higher stage
temperatures within the observed limits of the experimental system. Higher stage speeds would
further impact the line formation phenomenon as there may be a limit to the enhanced printability
caused by asymmetric spreading. While this study has utilized btgfing to achieve a fast

drying condition, this limits the application of the technique to substrates which are not
thermosensitive relative to the instantaneous drying temperature of the ink. Despite this, the

intrinsic mechanisms of this technique mag applied to UV sensitive conductive ink options,
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overcoming the thermesensitivities of a substrate while ensuring instantaneous drying with UV
radiation. The timescale of droplet ejection vs evaporation is a key factor for consideration for this
technque, being a key factor in larger successful printability regions at lower stage speeds. The
different drop spacings and stage speed values investigated here, provide a printability range for
silver ink droplets on TefloF surface. Varying the drop spag and stage speed in tandem
results in large differences between droplet deposition delay and evaporation time for droplets
printed within each temperature regime. Compared with the regimes of printability experienced
on a hydrophilic stage, there argrsficant differences of note. Only one successful region of
printability exists for hydrophobic substrates (staekemh morphology), while a range of
successful connected lines (including scalloped and bulged lines) can be achieved on hydrophilic
substrges, with uniform being desirabté.Moreover, the droplet deposition delay is a more
suitable factor than stage speed to define printability ranges, which is influenced by both stage
speed and dp spacingFinally, asymmetrically dried droplets are of great importance to increase
the printing throughput for this technique and it can be considered as a promising direction of

research.

3.4. Conclusions

This chapter defines and analyzes the successiuting regimes of stackedoin lines on a
hydrophobic surface. The effects of stage speed, drop spacing, and stage temperature have been
identified as the key printing parameters controlling line printability. The mapping of printability
regimes based oemperature and drop spacing can thus be used to successfully predict the onset
conditions of true stackecbin morphology. The critical temperature of the system, ensuring

instantaneous drying at all applicable drop spacings was found to be 180 °C. Aumatiop
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spacing of 20 um was i decoiniedimeeahnotba dcbieved. Algdy, i ¢ h
speeds up to 20 pm/ s are the most sensitive t
Asymmetric droplet spreading has also been identifsea key characteristic which fundamentally

improves the printability of these lines. This phenomenon has shown distinct promise for the

application of this technique in achieving higher printing throughputs in the future.
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Chapter 4. Organic thin-film transistors with inkjet-printed

electrodes onhydrophobic Teflon-AF gate dielectric

This chaptehas beempublished in the journal Organic Electronics, Copyright Elsevier.

Paria Naderi, Gerd Grau, Organic tfilm transistors with inkjeprinted electrodes on
hydrophobic TefloPAF gate dielectric with reversible surface properties, Organic Electronics,

Volume 108, 2022, 106612, ISSN 156699 https://doi.org/10.1016/j.orgel.2022.106612

4.1. Introduction

In chapter 1, fundamentals of printed OTFTs were briefly discussed. In chapters 2 and 3, two
methods of inkjet printing patterns ondmgphobic surfaces were explored. In this chapter, OTFTs
incorporating a hydrophobic gate dielectric are presented. In the fabrication process, plasma
treatment is used to render the dielectric surface wettable. However, plasma treatment affects the
surfa@ properties of the dielectric layer which are reversed after sapostling step to anneal

the silver source and drain electrodes. The results of this chapter are very insightful for future
research in soluticprocessed OTFTs, while they confirm thefudness of printing methods that

were demonstrated in the previous chapters.

TFTs have applications in flexible, low cost and versatile electronics and a lot of research has been
carried out to improve their fabrication process and performance of tHepfoducts. Using
fluoropolymers as the gate dielectric has a number of advantages. Due to thenepaitency,
fluoropolymers are used in transistors as the gate dielectric or encapsulation to prevent possible

doping and charge trapping in the chadffé A smoother dielectric surface leaddarger grain
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sizes and fewer defects in the organic semiconductor (OSC) cHafinel TFTs, since charge
transport happens within a few nanometers from the semictorduielectric interface, the
dielectric surface properties become very impoffafit. However, it catbe quite challenging to
incorporate hydrophobic fluoropolymers in solutiprocessed electronic devices. To fabricate
transistors with a small channel length, the source and drain electrodes arprinkget and the
surface is required to have high weitdy. As was discussed in chapter 2, one method of
increasing surface wettability is to use plasma treatment. However, pédshiag on
fluoropolymer films increases the film%s roug
In many reports, OTFTs with hydrophobic gate dielectric are limited to vacuuoegsed
electrodes due to the difficulty of printing electrodes and/or the OSC onto a hydrophobic dielectric
4546 There are examples of solutiprocessed electrodes in OTFTs with conductive inks such as
silver and gold on surfaemodified hydrophobic gate dielectrics like Teflér and Cytop. To
overcome the low surface energyflooropolymers, some reports used selective surface energy
patterning combined with blanket coating of metal nanoparticle inks, which requires a mask and
is difficult on heterogeneous substrate¥2 Another method isxtrusionprinting combined with
plasma surface modification, however, the resolution isffévirherefore, there is a need to study
scalable, highresolution printing methods such as inkjet printing to fabricate OTFT electrodes on
fluoropolymers. Furthermore, theffect of surfacenodification on these fluoropolymer surfaces
and the OSCl/dielectric interface has not been studied shn finis thesis, in an effort to inkjet

print electrodes with small separation distance (transistor channel length), the effiesntd p
treatment on TefloAF as the transistor gate dielectric is studied and its reversible surface

properties are characterized.
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Hydrophobic fluoropolymers are a promising candidate for gate dielectrics in OTFTs since they
have low charge trap densityeetrical and chemical resistance to the environment, low dielectric
constant, and water repellent#*In many reports, OTFTs with hydrophobic gate dielectric are
limited to vacuum processed electrodes due to the difficulty of printing electrodes and/or the OSC
onto a hydrophobic dielectrfé:*® Other than their watearepellency and smooth surfaces,
fluoropolymers havelow dielectric constant, which enhances the charge transport in the
semiconductor channél? The strong @C and GF bonds are what make fluoropolymers unique.
Their interesting properties such as thermal stability, chemical inertness, and low dielectric
constant have made them suitable candidates for tubing and coating, cable insulation,
cardiovascular grafts, and protective coating in printed circuit bYafd$%®
Polytetrafluoroethylene (PTFE), commercially known as Teflon, is perfluorinated polyethelyne in
which all the hydrogen atomsvebeen replaced by fluorine. In other words, fluorine atoms cover
the GC backbone and enrich it with useful characteristics such as low surface tension (18 mN/m)
and low dielectric constant (2%). Teflon amorphous fluoropolymers (TefléF) are
copolymers of Teflon and 2/@s(trifluoromethyl}4,5-difluoro-1,3 dioxole. They have low
refractive index (~1.3), low dielectric constant (~1.9), high optical transparency (from around 200
nm to 2000 nm wavelength), and no crystallinity. Their applications range from chemical
separators and sensors to matis for biological assay$8’'% Teflon-AF is available in two
grades depending on its glass transition temperaty)e T€flonrAF 1600 (T;=160 °C) and
TeflonrAF 2400 (1;=240 °C). TeflorAF is especially useful for coating applications where
surface hydrophobicity is the key requirement to encapsulate an electrical device from

environmental effect®°or as the gate dielectric in solutipnocessed organic thiilm transistors
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(OTFTs) 446777103110 The chemical structure of Teflon (PTFE) and Tefidh are shown in

Figure4-1.
N Y
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Figure4-1. Chemical structures of Teflon (PTFE) and TefldhR

Teflon-AF has been used #se gate dielectric in solutieprocessed OTFT$67.771031 hecause

of its interesting properties. However, due to their low surface energy, one cannot easily form
patterns on these films through lawscosity solutiorprocessing techniques such as inkjet
printing of electrodes. To combat this wettability sssurface modification is often performed

on these films to decrease their hydrophobicity. Plasma treatment is convenient, it changes the
surface without tampering with the bulk, its effect is uniform, and it does not require the use of
hazardous chemicaf®. Some studies have investigated the nature of surface modification of
fluoropolymers such as crystalline PTFE through plasma treafih&rif %11 in other contexts,

some reports show that heat recovers the surface of different fluoropolymers after they have been
modified either by plasma treatment or humitlityln a solutioprocessed bottomatebottom

contact (BGBC) OTFT, the hydrophobic gate dielectric undergoes a series of processing steps.

After the dielectric film is solutiomleposited, it is annealed once for its solvent to evapdriags,
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the film surface is modified to increase its wettability to prevent dewetting and improve adhesion
of the next solutiofprocessed layer. Plasma treatment can change the surface both chemically and
morphologically*! Therefore, since the channel is only a few nanometers thick, a nancater
change in the suréa could alter carrier transpdPt*3Finally, with the annealingf the next layer
(electrodes or another polymer layer), the gate dielectric is also annealed at least one more time.
When using fluoropolymers as the gate dielectric, this-posealing step can reverse the effect

of the plasma treatment.

In this chaper, we first show the fabrication process for OTFTs with irgjé@ited silver source

and drain electrodes on a fluoropolymer gate dielectric. We study the effect of the electrode
processing on TefloAF as the gate dielectric and take advantage of iwrséue properties to
engineer the OSC/dielectric interface. By varying the -posiealing temperature, the surface
properties of TeflorAF change, which causes the OSC/dielectric interface to change. It is
demonstrated that the state of the Tefidn surface clearly affects the extracted transistor
parameters such as mobility,-oarrent, offcurrent, on/off current ratio, and the threshold voltage.
Our findings show that after plasma treatment, the wettability, roughness, and the percentage of
reactive eéments like oxygen increase on the surface of the films. However, they all decrease after
postannealing corresponding to improvements in the OTFT performance. This confirms the
importance of TeflorAF surface reversibility to engineer the OSC/ dieledttierface in a printed

transistor fabrication process.
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4.2. OTFT preparation

The complete OTFT fabrication process is shownFigure 4-2. BGBC configuration was
employed. The transistors were fabricated on indium tin oxide {€b@ed glass slides (Sigma
Aldrich, Oakville, Canada). The ITO film was used as the gate electrode. -Pgfld500 was
dissolved in Fluorinert F40 in a 1.6 wt. %olution. The solution was spooated in two steps at

600 rpm for 1 minute and dried at 150 °C for 15 minutes each time, resulting in an overall thickness
of 450 nm. The dielectric layer was then air plagreated for 1 minute at 200 W with a 88

plagna system (50 kHz). Afterwards, the source and drain electrodes werepinkjetl using a

silver nanoparticle ink. Acustofmui | t i nkj et printer with a 60 |
channel width of the devicewawawy aX, 200 fpgrma,m 2
pm. The printed source and drain electrodes w

coffee ring effect and then annealed at different temperatures for the purpose of this study. The
organic semiconductor poly(2fs(2-octyldodecyl)3,6-di(pyridin-2-yl)-pyrrolo[3,4-c] pyrrole
1,4(2H,5H}dionealt-2 , -Bithiophene) (PDBPyBT) (Ossila Ltd, Sheffield, UK) was dissolved in
chloroform with 10 mg/ml concentration and was spiated at 3,000 rpm followed by annealing

at 120 °C for 10 minutes.

To study the effect of plasma treatment directly on the OTFT performance, devices with-no post
annealing condition were also tested. In this case, after annealing printed electrodes at two different

temperatures (100 and 160C), the samples were plasma treated one more time.
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Samples for TeflofAF characterization were fabricated in the same way without the printed
electrodes and the organic semiconductor. All devices were fabricated and tested in ambient

conditions.
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Figure4-2. OTFT fabrication process

4.2.1. Plasma treatment of TeflorAF

Figure4-3a and b show the printed soues@l drain electrodes without and with plasma treatment.
When printing silver nanopatrticle ink, the ability of the ink droplets to wet the surface is crucial

for the formation of continuous, conductive lines. Before plasma treatment, due to the low surface
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wettability of TeflorAF, the ink droplets do not spread out or wet the surface properly. As can be
seen inFigure4-3a, the droplets bead up instead, making it impossible to form fine, continuous
lines through inkjet printing. Air plasma treatment significantly alters the surface characteristics
of TeflonAF. After plasma treatment, the wettability of Tefl&f surface mcreases. Sdegure

4-3b. The ink droplets now spread out and coalesce into fine lines upon printing, allowing for the

formation of highresolution,conductive patterns.

a)

Figure 4-3. Optical micrographs of printed source and drain electrodes (a) without plasma

treatment, (b) with plasma treatme&tale bar represents 200 pm.

4.3. OTFT performance

Thefabricated transistors were characterized using a semiconductor parameter analyzer (Keithley
4200, Tektronix). As was discussed in the introduction chapter;¥woéasurements are required

to analyze the performance of the devices: transfer charact(igtig) and output characteristics

(laVd). Transfer characteristics are used in this section to extract transistor pararigeesl-4

shows the transfer characteristicd/¢) at Va=-120Vfor2 0 pm channel | ength
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and with different posannealing temperatur¢sweeping speed: normaks can be seen from
Figure4-4, the oncurrent values and the slope of the square root of the drain current are higher
for postannealing temperatures of 120, 140°C, and 160C. The devices below and above this
range show clear tlerioration in performancéigure4-5 shows the performance trend versus the
postannealing temperature for the following metrics: average and maximum saturatien field
effect mobility ( , average and maximum linear fiedffect mobility ( , average and
maximum onRcurrent {O normalized by channel width and length, log of -aifrent

(0 € '@ , threshold voltageu§ , saturation subthreshold swirity fYand log of oroff current

ratio 0 € "@— . These parameters were averaged over the whole rghannel lengths from

20 Ppm to 75 puPym.

The saturation fiekeffect mobility is calculated from the slope of the square root of the drain

current versus gate voltage froaV § characteristics in the saturation regime:

ol
£
'_\

‘ o T
5 ® T

wherew andi are the channel width and length of the transistor channet) anslthe dielectric
capacitance per unit area. Devices with nojaostealing step have low performance. The devices
postannealed at 160 °C have the highest mobility (average: 0.3 smand maximum: 0.19
cm?/V.s), and the devices peatnealed at 120 °C have the highest on/off current ratio (average:
v® p mmand maximumo& p 1). The saturatiomnd linearfield effect mobility and the on
current are highest at pestnealing temperatures between 1ZD and 160°C. The other

parameters are initially constant with pasinealing temperature up to 18D. At this point,w
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abruptly starts becoming more néga, SS andO increase andO ¥O decreases. Two
different regimes can be observed. At low parshealing temperatures, -state performance
increases as the pemtnealing modifies the TefleAF dielectric. At high posannealing

temperatres, both onand oftstate performance deteriorate.

In Figure 4-4, for postannealing temperatures abo¥60 °C, the gatanduceddrain leakage
increases for posite w. For® 11, the OSQrapselectronsvhichattractsghe holes accumulated
at the gate side of the dielectric, leadingatoincrease in leakage currétftHowever, he ulk
characterization in sectich7 shows that TeflotAF capacitance does not change when the film

is exposed to higher annealing temperature.

Therefore, it is important to identify the optimal pasinealing temperature. It is worth noting that

other trasistors reported using this OSC (PDBPyBT) or other DPP derivatives, have used
evaporated source and drain contacts and inert atmosphere processing conditions for the OSC
46115116 The transistors fabricated here, despite having upkjated contacts and ambient
atmosphere processing for the OSC, show comparable performance to transistors with the same

device stucture and otherwise same OSC processing conditions.
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4.3.1. Contact resistance measurements

As shown inFigure4-5, a clear tend is observed between all OTFT parameters and FAffon
postannealing temperature with different regimes. There are different phenomena affecting the
performance of organic transistors. For instance, controlling the OSC/ dielectric interface with the
aim of minimizing the trap density in the channel can lead to high mobility de\icE§ At the

same time, it is welkknown that organic fieleffect transistors suffer from limitations caused by
contact resistanc®, and since the posinnealing temperature is, in fadtetsilversource and

drain annealing temperature, it may affect the contact resistance. To understand the effect of
contact resistance, two methods were used, the transmission line method (TLM) and the Y

function method (YFM). Both methods were discussechiapter 1.

4.3.1.1. Extracting contact resistance using TLM

For TLM, the output characteristics are udedure4-6 shows the output characteristicg/d) of

a 20 pym channel | e n g t-annedledwat 160e°C. Wiistt the total resistanceo d e s
was extracted from the inverse of the slope efdhtput characteristics in the linear regime. For

TLM, it is necessary to vary the channel length and then plot the total resistance versus channel
length.Figure4-7 shows three transistors with three different channel lengéhgm, 50 um and

75 um For the contact resistance calculatiomansistors with channel lengtof 20, 30, 40, 50,

60 and 75um were usedThe width normalized contact reiace and channel resistance per
channel length were extracted from thimiercept and the slope of the plots. The results are shown

in Figure4-8a and b.
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Figure4-7. The final device with (a) 20 um, (b) 50 um and (c) 75 pum channel length, with the

OSC spircoated on topScale bar represents 200 pm.
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4.3.1.2. Extracting contact resistance using YFM

Next, YFM was used to calculate the ldwld mobility and the contact resistan€€ Y ¥¢

for all the postannealing temperatures. The results are showfigare 4-8c and d. Lowfield
mobility is the intrinsic carrier mobility of the transistor, which is not affected by contact
resistance. The YFM technique is introduced in detail in Eefln the YFM, the transfer
characteristic (Mg) in the linear regime is used. The extraction process was discussed in detail in
the introduction chapter. Using the current equation in the lineareeti Y function is defined

as:

)
c 4-2

where"Q is the transconductance, and0 are the channel width and length of the transistor,
0 is the dielectric capacitance per unit areais the lowfield mobility, w is the drain current
(here-20 V), andw is the threshold voltage. From the slope of Y versys is obtained and

from the xintercept,w is extracted. To calculate contact resistance, mobility attenuation factor

was extracted, which gives us contact resistance:

| N

where— 1,0 and’Y are the mobility reduction coefficient, transconductance parameter,

and the sourcdrain contact resistance, respectively. In the next step, weplotersusv  w,

using the below equation:
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From the xintercept, we extracted-from which we can obtained contact resistance.

4.3.1.3. Analysis of the resultsextracted from the two methods

The lowfield mobility changes with postnnealing temperature with the xiraum value at 160
°C (Figure4-8d) and it exhibits the same trend as the saturation-diétt mobility shown in

Figure4-5a.

The contact resistance values extracted from thentethods Figure4-8a and c) are very close
to each other and follow the same trend, which confirms the reliability of both methods in proving

that the contact resistance is independent of-aostealing temperature.

Furthermore, channel resistance and-feedd mobility exhibit the same trends as well as
comparable values when converting between theigu(e 4-8b and d). Therefore, here with
contact resistance not changing @ndand channel resistance changing with f@ostealing
temperature, we conclude that the main factor contributing tdtrege in transistor performance

is the change in the OSC/dielectric interface. This interface is where the organic semiconductor
material comes into contact with the gate dieleetifeflon-AF in this case. It is at this critical
juncture that the majoritgf the device performance characteristics are determined. The channel
resistance and Iofreld mobility are two fundamental parameters that characterize the
performance of transistors, and they are interrelated. Channel resistance  quantifies the

resistance offered by the semiconductor material of the channel to the flow of charge carriers when
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avoltage is applied across it. This resistance is influenced by the channel iengttannel width

w , material properties, and the interface gyddetween the semiconductor and the dielectric.
TLM is employed to determin¥ by fabricating a series of devices with varying channel
lengths and measuring their total resistances.-field mobility * represents the rate of charge
carriee. movement per unit electric field under low electric field conditions, where the carrier
velocity is directly proportional to the applied electric field. It provides an indication of how readily
charge carriers can traverse the semiconductor material.cditrelation between channel
resistance and lovileld mobility stems from the fundamental operation of a fefiéct transistor

(FET). The drain currentO© in the linear region isimplified as (equation-b in Chapter 1):

(@] 0 -
v

where* ,0 , w, andd are thdinearfield-effectmobility, the gate oxide capacitance per unit

area, channel width, and channel length, respectively.

Rearranging this equation to solve for channel resistance yields:

P 4-5

While*  can be expressed in terms ofusing—?2.
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Thes expressions reveal that channel resistance is inversely proportionatieltbmobility; as
mobility increases, channel resistance decreases, assuming all other factors are held constant. This

inverse relationship can be observedrigure4-8b and d.
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Figure4-8. Width normalized (a) contact resistance, and (b) channel resistance per channel length
calculated using TLM. (c) Width normalized contact resistance, and (dfidtmvmobility
calculated using YFM. The contact resistance values extracted from the two methods are very
close to each other and show that the contact resistance is indepehgmstannealing

temperature.

In practice, both TLM and YFM provide complementary information. TLM can separate the
channel resistance from contact resistance, giving a direct measure of the channel's inherent

resistance. YFM, on the other hand, provichssght into how easily charge carriers move within
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the channel under a low electric field, which is influenced by the channel resistance including the
quality of the semiconductor and the interface with the dielectric layer. When both methods are

applied,a complete picture of the transistor's electrical behavior can be ascertained.

After rejecting contact resistance as a major factor here and consequently the possible effect of
postannealing on the electrodes, the focus will be directed to the OSQtdeeleterface. Hence,

in the following sections, the effect of the pasinealing on the TefleAF surface wettability,
morphology, and chemistry are studied. It is also worth noting that the devices with no post
annealing were tested with two differesiliver annealing temperatures (100 °C and 160 °C) that

performed very similarly to each other.

4.4.  Wettability: water contact angle measurements on TeflorAF films

The advancing and receding contact angles (CA), along with the contact angle hysteresis of
deioized (Dl)water droplets on TefleAF films before and after air plasma treatment and after

the postannealing step, are presentedrigure4-9. The contact angle &l water was measured

using a Kruss DSA10 contact angle measurement system. Each error bar was calculated using 12
to 14 data points. The advancing CA before plasmdntes#t is 118.4°, which indicates the
hydrophobicity of the surface. The receding contact angle is slightly lower and is equal to 109.7°.
Therefore, the contact angle hysteresis is just below 10°. After plasma treatment, the advancing
and receding contachgles drop to 101.7° and 36° respectively (still considered as hydrophobic),
causing the CA hysteresis to increase to 66°. Aftergasealing the films at 80 °C, the advancing

CA increases to 118.1°. For higher annealing temperature, it increasesdtdlsow rate up to

121° at 200 °C. Conversely, the receding CA is still low at 80 °C (66°) and has a higher rate of
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increase to 109.7° at 200 °C. Thus, the CA hysteresis decreases from 66° to 10.3°. The receding
CA changes most dramatically followingetiplasma treatment and p@stnealing stepssigure

4-10a-d show the difference in the receding CA for 80 °C and 200 °Caustaling temperatures,

while their advaning CAs are not very different. The high CA hysteresis and overall lower CA at
lower postannealing temperature are indicative of two possible causes: a rougher surface caused
by plasma treatment or/and the presence of reactive elements caused by nglaisn@ant which

results in liquid sorption and wetting of the surface. Likewise, the low CA hysteresis and higher
CA at higher posannealing temperature can be explained by lower roughness or/and lower
percentage of reactive elements, which prevent théngetf the surface. Both roughness and
surface chemistry of the dielectric/ OSC interface can affect transistor behavior. Additionally,
changes in dielectric CA can affect the thickness of the solptiocessed OSC and potentially

OTFT performance. Theskfferent phenomena are investigated in the next sections.
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Figure4-9. Advancing and receding CA, and CA hysteresis of DI water on T-éffofilms before

and after air plasma treatment and afterjaosteling. Both advancing and receding CA decrease

after plasma treatment and recover with gostealing. The decrease in receding CA is much

larger than for advancing CA resulting in increased CA hysteresis after plasma treatment.
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Figure4-10. Images of droplets on films peahnealed at 80 °C are shown &) for advancing
and ) receding mode. Similarly, droplets on films pashealed at 200 °C are shown @ for
advancing andd) recedng mode. The receding CA for samples parstealed at 80 °C and 200

°C are very different, while the difference for advancing CA is smaller.

4.5. Organic semiconductor

Figure4-11 shows the OSC thickness versus Teffdn postannealing temperature. At 180 °C
and 200 °C, the OSC preferentially wets the source and drain electrodes and channel. It dewets
from the TeflorAF dielectric in other areas due to the low CA hysteresis. This increase in the
OSC thickness can explain the increase in the transistouofnt Figure4-5d) beyond 160 °C.

For lower TeflorAF postannealing temperatures, the OSC thickness varies less strongly but still
increases with temperature due to the changing surface wettability. To confirm whether the
changes in OTFT electrical charactaecdstwith postannealing temperature up to 160 °C are due

to changes in the TefleAF surface properties or the OSC thickness, another set of devices was
fabricated with a posannealing temperature of 120 °C and a lower spin speed (2,000 rpm
compared witl8,000 rpm for all other samples). The average OSC thickness expectedly increased
from 114 nm to 182 nm, which is comparable to the 160 °Gaustaled devices with the best
on-state performance. This thickness increase caused tharoéht to increasedmp® p 1

Atouv& p 1t A.Bydecreasing the spin speed to 2,000 rpm, the intedegendent parameter
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threshold voltage only changes marginally freéh8 V t0-9.3 V. The average saturation mobility
and onoff current ratio decreased from 0.11 %vhs to 0.08 crA'V.s, and fromu® p TTto
p& p T, respectively. Therefore, it can be concluded that OSC thickness cannot explain the

improvement in OTFT performance with p@stnealing.
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Figure4-11. OSC hickness versus peannealing temperature shows an increasing trend with

increasing temperature.

45.1. Testing another OSC:TIPS-pentacene

To show the generality of the effect of pasinealing of TeflorAF on device performance,
transistors with another O$6,13-Bis (triisopropylsilylethynyl) pentacene (TIR&ntacene) as

the OSC were also fabricated. THB8ntacene was dissolved in Hexane in a 10mg/ml solution.
TIPS-pentacene solution was dropst on the posinnealed devices, and it was annealed at 40 °C
for 10 minutes. TIP$entacene quickly forms into relatively large crystals after depodiigare

4-12 shows the transfer characteristics of tworespntative OTFTs pasinnealed at 80 °C and

160 °C.Table4-1 shows their average OTFT parameters. Device performance is low as the process
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was not optimized and all fabrication steps were performed under atmospheric conditions. As can
be seen inrable4-1, the device performance is better for the devices-@mséaled at 160 °C,

which is in agreement with our results obtained from OTFTs with PDBPyB

1.E-05
——TIPS 160°C
——TIPS 80°C
1.E-06
LE07 2
1 E-08 &
=
o
1.E-09 &
A
- - - - 1.E-10
80 60  -40  -20 0 20

Gate Voltage (V)

Figure4-12. The transfer characteristics of two devices jaostealed at 80 °C and 160 °Cvat

=-120 V. The channel length and dielectric thickness #€&pm and, and 300 nm, respectively.

Table4-1. The average TIRBentacene OTFT parameters for devices-pasealed at 80 °C and

160 °C. The results are in agreement with data obtained from OTFTs with PDBPyBT.

Postannealing Saturation Mobility

Temperature (oC) (CmZ/VS) |On/(W/L) (A) IOff (A) IOn/|0f‘f

80 4.26E04 2.15E09 1.79E10 [8.87E+02

160 7.07E03 7.61E08 4.13E08 [5.14E+03
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4.6. Surface morphology: roughness measurement through atomic

force microscopy (AFM)

Wettability is a factor that needs to be characterized alongside roughtfe€ontact angle
hysteress is mainly the result of surface roughness. The roughness size can be in the micrometer
120 or nanometer rang®’. Experiments and simulations show that even atmite roughness

can lead to contact angle hystere'$is Both peakio-peak and average roughness (root mean
square (RMS)) of the TefleAF films before and after plasartreatment and after pestnealing

were measured and are presenteBigure4-13. The roughness of the TeflgkF films and the
thickness and rougtess of the OSC layers were measured with a Multimode 8 scanning probe
microscope (SPM). The imaging mode was ScanAssisEach error bar was calculated using
12-18 data points obtained from different samples and different spots on the same saniple. Bot
roughness measumens increase after plasma treatment from 0.63 nm to 1.25 nm and from 4.61
nm to 8.28 nm for average and pdekpeak roughness, respectively. They decrease after post
annealing at 80 °C to 1.1 nm and 7.97 nm for the average andiggpaéik roughness, respectively.

They continue to decrease slowly to 0.67 nm and 4.97 nm, respectively, at 200 °C. Both these
roughness values help build a better understanding of how the surface morphology of the films
changes through the plasma and fastealing steps. To have a complete understanding of the
surface roughness, the AFM images representing each step are skayunad-14. Interestingly,

after postannealing the films, grailike structures appear on the surface, and then by increasing
the temperature, this gralike structure disappears and the films become smooth again. The films

start smoothing at 160 °C, which is theagg transition temperaturegfTof the material. The
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decreasing surface roughness may explain the gradual increase indineenh and saturation

field-effect mobility with increasing postnnealing temperatur€&ifure4-5a and c).
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Figure4-13. (a) Average and (b) ped&-peak roughness of TefloAF films before and after
plasma treatment and aftevgtannealing. Both roughness values increase after plasma treatment

and decrease after pamtnealing. At 200 °C, they approach their value before plasma treatment.
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Figure 4-14. AFM images of theTeflonAF films (a) before plasma, (b) after plasma, post

annealed at (c) 80 °C, (d) 100 °C, (e) 120 °C, (f) 140 °C, (g) 160 °C, (h) 180 °C, and (i) 200 °C.
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It is well known that higher roughness causes a disordered structure in the OSC at the Aterface

A smoother dielectric surface causes the formation of larger OSC grains at the interface, which
leads to improved charge transport and figfiéct mobility 12425 The average roughness data

and AFM images of the OSC for different pastnealing temperature are showrfigure4-15

and Figure 4-16, respectively. The OSC roughness increases with increasinganpuestling
temperature which indicates the increase of OSC grain size. The decrease in the @A&ifter

high postannealing temperatures with decreasing roughness matches well with theory. According
to the Wenzel model, on hydrophobic surfaces, when the droplet is receding, larger roughness pins
the contact line trying to stop the liquid from retiagt therefore, leading to a larger CA hysteresis
126128 However, the decrease in advancing contact angle after plasma cannot be understood in

terms of surface roughness ahd chemistry of the surface needs to be considered.

Average Roughness (nm)
O = M = h Oy =] 00 D
T
—e—

220 0 20 40 60 80 100 120 140 160 180 200 220
Post-annealing temperature (°C)

Figure 4-15. Organic Semiconductor (OSC) average roughness (RMS) versuanpesting

temperature. It shows an increasing trend.
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Figure4-16. AFM images of the organic semiconductor on Te#dn (a) plasma treated after
postannealing (0 °C), posinnealed at (b) 80 °C, (c) 100 °C, (d) 120 °C, (e) 140 °C, (f) 160 °C,
(g) 180 °C, and (h) 200 °C. Note thhe scale of the scans is larger for 280and 200°C due to

the dewetting and large roughness of the OSC.
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4.7.  Bulk chemistry

This section delves into the evaluation of the bulk dielectric properties of 7&Ha@s a function
of postannealing temperature, utilizing metasulatormetal (MIM) capacitors as the test

structure, and FTIR spectroscopy.

4.7.1. Dielectric evaluation

First, MIM (metatinsulatormetal) capacitors were fabricated to evaluate the dielectric properties

of TeflonAF. MIM capacitors are a classic structure used to assess the dielectric properties of
materials. These capacitors consist of two metal electrodes separated by an insulating layer, which
in this case is TefloF. Capacitance values of Tefl&F postanneatd at different temperatures

are measured to study the performance of the material as an insulator in electronic devices.

The geometry of the MIM capacitors, breakdown electric field, and capacitance versus frequency
are shown irFigure4-17. The breakdown electric field shows the maximum electric field the
dielectric can withstand before it fails, which is indicative of the material's robustness and

reliability.
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Figure 4-17. (a) Capacitance schematics, and (b) currentuseetectric field, the breakdown

electric field is around 4 MV/cm.

Figure4-18 shows capacitance versus log of frequency for-pnaealing temperatures of 80 °C,

120 °C and 200 °C. Therefore, the dielectric capacitance of Taffothoes not change with pest
annealingémperature. The results, as depicted in the figures, show that the average capacitance
and the dielectric constant remain constant at about 3.5 nF/cm? and 1.83 + 0.07, respectively,
across all posannealing temperatures. This indicates that the bulkaiielg@roperties of Teflon

AF, specifically the dielectric constant, are stable across the range of temperatures investigated.
This stability is crucial for applications where the dielectric layer needs to perform consistently

under different thermal cortbns.
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Figure4-18. Capacitance versus log of frequency for gostealing temperatures of 80 °C, 120

°C and 200 °C.

4.7.2. FTIR spectroscopy

Next, FTIR spectroscopy is used to investigate the possible effpastannealing temperature

on the dielectric bulk properties. Attenuated total reflection (ATR) is a powerful analytical
technique used to determine the molecular composition and chemical bonding in materials. In this
context, ATRFTIR spectroscopy wasmployed to examine the TeflgkF samples, utilizing a

Vertex 70v FTIR spectrometer. The measurements were conducted in absorption mode, meaning
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the instrument measures the intensity of the IR radiation absorbed by the sample at various
wavelengths, convéng it into a spectrum representing molecular vibrations. The spectra are
studied to ascertain whether any changes in the bulk material occurred, which would be indicated

by shifts or changes in intensity of the characteristic absorption peaks.

The speaum for the TeflorAF solution is presented Figure4-19a. The main peaks at 1094 cm
11241 cmt, 1268 cmt, and 1305 crirepresent the fluorinated dioxole group and the peak at 725
cmit shows the amorphous structure of the matéffs®® Figure 4-19%-e show the spectra for
TeflonrAF films before and after plasnieeatment, posannealed at 120 °C and @CC,
respectively. These two specific temperatures represent samplempeated below and above
the glass transition temperature (Tg). The film spectra have the perfluorometigroepdCF3
peaks at 981 crh) which does not appear in the solutioncipen”*?° This-CF3 endgroup has
been reported to appear in the spectra foorairous TefloPAF powders and films that are not
too thin %%, The lack of significant changes in the characteristic peaks across the film spectra
suggests that the plasma treatment andesguent annealing at 120 °C and 200 °C, below and
above Tg of TeflorAF, did not alter the bulk structure of the polymer. This observation is
consistent with previous findings indicating the good thermal stability of Téffed600 below

400 °C*3,
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Figure4-19. FTIR spectra for TefloAF samples (a) irsolution form, and as a film (b) before
plasma, (c) after plasma, and pasnealed at (d) 120 °C, and (e) 200 °C. Film spectra do not show

significant differences for different treatments.

108



4.8. Surface chemistry: XPS measurements

Another explanation for thehange in contact angle hysteresis after plasma treatment and after
postannealing could be changes in the surface chemistry of the F&fditms. In this section,

the chemical composition of the surface is investigated using XPS to identify the chzonidsl

that are intensified or weakened in each fawstealing step. The survey spectra were obtained
from a K-Alpha XPS spectrometer. They were also repeated with ESCALAN 250Xi. The energy
scale was adjusted to place the carbon main pe#X @ 285 eV. e survey spectra include F

1s, O 1s, C 1s, and N 1s (weak) regidreble4-2 shows the change in the atomic percentage of
the different elements. Ehtotal atomic percentages of fluorine atoms decrease after plasma
treatment but increase after pasinealing. Conversely, the atomic percentages of oxygen, carbon,

and nitrogen atoms increase after air plasma treatment but decrease atienpabhg.

Table4-2. Atomic percentages @, F, C, and Nbefore and after plasma and with annealing.

Atomic %

Before Plasmé After Plasma| 80°C 160°C 200°C
O 1s 10.6 119 11.6 10.7 10.8
F1s 58.0 55.6 55.8 57.5 57.6
C1s 314 325 32.6 31.7 315
N1s 0.0 0.4 0.3 0.1 0.0
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The XPS results are explained by looking at higlesplution scans for different regions observed

in the survey spectrum for the Teflétr surface. Sekigure4-20.
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Figure4-20. XPS survey spectrum for TeflolF after plasma treatment

C 1s Region:

The C 1s region represents the binding energies ofdre electrons in the carbon atorbe
corelevel peaks in the C 1s region occur at the binding energies of 292 eV, 294.3 eV, 295.2 eV,

282 eV, 286.9 eV and 288.6 eV. These binding energies correspond to the following bonds:

f CF2 Bonds (292 eV)32133 The peak at 292 eV corresponds to the carbon atoms bonded

to two fluorine atoms. This is a characteristic peak of the fluoropolymer backbone.
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f CF3 Bonds (294.3 e¥313#13> The peak at 294.3 eV is indicative of carbon atoms bonded
to three fluorine atoms, tygally found at the end of a polymer chain.

f O-C-O Bonds (295.2 eVA*% The presence of a peak at 295.2 eV suggests the existence of
O-C-0O bondswithin the polymer or on the surface after plasma treatment.

 C-C3¥2139C-H*2133Bonds (282 eV, 286.9 eV): These peaks are attributed to carbon
carbon (CC) or carborhydrogen (GH) bonds, indicative of nefluorinated regions or
contaminants.

f C-O Bonds (288.6 eV} The peak at 288.6 eV represents carbrygen single bonds,
possibly due to the introduction of alcohol or other oxygentaining groups during
plasma treatment.

f CFCF Bonds (288.6 eVJ® This peak indicates the presenof carbosfluorine bonds

which is part of the TefloAF polymer structure.

F 1s Region:

The F 1s region is specific to the binding energy of core electrons in fluorine atoms. The F 1s
region of the spectra for the different conditions reveal the faligWwonds for the cofevel peaks

at 689.1 eV and 691.1 eV:

f C-F Bonds (689.1 eV§> A peak in this region signifies the presence of single carbon
fluorine bonds.
f CF2CF2 Bonds (691.1 eVj” A peak here points to a difluorinated carbon adjacent to

another difluorinated carbon, a characteristic structure within the TAflgoolymer.

O 1sRegion:
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The O 1s region reflects the binding energy of core electrons in oxygen atoms. In the O 1s region,

the peaks at 533.4 eV, 536.1 eV, 531.6 eV, and 537.3 eV represent the following bonds:

1 C-O Bonds (533.4 e\§> This peak suggests the presence of cadxygen single bonds.

1 O-CFx Bonds (536.1 eV): This peak likely represents oxygen atoms bonded to carbon
atoms that are also bonded to fluorine, indicative of the fluoropolymer surface that has been
oxidized or modified.

1 C-O-O Bonds (531.6 e\}/f> The peak at this energy is associated with peroxide or other
similar oxygeroxygen linkages.

1 O-C-O Bonds (537.3 eV This is aother indication ofhe presence of ©-O bonds

on the surface.

N 1s Region:

Finally, in the N 1s region, the peat@respond to the binding energy of core electrons in nitrogen
atoms. The weak peak at 402.5 eV in the N 1s region indicates the appearance of the following

bond after plasma treatment:

f C-N bonds (402.5 eV The appearance of this peak ppktsma treatment ggests the
introduction of nitrogercontaining groups, possibly from the air plasma, as nitrogen is a

major component of air.

The C 1s, O 1s and F 1s spectra for the different conditions are shé&iguia4-21. The main
peaks being distinguished with dashed lines specifying the main peaks at 292 eV and 294.3 eV for
C 1s,536.1 eV for O 1s, and 689.1 eV for F 1s regions. For all the three regismg platment

and postannealing cause shifts to the peak positions while at the highesarpwsiling
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temperature (200 °C) the peaks return to their position before plasma treatment.
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Figure4-21. XPS survey spectra for (a) C 1s, (b) O 1s, and (c) F 1s regions for different conditions,
with the dashed lines specifying the main peaks at 292 eV and 294.3 eV for C 1s, 536.1 eV for O

1s, and 689.1 eV for F 1s regions.
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The changes in the concentration of the main bonds are plotkégure4-22, to show the clear

trend of chemical change on the TeflaR surface Table4-3 provides the atomic percentage of
different elements corresponding to the bonds present on the surface. The percentage ef fluorine
containingCF2 (292 eV) and & (689.1 eV) bonds decreases after plasma treatment and increases
again after posannealing, while the percentage of oxygemtaining GC-O (295.2 eV) and €

O (533.4 eV) bonds follows the opposite trend.

The change in the concentoat of elements after plasma treatment and aftergrusealing could

be explained with two complementary scenarios. One, bonds containing oxygen and nitrogen form
after plasma treatment. After pemtnealing, these plasapaoduced bonds dissociate, and
fluorinecontaining bonds reform®%. Two, as has been suggested by R&. an overlayer
containing aiplasmaproduced oxygen and nitrogen atoms appears after plasma treatment, which
covers the fluoriated surface of TefleAF, and reduces photoemission from the film underneath.
Here, this overlayer is removed after the subsequentgpostaling step through a mechanism
called surface adaptation. Surface adaptation, which is the continuous motionpofyimer

chains from the surface to the bulk, has been observed in the ageing of PTFE. fitoih of

these scenarios could explain the elemental percentage changes observed here. Bonds such as CF2
(292 eV), show a higher percentagange from 16.8% to 10.2% after plasma treatment and back
to 15.7% after post annealing, als€33D (295.2 eV), which changes from 1.8% to 7.7% and back

to 3.7%. The change in some other bonds is smaller. For instafc@89.1 eV) decreases from
55.6%to 54.7% after plasma treatment and increases back to 56% aftempesiing Figure

4-22c). The shift in f with increasing posannealing temperatur&igure4-4b andFigure4-5e)

can be explained by the changdghe oxygen content on the Teflé{d surface Oxygen plasma
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treatment shifts the threshold voltage to more positive values by introducing electron trapping sites
at the interfacé*142 Right after plasma treatment;, ¥ -2 V, and it becomes more negative after
postannealing reaching22 V at 200 °C. The postnnealing reverses the positivestiift dueto

the oxygen plasmat is true that fluorine atoms faa high electronegativity, and they can cause

the trapping of electrons on the dielectric surf&®ebut here we do not see a corresponding

positive \ shift with postannealing.
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Figure4-22. The change in the percentages of the CFZ-O, GF, and CO bonds.

Table4-3. Percentages of chemical bonds measured by XPS
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Atomic %

Element | Bonding | Binding Energy | Before After 80 °C 160 °C | 200 °C
Type (eV) Plasma Plasma

Cls CR2 292 16.81 10.23 17.13 16.67 | 15.74
CR3 294.3 11.93 12.30 11.48 10.95 | 11.08
O-C-O 295.2 1.83 7.67 1.88 3.01 3.72
C-Cor G|282 0.31 0.36 0.53 0.52 0.38
H
C-O 286.9 0.29 0.87 0.71 0.32 0.36
CFCF 288.6 0.18 1.02 0.82 0.17 0.17

F1s C-F 689.1 55.62 54.72 54.66 56.14 | 56.01
CR2-CF2 | 691.1 2.33 0.83 1.09 1.31 1.54

O 1s C-O 5334 0.42 1.44 0.28 0.64 0.71
O-CK 536.1 9.86 8.77 9.87 9.66 9.55
C-0-0 531.6 0.12 0.47 0.43 0.14 0.21
O-C-O 537.3 0.17 1.19 0.99 0.23 0.30

N 1s C-N 402.5 0.00 0.10 0.30 0.40 0.00

We believe that the pesinnealing step at elevated temperature resembles an accelerated ageing

process where surface adaptation along with reformation of bonds at the surface cause the
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reversibility of films after posannealing. The increase in advanci@g and decrease in CA
hysteresis with posannealing temperature shown kiigure 4-9 is therefore explained by the
decrease in the percentage of reactive elemantsas oxygen and the increase in the percentage

of hydrophobic fluorine content on the surface. The lower percentage of reactive elements ensures
a better OSCl/dielectric interface with fewer trap sites, hence better OTFT performance. This also
partly exphins the improved OTFT performance for devices-postealed below 180 °C, above

which the OSC accumulates Raniformly between the electrodes.

4.9. Conclusions

In this chapter, OTFTs with inkjgtrinted electrodes on hydrophobic fluoropolymer gate dielectric
were fabricated. Plasma treatment was used to increase the wettability of the fluoropolymer.
However, printing and annealing of the electrodes add complications to the gate dielectric/ OSC
interface that have not been studied before. We show that suefeeesibility of TeflorAF

changes the morphological and chemical properties on the surface after plasma treatment and after
subsequent posinnealing at different temperatures. The contact angle hysteresis and surface
roughness increase and reactive el@sappear on the surface after plasma treatment. However,
after postannealing, the opposite trend is observed. The reactive elements disappear and the
random roughness on the surface changes to orderedligeastructures with increasing pest
annealingemperature from 80 °C to 140 °C. At 160 °C, the surface starts smoothing and at 200
°C it changes back to the state before plasma treatment. Hence, at the right temperature, the desired
wettability, roughness, and percentage of chemical bonds can le¥exthAt this temperature

(160 °C), OTFT parameters such as fieftect mobility and oroff current ratio are maximized.

To prove that the OSC/ dielectric interface is the domifetor rather than contact resistance,
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we extracted the contact resistareed lowfield mobility. The lowfield mobility that is
independent of contact resistance shows a clear trend witauposaling temperature. Lefield

mobility is increased by a factor of approximately five from 80 °C to 160 °Cagrostaling
temperaturgleading to improved transistor performance. Overall, the analysis indicates that the
postannealing step functions akin to an accelerated aging process for -A&flditms. It
facilitates the recovery of the surface's hydrophobic characteristics amsilvgiyg after plasma
treatment, enhancing the quality of the OSC/dielectric interface and thereby improving the
performance of OTFT devices. These insights into the relationship between surface chemistry and

electrical properties are crucial for the depenent of robust and reliable electronic components.

Printing conductive inks on inherently hydrophobic surfaces like T-&Bis challenging due to

poor wetting and adhesion. This problem was tackled by using plasma treatment to temporarily
increase thaurface energy of TefleAF, improving the adhesion and wetting of the printed ink.
Postannealing was shown to influence the morphology and roughness of the layers, which in turn
affects the device performance. The study managed to usarpusiling taeduce the roughness

and improve the morphology of TeflgkF.

By addressing these challenges, the study contributed to advancing the field of printed electronics,
particularly in the fabrication of OTFTs, by demonstrating control over the physical anccahem
properties of materials through treatment processes, thus improving device performance and
reliability. In the next chapter, another printed electronics challenge will be addressed by

depositing and engineering carbon nanotubes in the channel otAduih inkjet printing.
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Chapter 5. Inkjet -printed transistors with coffee ring aligned

carbon nanotubes

This chapter has begublished in the journalfd=lexible and Printed Electronics, Copyright

IOPScience

Naderi, Paria, and Gerd Gratlnkjet-Printed Transistors with Coffee Ring Aligned Carbon

Nanotubes.Flexible and Printed Electroniq®024).https://doi.orgl0.1088/2058585/ad1ccf

5.1. Introducti on

In the previous chapter, transistor source and drain electrodes werepnikjetl on a plasma
treated hydrophobic surface. Their annealing imposed a second annealing step on the dielectric
surface which caused changes in the OSC/dielectric inteffatleis chapter, inkjet printing is

used to deposit and engineer the channel material in TFTs.

Inkjet printing is widely considered as a promising technique to deposit CNT inks for the channel
of TFTs*“8As-grown CNTs have a large number of metallic tubes, whereas CNT inks with high
semiconducting percentage have been successfully format@f@INT inks have been deposited

as thin films using inkjet printing to make TE¥4%°0 strain and chemical senstr® and
conductive film&*>% When choosing the proper deposition technique for CNTs in TFT channels,
one usually needs to compromise between high mobility and higiff @urrent ratio. High
density solution processing techniques such as drop &stirdyspincoating? lead to high fiele

effect mobilities and low ocoff current ratio, while lowdensity techniques such as spray

coating®? and inkjet printing>®*in general, lead to higher aff current ratio at the cost of
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lowering the fieldeffect mobility. Additionally, it is diffcult to maintain both high transistor
current and low leakage current with any deposition technitjliee performance of CNT TFTs
improves by regulating CNTSs inside the TFT channel using solution processing teshitiig®

With inkjet printing, CNTs can be aligned on droplet edges as a result of capilla’?fidtilted
drop-casting causes the CNTs to exhibit liquid crystal behavior in the vicinity of the receding
contact line, which caes regulated bundles of CNTs to form due to the high local concentration
of CNTs>’ Modulating the density of CRs by inkjet printing fewer number of layers in the
channel region closer to the source and drain electrodes lowers the energy barrier for injection of

electrons?

Generally, film thickness neaniformity is avoide when a layer is solutieprocessed for a
device?®*?* The coffee ring effect is a major challenge when forming films from solutions. The
coffee ring is the ringghaped pattern that is left around the edge of printed patterns after the solvent
evaporatesDuring the evaporation process, the edge of the drepgporates faster. The contact

line, which is the interface of the solid, liquid and the surrounding vapor, is pinned. The contact
line tends to stay pinned, therefore, the loss of solvent is compensated by liquid flowing from
center to the edges. As esult, this capillary flow takes most of the solute to the etfgesthe

case of lines, the pattern will be linear instead of circular. Researchers have been working on
removing the coffee ring effect in CNT TFTs, since it causes the aggregation of the tubes on the
edges of the printed fiarn431440One way to eliminate it is by eliminating the pingj for instance

by using a noswetting substrafé, or reversing the capillary flow by using a mixed solvent
systent®88 At the same time, careful control over squeezing CNTSs at desirable locations can help

regulate their position and film morphology in the TFT channel. The performanddToffETs
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improves by regulating CNTSs inside the TFT channel using solution processing techifigties.

As coffee ring effect naturally happens after the film has formed, utilizing it will obviate the
requirement for surface treatméhbr the use of multiple solvents to reverse capillary ffow
Therefore, it is more convenient and agrees well with the nature of inexpensive solution processed

printed electronics to engineer and utilize this effect.

In this chapter, we present CNT TFTs with an inlgahted CNT channel. With drepn-demand

(DOD) inkjet printing, lines with controlled morphologies were printed on a SiABafer. Inkjet
printing parameters were varied to manipulate the formation of cafigeffect in the channel of

the TFTsWhen separate lines are printed, due to the coffee ring effect, thicker edges are formed
while connected lines dry uniformly with random puddles formed in the pafteansistor 1V
characteristics and contact rearsce at the CNT/metal interfaces are studied. Thickness profiles
and atomic force microscopy (AFM) images of the printed CNT channels show tube configurations

in the CNT networks that explain the device behavior.

5.2.  CNT TFT fabrication process

Before preseting the results and discussion, first, the transistor fabrication process is described in
multiple steps: substrate preparation, inkjet printing of the CNT channel, and the inkjet printing of
the source and drain electrodes. In the next section, thetformaad control of the coffee ring

effect in the printed CNT channels are discussed.
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5.2.1. Substrate preparation

P-type silicon wafers with a 300 nm oxide layer (University Wafers, Inc., South Boston, USA)
were used as substrates with thégilicon as the gate electrode. The silicon wafers were cut and
sonicated in isopropanol, acetone, and deionized (DI) water each for 10 min. Next, they were dried
with air and were plasma treated at 50 W for 1 min. Prior to CNT printing, the surface was
functionalized by drojgasting PolyL-Lysine (0.1% w/v in water, Sigma Aldrich, Canada) for 5
min, followed by rinsing with DI water, drying with air, and storing in a desiccator for 20 min.
Poly-L-Lysine (PLL) is commonly used to increase the adhesion laofi@o processed carbon
nanotubes to the surface of silicon dioxide ($/314>4’ PLL is a biocompatible polymer with a
positive targe. When it is applied to an Si€urface, it forms a stable layer by adsorbing to the
negatively charged Stpresent on the surface. The interaction between the positively charged
amino groups in PLL and the negatively charged oxide groups enesi3 to the formation of a
seltassembled monolayer (SAM) or surface coating. CNTs often tend to agglomerate or not
adhere well to surfaces due to their unique physical properties. The positively charged PLL can
interact with the negatively charged porti@iSCNTs, improving their adhesion to the modified
SiO; surface while ensuring an even adhesion of the CNTs to the surface. After CNT deposition,
we rinse the samples to remove excess CNTs and only leave a thin CNT layer for optimal device

performance. Withut PLL, this would not be possible and all CNTs would be washed off.

5.2.2. Inkjet printing CNT channel

The CNT solution with a 1 mg/mL concentration and 99.9% semiconducting tubes (Isonanotubes

S, Nanolntegris Technologies, Inc., Quebec, Canada) was usedcasgaa without further
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dilution. A custombuilt inkjet printer with a 60 um diameter nozzMi¢rofab Technologies, Inc.

Plano, TX) was used\ext, they were rinsed with DI water, dried and finally annealed at 100 °C

for 30 min. In the case of twpass pints, after this step, a second pass was printed with lines offset

by half the line spacing to ensure the coffee ring was located between the coffee ring lines of the
first pass printed lines, followed by rinsing and annealing in the same way. As a,dbet@ONT

solution was also drepast on the asleaned and functionalized silicon substrates for 2 hrs. Then,
they were rinsed also, dried and annealed at 100 °C for 30 min. The printed patterns were stored

in a desiccator for 24 hrs.

5.2.2.1. CNT waveform

Dimensbnless numbers such as We number and Z number were briefly discussed in the
introduction chapter. Z number is used to understand the influence of viscosity on droplet

formation. For viscous inks, the Z value is too low, and droplets do not eject fromifiteesince

viscous forces are dominant over surface tension forces. For low viscosity inks such as the CNT
ink used in this work, Z number tends to be high which leads to the formation of satellite droplets.

High Z values mean higher inertia forces, aading that the liquid jet is more prone to breakup

due to inertia. Thus, lowering the Z number could contribute to a more stable liquid jet or droplet

formation, potentially reducing satellite droplet formation. From equati®n 1

YQ 7w
wQ -

P

Often, there are challenges with inkjet printing {eiscosity and higtsurface tension irég like

waterbased CNT in& These difficulties can be addressed by optimizing nozzle dimensions, ink
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properties and waveform paramet&r&® The CNT ink used in this work has nanotube
concentration of 0.01 mg/mL in a wateased solution. For watér, ” , and— are 72 mN/m, 19
kg/m?®, and 1 Pa.s, respectively. Therefore, with o 11 & Z number is roughly 4.6 which is

close to the lowelimit according to }*9 that defines the range of 4 < Z < 14 for printable inks.

For nozzle design, usingsanaller nozzle orifice diameter increases capillary pressure to overcome
resistance due to surface tension forces of the ink. This helps with the controlled ejection and
breakoff of ink droplets. However, here we use a 60 pum Microfab nozzle. And sinegnvi®

use a specific ink, ink properties such as viscosity and surface tension also stay unchanged. As a
result, the focus is on controlling the ejection parameters through waveform optimization. It is
possible to regulate the previously mentioned dinmeriess parameters and minimize satellite
droplet formation during inkjet printing by adjusting the waveform. The goal is to ensure that the
forces contributing to droplet ejection are in a balanced state, promoting stable droplet formation

and minimizing e creation of unwanted satellite droplets.

Regarding waveform parameters, the voltage amplitude and pulse duration are criticatf&ors.
Adjusting the voltage amplitude, typically within the range of 10 V to 30 V, can influence the force
applied to the inkneniscus at the nozzle. Higher voltage can assist in overcoming the ink's surface
tension, aiding in more reliable droplet formation. Additionally, the pulse duration, which might
range from microseconds to a few milliseconds, is critfdf Longer pulse durains can provide
sufficient energy to break off the droplets consistently, mitigating issues related to high surface
tension ink. Adjusting these parameters allows for more precise control over the droplet ejection

process, ensuring uniform droplet fornaatifor printing purposes.
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Figure5-1 shows three waveforms along with their resulting jetting for CNT inliduire 5-1a

and b, a high pulse voltage and a long duration has led te ge#irhig. A pulse with a voltage of

23V, rise and fall time of 12 ps, and dwell and echo time of 40 ps was used to jet the droplets. In
Figure5-1c and d, the duration is reduced to 8 us which causes the formation of tiny satellite
droplets. FinallyFigure5-1e and f show a waveforand correspading droplet jettingvith 12 us

rise and fall time, but a relatively low pulse voltage, which fails to produce stable ink jetting.

125



ol t(3
o1

(&)
S

25
15¢

jooo=ent

ol t(gge

0 1[2 ¢

25

25
15}

ol t(age

15¢
25

N
o
o

Ti roes

Figure5-1. Three waveforms along with their resulting jetting for CMK. An optimized (a)
waveform and (b) its corresponding stable jet. A high pulse voltage and duration has led to a stable
jetting. (c) Waveform with low rise and fall time and (d) its corresponding jetting with satellites.
The duration is reduced to 8 pghich causes the formation of tiny satellite droplets. (e) A
waveform with 12 ps rise and fall time, but a relatively low pulse voltage, and (f) its corresponding

unstable jet with satellite droplets.
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5.2.2.2. Inkjet printing CNT line patterns

Parallel lines of ta CNT solution were inkjgbrinted in the channel of a TFT with a bottgate
top-contact device configuration. The reason for adopting @oopact configuration was thet

print the CNT lines and engineer the coffee ring effect in the printed liness mecessary to have

a flat surface on which the capillary flow has its natural direction toward the edges of the pattern.
While in a bottoracontact configuration, the silver electrodes add thickness, roughness, and
surface energy variation to the sudawhich would disrupt the formation of the CNT coffee ring
patternsDuring the printing process, the line spacing, number of layers, and the stage speed were
varied for each experiment, while the drop spacing was kept constant (90 um) for all the
experinents.The line spacing changes the overall concentration of CNTs inside the channel and
it was kept constant for a given number of layErgure5-2 shows the device fabrication process

in the following stepstunctionalization of the Si@surface withPLL, printing CNT ink in three
different patterns (onpass connected, opass separate, and tpass separate lines), rinsing and
annealing of the ki solvent and additives, and printing source and drain electrodes with silver
nanoparticle ink. In onpass connected lines, there is no separation between the lines and no
defined coffee ring is formed across the lines, instead a layer withimiform thickness forms
(Figure5-2, first row). In the ongoass separate lines pattern, lines are printed with a line spacing
between themHRigure5-2, second row). This spacing was chosen to be the minimum before the
lines would merge. The coffee ring effect can be seen in the thickness profiles of Ginied
solution in separate lineBifure5-2, second row, inset figure)o achieve twepass separate lines,

after the ongpass separate lines were rinsed and annealed, a second pass of lines was printed with

an offset of half the linspacing, followed by rinsing and annealing of the pattefigu(e5-2,
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third row). After rinsing and annealing of the ink, the CNTs remain on tliacgurThe channel

length and width of the devices are 80 um and 1300 um, respectively.

The CNT concentration for ofgass connected and typass separate linesti& p 1 mg/cn?
after printing before rinsing, while the opass separate lines pattern haff the concentration.

The following formula was used to calculate CNT concentration pépdnted in the transistor

channel:
] U AAL%A,..A
.6 1, #.ATTAAT GOAOQOEI I
#. AT 1T AAT OCAGEH — — 1 >1
$3A1 |, 3Al
Where6 , NL, DS, and LS are droplet volume, number of layers, drop spacing, and line
spacing, respectively. And in the case of {ass printed lineg =p® o p mmL, CNT

concentration = 0.01 mg/mL,IN= 3, DS = 90 um, and LS = 180 um. With the pattern printed
twice, CNT concentration become& p 1 mg/cn?. In the case of a oAgass connectelihe

pattern, the line spacing is half (90 um), therefore resulting in the same value.

5.2.3. Inkjet printing source and drain electrodes

Source and drain electrodes were inkjghted on top of the CNT layer on a heated statpeked
coirt) at 120 °C using silver nanoparticle ikNP DGP 40LF15C, AdvancedNano Products,

Co., Sejong, Koreayith a 60 um diameter nozzl®l(crofab Technologies, Inc. Plano, TX)he
silver nanoparticle source and drain electrodes were printed with a length of Eigume -2,

third row, inset figure) while the width of the printed channels is 1300 pum in order to minimize

leakage currents.
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As was mentioned in the fabrication process, the anne@imperature for the CNT layer is 100

°C. While as is mentioned here, to print the source and drain electrodes, the stage temperature at
the time of printing the electrodes is set t0120 °C which is not much higher than the CNT annealing
temperature. Heatinifpe stage is necessary to stop the silver ink from spreading nonuniformly on
the previously deposited CNT network. In fact, it has been shown that CNT exposure to high
temperature further removes the solvent and surfactant causing a resistance thactienrie the

CNT network which leads to higher conductivity and transparé&iidyot to mention that thermal
annealing of CNT layers can also incre#fsgir mechanical stabilit}?* Therefore, if the heated

stage has had an effect on the CNT layer, it would have probably been toward further solvent

removal and increasing conductivity.
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Figure5-2. The transistor fabricetn process in the following steps: functionalization of the SiO2

surface with PolyL-Lysine, printing CNT ink in three different patterns (gueess connected, one

pass separate, and tpass separate lines), rinsing and annealing of the ink solvent ditites]

and printing source and drain electrodes with silver nanoparticle ink. {passeconnected lines,
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there is no separation between the lines and no defined coffee ring is formed across the lines. In
two-pass separate lines, after the-pass sepate lines are rinsed and annealed, a second pass of
lines are printed with an offset of half the line spacing. Inset figures: thickness profiles of printed
CNT solution in connected lines (first row) and in separate lines (second row), and optical
micrograph of TFTs with channel lengths of 60 and 80 um (third row) where the scale bar

represents 200 um.

5.2.4. Inkjet printing accuracy

The Microfab inkjet printing nozzle used here has a diameter of 60 um and the thinnest printed
lines (consisting of one layer) haa width of around 100 pum. To print a second layer of a pattern,

the printing stage moves back to the origin defined in the printer software. The registration error
mainly depends on the accuracy of the motion stages of the printer and the cameraTsystem.
experimentally quantify the registration error,-ggte topcontact OTFT electrodes were printed,

which are more easily visible than CNTsdure5-3). The average alignment error and standard
deviation over seven devices were calculated, while aiming for the gate electrode to lie exactly
halfway between the source and drain electrodes. The average error and standard deviation are 1.4
pm and Gpe&ively.mhis ekperiment demonstrates the high accuracy of the printer setup,

which allows the precise printing of muléiyer CNT lines.
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Figure 5-3. Optical micrographs of tegate bottorcontact tramistors presented here for the
purpose of calculating printing alignment accuracy. The gate electrode alignment has a 1.4 pm
average error with a 0.9 um standard deviation over seven devices. The scale bar represents 200

pm.
5.3.  Coffee ring effect engineering

Two factors, number of layers and printing speed, which controls delay between adjacent droplets,
were used to adjust the intensity of the coffee ring efféigure 5-4 shows the 3D thickness
profiles of lines printed in two different conditions, with two sets of factorigare5-4a, there

is one layer of CNT printed at high speed (1000 pum/s). When the speed is high, the droplet
deposition delay is shorter than droplet drying duration. As a result, as was discussed in the
introduction chapter, with the right drop spacing, a smooth line morghaan be achieved.
Whereas, irFigure5-4b, the printing speed is lower (400 um/s), and the droplet deposition delay
is longer than the droplet drying duration. In this case, coffee ring effect occurs, and the ink is
pushed to thetie edges. Finally, iRigure5-4c, the printing speed is the lowest (200 um/s), and
droplet deposition delay is much longer than droplet drying dumatherefore droplets dry
individually, and & aresultthey form the stackedcoin morphologydiscussed extensively in

chapter 3 At low speed, due to the longer delay in printing between subsequent drtpdets,
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droplets are dried and pinned before tagtmroplet hits the substrate while the intersection of the

two adjacent droplets redissolves as the second drop is printed. In contrast, at higher speed, each
incoming droplet promptly merges with its predecessor, resulting in a larger liquid ink aarount,
increased capillary flow toward the pattern edges, and a stronger coffee ring Eifekhess

profiles were taken with a Contour €T optical profiler (Bruker Nano, Inc., Arizona, USA).

Figure5-4. The 3D thickness profiles of lines printed with (a) one layer and speed of 1000 pum/s

formed as uniform lines, (b) three layers and speed of 400 um/s formed as lines with coffee ring
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effect on the edges, and (c) two layaerd apeed of 200 um/s, forming coffee ring effect on droplet

edges which results in lines resembling staek@id morphology.

Figure 5-5a shows 2D ojtal thickness profiles of CNT lines printed without separation
(connected lines). Ongass connected lines result in a random distribution of the CNT solution on
the substrate with the formation of occasional puddiegire5-5b shows separate lines printed

with low speed (100 pm/s).
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Figure5-5. 2D optical thickness profiles of (a) linpanted without separation (connected lines),

(b) separate lines printed at low speed (100 um/s)

The addition of more layers to the pattern serves to amplify the coffee ring effect in the same
manner.Figure 5-6 shows separate lines printed with one, two, three and four layers of CNT
solution, all printed with a speed of 400 um/s, along with their corresponding 1D thickness profiles
across the printdthes in the ydirection for the different number of layers. The thickness variation
across each line iRigure5-6a is negligible for one layer, wikifor three and four layers, there is
larger thickness at the edges compared to the center of the lines, i.e., a coffee ring was formed. In
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the fabrication process of twuass separate lines patterns, the acquisition of a thickness profile,
which is ampliied by the presence of the fillers, binders, and additives of the ink, to demonstrate
the twopass profile is not possible since the first pass of printed CNTSs is rinsed before printing
the second pass. AFM images of the lisRewnin Figure5-6 are presented iRigure5-7. The

AFM images were dhained from the boundary between the edge and the area right next to it
toward the center where the thickness decreadeshe thickness profiles were taken before
rinsing and annealing of the patterns, with fillers, binders, and additives of thellimkestent,
which makes it challenging to observe individual nanotubes in the AFM images but optical

profilometry and AFM show the same trends.
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Figure5-6. (a) Optical thickness profiles of printedparate lines with one, two, three, and four
layers from left to right printed with a speed of 400 um/s. (b) The corresponding 1D thickness
profiles across the lines for lines in (a). Dashed lines in 2D images show the scanning direction
where the xz coadinates were extracted from the 2D optical profile images. The coffee ring effect

is most intense in films with three layers.
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Figure5-7. AFM images of CNT coffee ring lines after printing and dryingobefinsing of excess
tubes.(a) A 3-layer CNT line captured by the AFM microscope where the tip of the AFM probe
and the line with coffee ring edges can be seen. Scale bar represents 200 um. AFM irfigges of

one layer(c) two layers(d) three layers,ral (e) four layers of printed CNT lines. The dashed
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lines show the boundary between the coffee ring edge (on the arrowhead side) and the area of the
line toward the center. For one layer, the coffee ring intensity is low, but it increases for two layers
asthe color difference between the two sections is more pronounced. The most intense coffee ring
effect is observed in lines with three layers. Finally, for four layers, while coffee ring intensity

increases, CNT ink covers the center of the line as well.

Figure 5-8a shows plots of two transistor metrics, theafincurrent ratio and the fieldffect

mobility versus the number of layers foainsistors printed at 400 um/s. In all the plots, the metrics
were extracted from linear transfer characteristig¥gfl of devices measured atg\¥ -5 V.
Increasing the number of layers improves the device performance up to a certain point and after
that point (from four layers) the performance deteriorates. This can be explained by the optical
thickness profile of printed lines with four layerskigure 5-6. For a larger number of layers,
thicker line edges are formed, however the center of the lines are not depleted of material as it is
the case in lines with three layers. This means that enhanced performance is due to the coffee ring
effect and nosimply the overall CNT concentration in the chankejure5-8b shows plots of the

same device properties versus printing speed for transistotedoviith three layers. Increasing
printing speed enhances the coffee ring effect and this improves device properties. However, the
direct speegberformance relationship breaks down at high speed. The reason is that at higher
printing speed, while materiad pushed to the line edges, it is also pushed to the ends of the lines,
ultimately reducing the CNT concentration in the chankiglure 5-9a showsoptical thickness

profile of CNT lines printed at the speed of 1000 um/s, with a line spacing of 18Bigume5-9b

shows the micrograph of the ends of those lines. It can be seen from the bulges at the line ends that

some of the printed materitbws to the ends dahe printedines at larger spees400
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pm/s)although thecoffee ringeffectincreaseskigure5-9c and d showeoptical thickness profile
and micrograph of CNT lines printed at the speetl000 um/s, without spacing between the lines

(connected lines).
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Figure5-8. Log of onoff current ratio and fieleffect mobilitymeasured at = -5 V (a) versus
number of printed lines at 400 um/s)da(b) versus printing speed for printed lines with three

layers.
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Figure5-9. (a) Optical thickness profile and (b) micrograph of CNT lines printed at the speed of
1000 um/s, with a line spacing of 18fh. (c) Optical thickness profile and (d) micrograph of CNT

lines printed at the speed of 1000 pum/s, without spacing between the lines (connected lines). It can
be seen from the bulges at the line ends that some of the printed nfl@@gdb the ends ahe

printedlines at larger speeds400 um/s)lthough thecoffee ringeffectincreases.
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5.4. TFT performance based on CNT printing patterns

After exploring the factors affecting the coffee ring effect, transistors with the most pronounced
line edges (printeavith three layers and at 400 um/s) were compared with a connected pattern
without a gap between the lines. Such a connected pattern is conventionally used in printed CNT

TFTs and does not exhibit clearly defined coffee ring lines in the chifief> 152

Figure 5-10a andb show the transfer characteristisveeping speednorma) for two-pass
separate, onpass separate, and gpass connected line patterns measuredgqat M2 V on
logarithmic and linear scales, respectivdlfie transistor-M characteristics were obtained using
a semiconductor parameter analyzer (Keithley 4200, TektroRign onepass connected and
onepass separate and to tpass separate line patteya shift of threshold voltage (Mtoward
negative gate voltage is observed, andhanges from 11.4 V to 12 V to 8#4 The separaténe
patterns result in devices with better performance. Frorpass connected to opass separate

to two-pass sepate lines, the fielffect mobility increases from 1.1 to 1.5 to 5.728/s and

the onoff current ratio changes froq@ p Mtoy® p mMtoo®P p mmat Va=-2 V. These
performance metrics are summarized able5-1. Onepass separate lines have the highesifon
current ratio due to lower concentration of CNTs. With this coffee ring methodology, with equal
overall concentrations of CNTs (from epass connected to twumass separate), the device
properties improve remarkably. However, the-a@ifrent and the gate leakage current increase
slightly as well although the CNT concentration remains unchanged froipasseconnected to
two-pass separate Bs.Figure5-11 shows the output characteristicd/d) of onepass connected,
onepass separate and tpass separate line patterns from topbotom, respectively. The

curvature in dVq characteristics at low Mn the onepass connected line pattern is an indication
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of a nonohmic contact® while the drain current does not saturate at highGonversely, in
devices with twepass separate line patterns, the linear regime has a constant slope, and the drain
current almost saturates at high. \Devices with ongass separate line patterisa exhibit

improved behavior compared to epass connected lines.

Two-pass separate lines pattern has an equal concentration of CNTs compareepassone
connected pattern. However, it demonstrates higherdiatt mobility and current transporting
capacity. To investigate the device behavior further, we studied the channel and the contacts by
calculating lowfield mobility and contact resistance. Using thduviction method (YFM), the

width normalized contact resistance and the-fi@hd mobility of the three printing patterns (two

pass separate, opass separate and epass connected) were extracted. Lioeld mobility is the

intrinsic carrier mobility { ) and fieldeffect mobility ( ) is the carrier mobility in the presence

of an electricield which is influenced by contact effects. Thduniction is defined as:

O w .,
— -0
0 R)

@ 0w 52

Where™Q, w, 0, 6 , and‘ are transconductance, transistor width and length, dielectric
capacitance per unit area (here §j@nd lowfield mobility, respectively. Using the transfer
characteristics in the linear regimeq(%-2 V) and from the slope and thdantercept of Y verss

®,"' andw are extractec?®3® Later, using equatiorb(3), and by extracting the-ixtercept of

—vVversusw w, —is extracted.
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And,
— — = — 0 Y 5-5
Where— 1 h "O and’Y are the mobility reduction coefficient, the transconductance

parameter and the total source and drain resistances which in the case of identical electrodes is

defined as:

Y ¢ Y 5-6

Where'Y is the catact resistance associated with one electrode. Fhendfion allows the
extraction of contact resistance from individual devices. The resigume5-12a and b show a
remarkable increase of both fieddfect @erived from the transfer characteristiesid lowfield
mobilities and the decrease of contact resistance in thpag® separate b3 pattern compared

to the other patterns. The lefield mobility increases from 1.2 to 1.5 to &B¥/V.s, while the
width normali ed contact resi st an-gasscanteaadg e s

onepass separate and typass separatenks, respectively.
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Figure5-10. (a) Transfer characteristics of the three printing patterngsat 32 V on a log scale.

Dashed curves are gate current for each printing pattern and colors are tlas saufig. (b) The

same transfer characteristics on a linear scale with error bars representing 8 to 11 devices.
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Figure 5-11. Output characteristics of a representative transistor for gattérn: (a) ongass

connected, (b) onpass separate, and (c) twass separate lines.

Table5-1. Transistor performance metrics for different CNT deposition patterns in the channel.

Pattern wkem?/V.s) | lon (A) Vi (V)
OnePass connecte| 1.1 pg pTt 11.4
OnePass Separate| 1.5 PH pT 12
Two-Pass Separatg 5.7 T8 pTm 8.4
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Figure5-12. (a) Fieldeffect( ) and lowfield (* ) mobilities and (b) width normalized contact

resistance (RV) for the three patterns. The typass separate line pattern improves the devices in
two ways: increasing the lefield mobility of the carriers in the channel and decreasing the

contact resistance

For the purpose of comparison, devices with eragpt CNTs were also fabricated and
characterizedrigure5-13 demonstratedrop casting and inkjet printing CNT ink schematically.
Inkjet printing is an efficient way of increasing-off current ratio compared to ngratterned
solution deposition techniques such as dragpting. However, it has been reported that the
mobility usually decreases due to the decrease in the CNT concentration. Here, both criteria have
been achieved. Nepatterned drojgast devices exhibit a mobility of 7.5 é.s, and an owff

current ratio of)® p 1T, at Va=-5V, while for twepass separate lirpatterns, these figures are
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5.7 cnt/V.s ando® p T, respectively. Not to mention that for unpatterned dragt devices,
the maximum gate leakage currenx® p 1 A as opposed to the much lower gate leakage

current ofc® Y p 1 A achieved with printetivo-pass separate lines.

a) b)

/
V4 L

Figure5-13. Two different solution deposition methods to deposit CNT ink: (a) drop casting, and

(b) printing (here, in separate lines)
5.5. CNT bundles

To investigate the device behavimicroscopically, AFM images of the channels of four printed
patterns were takanith a Multimode 8HR scanning probe microscope (Bruker, Germany). The
imaging mode was ScanAssat. The thickness profiles previously showrHigure5-6 represent

the printed CNT channels before rinsing off the additives in the ink. Thmsed profiles show

the solute distribution across the printed lines. After rinsing and annealing shthples, the
CNTs remain on the surface as showkigure5-14 with a thickness of a few nanometers as the
surface functionalization with Poly-Lysine ensures the adhesion of a thin layer of tubes to the

surfacé®* Figure5-14a shows the randomness of the tubes in thereHan a ongpass connected
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pattern with no coffee ring in the channeigure5-14b shows ongass separate lines printed at

low speed (100 um/s), which has caused random high and low concentrations of CNTs, while
CNTs are not drawn to line borders at the edges, as thamewslldefined coffee ring. Blue
arrows point to the line edges in each image. The improved performancepdssseparate lines
printed at higher speed (400 um/s) can be explained by the formation of distinguished lines of
interwoven CNTSs ifrigure5-14c where the tubes are connecteidure5-14d shows AFM images

of two-pass separate lines, which doubles the overall concentration of CNTs compared with one
pass separate line patterfsglure5-14c) and exhibits wider paths of interwoven CNTs. These
images along with results iRigure 5-10, Figure 5-11, and Table 5-1, demonstrate a direct

relationship between the intensity of the coffee ring effect and transistor performance.
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Height _2_0 um Height 2.0 ym

Figure5-14. AFM images of pinted patterns dfa) onepass connected ling$) onepass separate
lines printed at 100 pum/s, c) opass separate lines printed at 400 um/s, and (dpags separate
lines printed at 400 um/s. A blue arrow shows the printed line edges in (b), (@)ahd(c) and

(d), interwoven tubes can be observed on the line edges.
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Having nanotubes with different diameters means having different regions with different intrinsic
mobility. In a nanotube network, different lengths, diameters and chiralitiesrile¢ethe intra

tube transport and they all contribute to the average electronic properties. Moreover, the junctions
have a tremendous effect on the carrier transport between the tubes, which manifests itself as tube
to-tube resistanc®® Tunneling between two tubes apart from their energy band gaps also depends
on the angle of the junctidf® The angle determines the atomic structure at the junction, and when
the tubes are tnegistry, the junction resistance is low. Certain junction angles cause the tubes to
be inregistry!®” When coffee ring effect happens, as AFM images demonstrate b florm

paths by getting entangled on the edge, in other words, they get knit together forming paths with
lower resistance. This can increase the probability of tubes havingragistry configuration,
therefore leading to a decrease in tipeube resstance and eventually the channel resistance.
The macroscopic manifestation of this effect is the increase of mobility and decrease of contact

resistance measured through IV characteristics of the device.

It is noteworthy that in the oRgass connectednke pattern (random network) the drain current

does not saturate at high drain voltages. This behavior is characteristic of random network CNT
transistors, mainly due to the presence of metallic ttf5é€However, the devices with coffee

ring induced alignment show an improved level of drain currdnta#on. In fact, linear output

curves at low Y and drain current saturation at high have been previously reported with spin
aligned CNTs in solutioprocessed CNT transistof¥. Here, CNT alignment is achieved in
bundles by printing the CNT ink in separate linehwaidffee ring. The alignment of tubes along

the channel length leads to an effective shortening of the channel as each tube crosses a larger

portion of the channel. Furthermore, the formation of CNT bundles decreases the-ttuliee
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resistance since thewall be a higher probability of tubes having anregistry configuration

where the tubdube junction angle is loW’. Therefore, both erurrent and ofturrent increase

in the twepass separate line patteridgure 5-10). However, this does not deteriorate drain
current saturationF{gure 5-10c bottom). The reason is that the alignment of CNTs along the
channel increases the percolation thresi$fd? because it reduces the probability of the tubes,
both semiconducting and metallic, connecting with each other (see schergtis5-2, line
patterns in second and third rowS)nce the concentration of metallic tubes is significantly lower
than the concentration of semiconducting tubes (99.9% semiconducting tubes in thhisnk)
increase in percolation threshold affects metallic tubes more strongly than semiconducting tubes,
which leads to an improvement in current saturation, which is deteriorated by metallic tubes in the
random network. Therefore, the simultaneous efi@cdignment and bundling of the CNTs along

the channel lead to a decrease in the resistance whilst improving drain current saturation in the

devices.

The inkjet printing with controlled speed that induces the coffee ring effect not only changes the
low-field mobility in the channel, which is independent of contact effects, it also improves the
contact resistanc®evices with connected line patterns exhibit a Schottky barrier at the contacts,
which is evident from the nelmear output characteristicslatv drain currentfigure5-10), while

the aligned patterns are more linear. As was discussed previously to explain the high field effect
mobility, the interwoven CNTs have a moreregistry configuration compared to random
networks allowing better contact between metal coated CNd shenchannel. Better alignment

with the channel also means that more CNTs are in contact with the source and drain electrodes

lowering contact resistanc&herefore, heir contact with the electrodes becomes more oftmic
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This leads to better current injection from thect&rodes to the aligned CNTs which is observed as

a decrease in contact resistance.

5.6. Conclusions

In this chapter, it was shown that with inkjet printing of the CNT transistor channel, the CNT
concentration is reduced, but the randomness of their distnboin be manipulated. While
ensuring both high mobility and high-aff current ratio with inkjet printing is difficult, separating

the printed lines in the pattern and forming a coffee ring results in considerable improvement in
all transistor propertiesThe coffee ring effect, which can be controlled by printing speed and
number of layerstegulates the CNT network in the channel. By changingpaise connected

lines to onepass separate lines and to tpass separate lines, the figtlect mobility exracted

at the drain voltage o V increases from 1.1 to 1.5 to ®#?/V.s, andthe onoff current ratio
changes front®& p mtoy® p mtoo® p 1 The YFM shows a higher lowield channel
mobility and lower contact resistance caused by the coffeentiuged regulated tubes compared
with a random CNT network. These results can be explained by the lowepitulie resistance

of CNTs in the thicker line edge regions with interwoven CNTs for separate line patterns compared
to connected lines. With thesapabilities, inkjet printing is a promising technique to form CNT

channels in TFTs.

152



Chapter 6. Conclusions andfuture work

In this thesis, inkjet printing was used as a fundamental tool to produce thin films of material.
Parameters and conditions femgineering patterns in general and on challenging surfaces were
investigated. Inkjeprinted lines of functional inks were utilized as channel material and electrodes

in thin-film transistors.
6.1. Conclusions

Two approaches were demonstrated that have thigydbiform micropatterns on hydrophobic
surfaces. Chapter 2 introduces a novel printing method capable of formingpattzms on
surfaces with low wettability without necessitating surface modification: a sequential printing and
drying method. Utilimg an energy minimization model, this method accurately predicts the shape
of inkjet-printed micrepatterns based solely on the ink's contact angle, confirming the dominant
role of surface tension forces in pattern formation. The varying ink volume be&vedors
influences the width of line segments, where an optimal volume yields a smooth, consistent line.
This strategy demonstrates fistentialapplicability for creating longer lines and even corners,
showcasing a successful approach to overcomehaienge of printing on surfaces with low
wettability. The impact of varying ink volumes on line segment formation and the power of the
simulations to predict the volume and shape of the printed patterns, offer a promising strategy for
inkjet printing on lydrophobic surfaces. Finally, the energy minimizadt@sed simulations were

used to predict the required ink to produce dry lines and triangles with smooth edges. Both

experimental and computational simulations successfully extend to more complex sheipes,
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triangles, demonstrating the utility of the Printability Factor (PF) in forecasting the final printed

features and reducing material waste.

Chapter 3 further delineates the stacketh approach as a robust method for inkjet printing on
hydrophobt surfaces. It identifies the interplay between stage speed, droplet spacing, and stage
temperature as critical parameters dictating the printability of stamkadines. Through precise
mapping of these parameters, the method facilitates the predatmealization of the true
stackedcoin morphology, with a significant temperature threshold of 180 °C for instantaneous
drying, contributing to an enhanced throughput of printed lines. The following regimes were
identified: isolated droplets, isolatedogpings, broken line, true stackedin, and delamination.

The relationship between substrate temperature, drop spacing and droplet deposition delay controls
the printability window of true stackembin morphology and its surrounding regimes. These
strateges showcased the potential to create precise miatterns on challenging hydrophobic

surfaces.

In chapter 4, the focus shifts to the fabrication of OTFTs with ifkjeitted electrodes on a
hydrophobic fluoropolymer gate dielectric. Source and draictreldes were inkjeprinted on
TeforAF wi th a minimum channel | engt h-primed 20
electrodes changes the morphology and the surface chemistry of the-AEflgate dielectric
underneath, thus reversing the effect of thema treatment on TefleAF. The work meticulously
explores the effects of plasma treatment and-aosealing on the TefleAF surface, revealing

how these processes modulate wettability, surface roughness, and chemical composition. The
findings elucidag a temperaturdependent optimization of the OSC/dielectric interface, leading

to improved transistor performance, as evidenced by the maximizeefiet mobility and on
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off current ratio at an optimal peahnealing temperature of 160 °C. The transiparameters

such as mobility, on/off current ratio, and threshold voltage all follow a trend explained in this
thesis by the properties of the Tefldir surface. Increasing the pamtnealing temperature to just
below complete surface reversibility deases surface roughness and-tiggs created after
plasma treatment leading to optimized device performance. The JAgHosurface was
characterized with contact angle measurement, roughness measurement, Fourier transform
infrared spectroscopy (FTIR), dx-ray photoelectron spectroscopy (XPS). This understanding of

the reversibility of the Teflo\F surface helps achieve optimal performance of devices and
systems incorporating fluoropolymers. This thorough investigation shows the importance of
interface engineering and layer deposition order in solupoocessed OFETs. The findings
underscore the critical role of surface treatment in defining the performance of OTFTs. By
manipulating the TefloAF surface properties through plasma treatment and comtrptist
annealing, one can engineer the OSC/dielectric interface to enhance device performance. This
study highlights the potential of reversible surface treatments as a powerful tool for optimizing
printed electronics, particularly in applications wher ititerface between different materials is

pivotal to device operation.

Finally, chapter 5 presents a method for inkjet printing of carbon nanotube (CNT) transistor
channels. By harnessing the coffee ring effect through control over printing speed iaunch tee

of layers, a significant enhancement in transistor properties is achieved. Printing properties were
studied to manipulate capillary flow and form thicker line edges, which ultimately enhance current
transport in the CNT network. It was shown thqjeét-printed devices can have both high field

effect mobility and oroff current ratio by utilizing coffee ring in the channel. A tpass printing
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pattern with separate lines improves the fiefict mobility five times compared to a pattern with
conneted lines that has no defined edges. The f&dtdct mobility increases from 1.1 to 5.7
cm?/V.s at a drain voltage R V. These findings underscore the potential for controlled inkjet
printing methods to significantly enhance transistor properties aridrmance. This technique
allows for the precise manipulation of CNT distribution, achieving high mobility andffon
current ratios. The study demonstrates the potential of inkjet printing in forming CNT channels for

TFTs, paving the way for advancedatenic device fabrication.

6.2. Future work

A range of inks and substrates are suggested to be tested with the sequential printing and energy
minimization technique to verify the universality of the method introduced in chapter 2. Moreover,
the method has beshown to apply to two patterns, lines and triangles. For future research, more
complicated patterns can be printed and simulated. The error between simulation and experimental
work for triangles was higher compared to lines. This implies that the sionulatbdel can be

further refined in applying the method to more intricate and diverse patterns.

The stackedoin approach described in chapter 3 invites the examination of other hydrophobic
materials and varying environmental conditions to expand itscality. In producing stacked

coin lines, one limitation was the movement of the printing stage. The printing stage stops during
the ejection of a droplet and moves between the two consecutive ejections. This limits the speed
and acceleration of the pringg and affects the merging of droplets on the surface. Thus,
investigating the continuous movement of printing stages could yield improvements in line quality

and printing speed. For instance, using an inkjet printer such as Dimatix or Pixdro in whiet dro
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ejection is set with a certain frequency and the stage moves without stopping during the printing

process, can be very effective in producing smooth features.

Subsequent research stemming from chapter 4 should delve into theerdongtability of the
modified TeflorAF surfaces and their interaction with different OSC materials. Exploring
alternative dielectric materials and pos®atment conditions may offer insights into the broader
implications of surface treatment on device performance. As postaling of the TefloiAF layer

in OTFTs significantly affects its interface with the organic semiconductor, one can change the
order of layers for possible improvement of device performance. If the devices are built4in a top
gate configuration, the dielie layer will not be subjected to a second annealing step. In this
case, the semiconductor instead will go through a second annealing step and moreover it will share
an interface with the substrate causing a different set of challenges. Continuimgelicih can

add more insight into optimizing interfaces in OTFTs that incorporate hydrophobic gate

dielectrics.

The promising results of chapter 5 encourage further optimization of the inkjet printing parameters
for CNT channels. Inkjet printing amghtterning of CNT ink in a FET channel required careful
engineering of the coffee ring effect. Future work can be done on reducing the droplet volume by
using other printing equipment and varying environmental conditions such as temperature and
substrate wface roughness to further control the inkjeinted patterns. Further optimization of

the printing parameters and surface functionalizateonbe very interesting. Lastly, future studies
should focus on the scalability of the process, the integratjominded CNT channels into complex
circuits, and the exploration of other semiconducting materials that could benefit from controlled

patterning techniques like the coffee ring effect.
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In conclusion, this thesis contributes valuable methodologies amhisgo the field of printed
electronics, with each chapter building upon the understanding of material properties, process
control, and the critical factors influencing device performance. The work lays a foundation for
future innovations in printed el@onic devices, with potential applications spanning from flexible

electronics to advanced sensors and beyond.
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