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Abstract

This thesis centers on the enhancement of printed field-effect 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 (Teflon-AF), as gate dielectrics in organic thin-film 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, resulting in issues like dewetting and bulging
of printed patterns. This obstructs the creation of uniform lines using low-viscosity ink. To resolve
these challenges, this thesis presents novel strategies for inkjet printing micro-patterns on

hydrophobic surfaces.

Two approaches are outlined to successfully inkjet print micro-patterns on hydrophobic surfaces.
The first involves a sequential inkjet printing and drying process, which maintains ink adherence
to the surface. Meanwhile, an energy minimization technique predicts the equilibrium shape and
volume of patterns, which is influenced by surface tension forces. The simulation accurately
predicts the required ink volume for achieving dry patterns with smooth edges, advancing inkjet
printing techniques for electronics. The second approach demonstrates stacked-coin methodology
to form smooth lines on hydrophobic surfaces. Variations in drop spacing, stage speed, and stage
temperature map out various regimes: isolated droplets, isolated groupings, broken lines, true

stacked-coin, and delamination.

The study further investigates the fabrication of OTFTs employing Teflon-AF gate dielectric.
Plasma treatment is applied to render the hydrophobic layer amenable to inkjet printing of silver
electrodes. Morphological and surface chemical properties of Teflon-AF films change after plasma
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treatment and gradually reverse after annealing of the electrodes. This affects the organic

semiconductor/dielectric interface and, consequently, the OTFT performance.

Moreover, the research explores inkjet printing capabilities by incorporating carbon nanotubes
(CNTs) into the TFT channel. Strategic utilization and engineering of the coffee ring effect in
inkjet-printed CNT channel obviate the need for surface treatment. Inkjet printing leads to the

aligning and bundling of CNTs on the line edges, which improves device performance.
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Chapter 1: Introduction

1.1. Printed electronics

Printed electronics offers many potential advantages, including low-cost and low-temperature
manufacturing, chemical tailorability of materials, mechanical flexibility, and large-area
printability . 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 electronics can surpass 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 electronics.!? An
important research focus in the area of printed electronics is to explore simple, inexpensive and
versatile fabrication processes for large-area electronics. Organic and carbon-based
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 components of many circuits, and improving
their performance is a key to improving printed electronics® . For instance, conventional TFTs
used in active-matrix 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 applications, 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 achieve high carrier mobility in organic semiconductors. For instance, TIPS-pentacene organic
thin-film transistors (OTFTs) with the mobility of 4.6 cm?/V.s have been achieved through solution
sheering.® Considering that amorphous silicon carrier mobility is in the order of 1 cm?/V.s and it
is sufficient for use in TFTs’, the recent progress in solution-processed OTFTs is quite promising.
Carbon-based semiconductors such as carbon nanotubes (CNTs) have high carrier mobility and
since they can be formulated as printable inks, they are popular candidates for printed TFTs. CNT
TFTs are used in flexible displays and electronic circuits, mainly as switches and invertors.® 1
CNTs are robust and flexible and they have carrier mobilities in the order of 10 cm?/V.s even when

solution-processed. Both OTFTs and CNT TFTs will be discussed in this thesis with the goal to

improve their performance.

Direct-write printing methods such as inkjet offer the advantage of drop-on-demand (DOD)
printing, which adds flexibility and creativity to the designs during the printing process. A wide
range of devices can be inkjet-printed with high accuracy and resolution. Moreover, inkjet can be
incorporated with other printing techniques. Inkjet printing has limitations as well, some of which
are low throughput,!! pattern formation dependency on surface wettability and post-printing
challenges present in patterns with low viscosity ink. The inkjet printing process, its requirements

and pattern formation challenges will be discussed in this chapter.

1.2. Inkjet printing

Inkjet printing is a direct-write printing technique that is advantageous for rapid prototyping and

the ability to modify the design while printing.'> Moreover, 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 the nozzle orifice, 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, respectively. Figure 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 subsequent chapters.

Piezoelectric actuato:

Nozzle orifice

Deposited ink

/--
— ¥~ Substrate

Figure 1-1. 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 is defined with ink properties such as viscosity («), surface tension (y) and

density (). To define a printability range, two dimensionless numbers are used which show the



interplay of interfacial, viscous, and inertial forces. These numbers are Reynolds number (Re) and

Weber number (We):
va
Re = e 1-1
U]
2
We = —2 12
14

where v, p, v, and n are the ink velocity, density, surface tension, and viscosity, respectively, and
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 low viscosity inks, respectively.'*

7= _ yp)2 13

We'/2 n
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 square. Figure 1-2a shows a 60 um-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 and -23 V), pulse rise and fall times (12 pus) and pulse dwell and echo times (40

us).
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Figure 1-2. a) Microfab nozzle and a stable jetting of a low viscosity ink. The scale bar represents

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

1.2.2. Pattern formation with inkjet printing

To print high-resolution patterns, printing techniques such as inkjet and gravure are used.!>!” 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 form. The liquid, the substrate and the surrounding gas form a
solid-liquid-gas three-phase system. As shown in Figure 1-3, the three phases come into a final
equilibrium depending on the relative energies between them. Surface tensions of the three phases

are linked to each other by Young’s equation:

YL6C0SO =Yg — Ysi. 1-4

Where v, ¢, Ys¢ and yg;, are surface tensions of the liquid-gas, solid-gas and solid-liquid interfaces.

0 is the angle between the liquid and the solid and is called contact angle.
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Figure 1-3. A droplet on a surface. Arrows showing surface tensions of the liquid-gas, solid-gas

and solid-liquid 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 can be printed. But if the contact angle is above 90°, the printed droplets will not spread
to merge with each other and form patterns.'® Usually, 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 angle (8,) until it stops and starts to recede with a receding
contact angle (6,) until the droplet gets pinned on the surface and its contact line stays fixed and
drying begins. The difference between these two angles is called contact angle hysteresis (A8).
According to Young’s equation, A8 is ideally zero, but factors such as surface roughness and
contamination increase its value.!® Surfaces with low wettability have low A8, as their roughness
is low. Figure 1-4a and b show images of droplets advancing and receding on surfaces with
relatively high wettability. In this case, A8 is high. Similarly, Figure 1-4c and d show images of

droplets advancing and receding on surfaces with low wettability having low A6.



Figure 1-4. 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.

5.2.2.1. Line formation

In microelectronics, smooth patterns with low edge roughness are needed. For instance, when
printing source and drain electrodes in transistors or gate electrodes in top-gate configurations, 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 and simulations. Inkjet-printed silver lines
are used as source and drain electrodes in OTFTs in chapter 4. Moreover, CNT lines with
controlled thickness variation are inkjet-printed in the channel of TFTs in chapter 5. Therefore, in

this section a brief overview of the subject is presented.



Different modes of behavior have been defined for inkjet-printed lines.?**! As shown in Figure
1-5, these different modes are individual drops, scalloped lines, smooth lines, bulged lines and
stacked-coin lines. Contact angle, drop spacing and stage temperature determine the morphology

of a printed line.
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Figure 1-5. Different modes of behavior for printed lines: (a) individual drops, (b) scalloped lines,

(c) smooth line, (d) bulged lines and (e) stacked-coin lines.

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 condition of d < dp must be satisfied, otherwise individual droplets are printed (Figure 1-5a).
Equilibrium drop spacing (deq) is the drop spacing that leads to a smooth line with parallel edges.
When d > deq scalloped lines are formed (Figure 1-5b) and when d < deq bulged lines are formed

(Figure 1-5d). Only at d = deq smooth lines are achieved (Figure 1-5c). 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 droplet, leading to the formation of stacked-coin lines (Figure 1-5¢). In this case,
changing the drop spacing will not change the line width. This morphology will be discussed in

detail in chapter 3.
1.2.3. Coffee ring effect

One of the primary challenges encountered in solution processing, involves the occurrence of the
coffee ring effect. Coffee ring effect is the ring-shaped pattern that is left on the surface after a
liquid pattern dries as depicted in Figure 1-6. During the evaporation process, the edge of the
droplet evaporates 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 result, this capillary flow takes
most of the solute to the edges.?? In 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.
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Figure 1-6. Coffee ring effect (a) droplet after deposition on the surface, (b) the drying and
capillary flow moving the solute particles to the edges, and (c) the ring-shaped stain left on the

surface.



Figure 1-7 shows an optical micrograph of printed silver source and drain electrodes on poly vinyl
phenol (PVP)-coated glass and the thickness profile of the 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 undesirable. Generally, efforts are made to avoid
coffee ring effect and film thickness non-uniformity when a layer is solution-processed in a
device.?>?* In chapter 5, instead of eliminating coffee ring effect, we engineer it and take advantage

of the carbon nanotube alignment in the printed line edges to improve transistor performance.
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Figure 1-7. (a) Optical micrograph of printed source and drain electrodes on PVP-coated glass. (b)
Thickness profile of the lines showing coffee ring 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

structure and parameters are discussed in the next section.
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1.3. Thin-film transistors

Solution-processed field-effect transistors (FETs) are getting a lot of attention due to their
application in displays, biosensors and flexible amplifier circuits.?> As was discussed earlier, in
this thesis, we aim to investigate some challenges of solution processed electronic devices. For
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 annealing, we showcase two groups of transistors, OFETs
and CNT TFTs. Then we turn those difficulties into opportunities to explore and improve the
device performance. OTFTs are very similar to metal-oxide-semiconductor field-effect transistors
(MOSFETs). TFTs have four layers: 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 polarity to the body 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 OTFTs, the substrate
and the semiconductor are of different materials. The 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 semiconductor layer. Figure 1-8 depicts
OTFTs in two configurations: bottom-gate top-contact, and bottom-gate bottom-contact. The same
configurations can be applied to CNT TFTs as well, where instead of an organic semiconductor,

carbon nanotubes are deposited in the channel region.
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Figure 1-8. Organic thin-film transistors in (a) bottom-gate top-contact, and (b) bottom-gate

bottom-contact configurations

1.3.1. TFT operation and parameters

To characterize TFTs electrically, output (I;_Vy) and transfer (I;_V,) characteristics are studied.

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

are extracted from device I-V characteristics which we discuss here briefly.

The output characteristics (drain current (I;) versus drain voltage (V;)) has two regimes: linear

and saturation. Linear and saturation drain current and voltage satisfy the following equations:
Ig,iin = %”Cox[(yg ~Ve)Va — %Vf] 1-5
and,
lgsat = %MCM(VQ -’ 1-6

Where W and L are the transistor channel width and length, respectively, C,, is the capacitance of

the dielectric layer, V; is the threshold voltage, and u is the charge-carrier mobility.

12



Field effect mobility (u)

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

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

the slope of I;_Vj in the linear regime and the slope of \/E_Vg in the saturation regime:

L al o
2L 014, |
Usat = 7+ (—) -8
CoxW * 0V,

I,/1,55 ratio

I,y 18 the maximum transistor current at its maximum V; and V; values. It depends on many factors
such as the length and width of the semiconductor channel, the charge field-effect mobility, the
capacitance of the gate dielectric, and the device operating voltage. I, ¢ 5 is the minimum transistor
current which ideally occurs when the transistor is switched off (V; = 0). A large 5, /1, ratio

will distinguish between on-state and off-state of a transistor, and it is a determining factor in

designing digital circuits.
Threshold voltage (V,)

When increasing V, the transistor current will start increasing after the interfacial traps are filled.
The onset voltage for the transistor to turn on is called threshold voltage (V;). Its most common
method of extraction is using the extrapolation of the square root of I; versus Vj in saturation

regime , and the extrapolation of I versus V; in linear regime®:

13
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and,
Iq
Vt—lin = Vg a]d
oy

Subthreshold swing (SS)

1-9

1-10

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

defined as the inverse slope of I; (in log scale) versus V. SS shows how fast a device switches

from off state to on state, and it has the units of V/decade (meaning: the amount of increase of V;

needed to cause a 10-fold increase in I,;). It is defined as:

__
B d(logiola)

Output resistance (R,)

The conductance of a transistor is equal to the slope of the I; — V; curve. The output resistance is

equal to the inverse of the conductance:

dl
R0=—= d/dVd

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 and different extraction methods will be discussed.
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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 contacts interface due to
contact resistance:

Viot = AVs + AV + AVy = I3(Rg + Rep + Rg)  1-13
and,

R, =R, + Ry 1-14

AV; and AV, are voltage drops across the source and drain electrodes, and R and R,; are the contact
resistance ( R, ) at source and drain terminals, respectively. AV, and R, are channel voltage drop
and resistance across the semiconductor channel. R, is assumed proportional to the channel
length, but if the channel length is too small, R, will dominate the device, and it will become

difficult to get accurate resistance values *’.

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).

5.2.2.2.  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 resistances (R, = Ry + R;) and the channel

resistance (R.p,).
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Riot = Rs + Rg + Rep 1-15

As an example, in Figure 1-9, the width normalized total resistance (R;,:W) values of an OFET
are plotted versus the channel length. The y-intercept of the line equation gives R.W. With W =
1300 pm, R, is calculated to be 12 K{2. 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 one device to another?®.
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Figure 1-9. Rit. W versus channel length in an OFET

5.2.2.3.  Y-function method (YFM)

YFM is a simple and efficient method to extract low-field mobility, contact resistance and
threshold voltage. Low-field mobility is the intrinsic carrier mobility of the transistor, which is not
affected by contact resistance. When compared with extracted field-effect mobility values from
other methods, low-field 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 in Ref. 2. In YFM, the
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transfer characteristic in the linear regime is used. Using the current equation in the linear regime,

the Y-function is defined as:

I w
Y:\/%: /rcoxuovdx (Vg_vt) 1-16

where g,, is the transconductance, W and L are the channel width and length of the transistor, C,,,
is the dielectric capacitance per unit area, Y, is the low-field mobility, V; is the drain voltage, and

V; is the threshold voltage. From the slope of Y versus 1, i, is obtained and from the x-intercept,

V; is extracted (see Figure 1-10a). Next, \/%_m versus V; — V; is plotted, using the equation below:

1 1+6(Vy—- V)

Vem

— 1-17
T CoxHoVa

Finally, from the x-intercept, 8 and contact resistance are extracted (see Figure 1-10b). 6 is the

mobility attenuation factor and it leads to the extraction of contact resistance:

8 =0,+6" =0, + Gy X Ryg 1-18
W
Gm = rcoxuo 1-19

where 6, (= 0), G,, and R,y are the mobility reduction coefficient, transconductance parameter,
and the source-drain contact resistance, respectively. In our calculations we ignored 6,, and
assumed the carrier mobility to be constant under the applied vertical field. This assumption
ignores phonon scattering in the channel. As a result, comparisons with TLM show an

overestimation of contact resistance.?’
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Figure 1-10. a) Y function versus gate voltage, b) \/%_ versus Vy, — V;

1.4. Motivation

Solution-processed field-effect transistors have key applications in flexible electronics, biomedical
devices, energy harvesting and storage systems, and smart packaging. Their fabrication is cost-
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 high-resolution patterns on such surfaces proves to be a complex
task. Hydrophobic fluoropolymers have many applications such as coating material, circuit
encapsulation and gate dielectric in field-effect transistors. >> While printing methods such as
extrusion and screen printing are less influenced by substrate wettability, their resolution is limited.
To achieve high-resolution patterns, inkjet printing is employed, but on surfaces with 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 morphology and chemical composition.¢ !
Techniques such as symmetric printing, stacked-coin lines, and simulations to predict ink behavior

have been proved successful in producing patterns on hydrophilic surfaces,!”?!**43 however 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 water-repellency and smoother dielectric
surfaces, leading to enhanced performance by reducing defects in the organic semiconductor
(OSC) channel.*>* Despite these benefits, incorporating hydrophobic fluoropolymers into
solution-processed 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
wettability surfaces for inkjet-printed 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 influence the surface chemically and
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morphologically, potentially altering carrier transport.*! Consequently, many reports limit OTFTs
with hydrophobic gate dielectrics to vacuum-processed electrodes, mainly due to the complexity

of printing electrodes onto a hydrophobic dielectric.*>*6

Inkjet printing stands out as a highly promising method for depositing CNT inks in the channels

10,48-50

of TFTs,**® owing to its widespread use in creating CNT-based devices like TFTs, strain

51,52

and chemical sensors, and conductive films®*»>*. CNT ink formulations have been designed to

accommodate a high percentage of semiconducting CNTs,>>

offering a viable solution for inkjet
printing and providing an effective means of regulating the distribution of CNTs within the TFT
channel.’"° Different deposition techniques often involve trade-offs; high-density techniques like
drop casting or spin-coating offer high field-effect mobilities but result in lower on-off current
ratios, whereas low-density methods like inkjet printing generally achieve higher on-off current
ratios at the expense of lowering the field-effect 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 edges, >? can be leveraged as a natural mechanism, eliminating the need for

surface treatment®® or the use of multiple solvents®®%®. With inkjet printing, CNTs can be aligned

on droplet edges as a result of capillary flow.>>*® And, since the performance of CNT TFTs
improves by regulating CNTs inside the TFT channel using solution processing techniques, 3"’
coffee ring effect can be utilized and engineered to enhance transistor performance. This technique
allows precise manipulation and control over CNTs' 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 inks on challenging
surfaces and its applicability for printing low viscosity inks play a crucial role in addressing the
intricate trade-offs typically encountered in TFTs. The aim of this thesis is to tackle the above-
mentioned challenges and take advantage of inkjet printing 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 as micropatterns 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
hydrophobic surfaces are discussed. Then, OTFTs with inkjet-printed electrodes incorporating a
hydrophobic dielectric with reversible surface properties are presented. Finally, inkjet printing is

used to align carbon nanotubes in the TFT channel.

In chapter 2, the challenge of inkjet printing on hydrophobic surfaces is tackled through sequential
printing and drying and controlled surface energy minimization. The use of a sequential printing
and drying process, coupled with computational modeling, becomes an innovative strategy to
create micro-patterns 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 technique forms precise micro-patterns 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 on hydrophobic surfaces is
demonstrated. In stacked-coin methodology, an interplay of printing speed, drop spacing and stage
temperature leads to the formation of smooth lines. Stacked-coin printing, proven effective for
creating conductive lines on hydrophilic surfaces, 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 ink’s drying rate through stage heating and studying

different regimes, the adapted stacked-coin method becomes applicable on hydrophobic surfaces.

In chapter 4, a hydrophobic material (Teflon-AF) is used as the gate dielectric in OTFTs. It is
shown that plasma treatment as a surface modification technique changes the morphological and
chemical properties of Teflon-AF surface which are reversed with a subsequent annealing step in
the device fabrication process. The source and drain electrodes are inkjet-printed with a 20 pm
channel length on plasma treated Teflon-AF and are later annealed. This annealing step acts as a
post-annealing step for Teflon-AF 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 post-annealing after plasma treatment plays a
significant role in reversing the effects of surface modification, enhancing the 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 inks are 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
better charge 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 multi-solvent systems is avoided. By carefully engineering the coffee 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 and cost-effective solution for producing

high-quality CNT TFTs, aligning with the nature of solution-processed 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 chapter was published in The Journal of Chemical Physics, Copyright AIP Publishing.

Paria Naderi, Benjamin Raskin Sheuten, Alidad Amirfazli, Gerd Grau; Inkjet printing on
hydrophobic surfaces: Controlled pattern formation using sequential drying. J. Chem. Phys. 14

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

2.1. Introduction

In this chapter, an approach to inkjet printing on a hydrophobic surface is discussed. It is often
inevitable to use hydrophobic films such as Teflon amorphous fluoropolymers (Teflon-AF) as a
coating material, device encapsulation, or the gate dielectric in transistors.>? > Since later in the
thesis, the fabrication of OTFTs with Teflon-AF as gate dielectric is presented, pattern formation
on such surfaces is investigated here in detail. The formation of micro-patterns on surfaces with
low wettability, seen in applications such as microelectronic devices and bio-surfaces with cell-
based assays poses a significant challenge.>*3! Printing 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.!>'7 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,

to deposit functional inks on hydrophobic surfaces, for instance, as conducting electrodes in
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printed electronics, a common approach is to increase the wettability of the surface using surface-
modification.”?> For example, to achieve finer thin-film patterning through printing, surfaces with
hydrophilic/hydrophobic adjacent regions can be created with plasma treatment. The ink wets the
hydrophilic region and is confined by the hydrophobic regions.”> However, in addition to adding

3641

extra manufacturing steps to the process, surface treatment methods such as plasma and

74,75

addition or removal of monolayers may alter the surface both chemically and physically?’,

potentially compromising the functionality of the printed micro-patterns.>

There are some ways of forming micro-patterns 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 TiO2 ink, where the thermal gelation of the ink prevents it from
dewetting the hydrophobic surface and helps forming straight lines’®. This approach requires
modifying the ink formulation, which may not always be a viable option. On the other hand,
stacked-coin lines have been inkjet-printed on surfaces with high wettability.?! In this method, the
printing stage is 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 stacked-coin lines, the heat from the print stage can cause the solvent to
evaporate in the nozzle and hinder droplet jetting due to ink agglomeration®'. While it helps with
pinning the droplets on the surface, it is more applicable to solvents with high boiling point, and
due to the high temperature condition, it is not considered as a general method. Stacked-coin
method will be extensively studied in the next chapter, where we demonstrate successful inkjet

printing of lines on Teflon-AF 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 then stretched by the previously dried corner droplets.”” However, in Ref ["’], the focus
was to use the printed pattern as a fully-overlapped transistor gate electrode without the need for
accurate patterning, low edge roughness, or high resolution. In a similar study leveraging surface
tension forces, high-resolution lines were formed by sandwiching a layer of ink between a pre-
patterned substrate with printed dots and a cover plate. Bridges were formed between the dots as
the ink solvent evaporated.”®> While smooth and well-controlled 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 pose difficulties for complex multi-layer devices.

When lines are inkjet-printed 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 curvature and 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 printing.!” With
symmetric printing, three-droplet line segments are printed with the middle droplet being printed

1779 on surfaces with

last. This method prevents the bulging at the beginning of printed patterns
high wettability, however it has not yet been explored on surfaces with low wettability. There is a

need to understand and control the 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 the pattern formation. Different simulation
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methods have been employed to predict the formation of micro-patterns, for example, the Navier-

Stokes and continuity equations,®™8! the lattice Boltzmann equation,3>%3

and the energy
minimization integral.*> Among these methods, the energy minimization approach is simple, time-
efficient, and it can emulate the shape of micro-droplets with a high level of accuracy to find a
steady-state solution.** This method finds the equilibrium state of the droplet by calculating its
energy using the surface integral of the applied forces. The minimum energy state for the system
represents the equilibrium state.**#° Surface Evolver is a popular simulation tool that uses gradient
descent method to minimize the energy to study the equilibrium state of droplets by taking into
account forces such as surface tension, and gravity.®* The energy is minimized 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 has a direction 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
simultaneously to minimize the surface energy.®* Gradient descent method is a popular method to
find the minimum energy state, but it can have challenges. For example, achieving good
convergence by employing the gradient descent method alone, is often not possible*>. One
challenge with the energy minimization method is the accurate modelling of the 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 search method at the boundaries, ***?

which means using two different
methods for the different areas. This approach requires more time and alternating between two

algorithms.
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To overcome the challenge of printing on hydrophobic surfaces, here a combination of simulation
and experimental approaches is demonstrated, following the strategy below. To produce micro-
patterns on a hydrophobic surface, silver nanoparticle ink is inkjet-printed on Teflon-AF 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 the first printing
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 pre-printed anchors. In other words, with an adaptation of the
symmetric printing methodology, patterns are inkjet-printed on hydrophobic surfaces, with a
drying step to be inserted into the symmetric printing process to form line segments. Schematics
of the sequential printing and drying steps to form micro-patterns are shown in Figure 2-1. The
edge profile of the line is influenced by the volume of the printed ink. It 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 trial and error methods to determine accurate micro-pattern 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 patterns such as
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 micro-patterns 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

a) ‘ ‘ . . Wet ink (anchor)

Dried ink (anchor)

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

Figure 2-1. Schematics of the side and 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, (¢) print

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

2.2. Experimental

Teflon-AF 1600 (Sigma-Aldrich, Oakville, Canada) was used as the hydrophobic surface. It was
dissolved in Fluorinert FC-40 (Sigma-Aldrich, Oakville, Canada) with a 1.6% concentration. The
Teflon-AF solution was spin-coated at 500 rpm for 1 minute on glass slides and dried at 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, a custom-built
inkjet-printer with a 60 um-diameter nozzle (MJ-ATP-01-60-8MX, Microfab Technologies, Inc.

Plano, TX) was used. And, for the micropatterns, silver nanoparticle ink (ANP DGP 40LT-15C,
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Advanced Nano Products, Co., Sejong, Korea) was used. In the traditional method, single droplets
(volume 0.19 nL) were printed with different spacing, i.e., the drop spacing of the printed single
droplets was varied between 10-85 um. In the sequential printing and drying method, first, two
anchors each comprising of 10 droplets (volume 1.9 nL) were printed at different distances from
each other (170-260 um). Next, the printed anchors were dried at 150 °C for 15 minutes. Finally,
different volumes of the ink were printed between the two anchors. For each anchor spacing
between 170-260 pm, first a minimum volume of ink was printed 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. The surface 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 up its boundaries. 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 surface. For instance, if the force is only surface tension, we can write

the energy as:

Esz —TE.aTA’:fJ —Tcos 6. dA 2-1
facet facet

where T is the surface tension, k is the surface tension unit vector, A is the area of the facet, and 6

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 0° for anchor region. Figure 2-2 shows the advancing and receding contact
angles of silver ink and deionized (DI) water on Teflon-AF. The contact angle of the silver
nanoparticle ink on a Teflon-AF film is 84°+2°. Although the surface is not as non-wetting as it is
for water with a contact angle of 120° + 2°, it is still considered as non-wetting in practice. Since
Teflon-AF has low wettability, the contact angle hysteresis is low. The above-mentioned contact
angles are average values of the advancing and receding contact angles. The contact angle of DI
water and silver ink on Teflon-AF and dry silver ink were measured using the sessile drop method

(Kriiss DSA10, Kriiss Scientific, Germany).

In the simulation, gravity was ignored since the printed features are in the micro scale with a Bond
number (Bo) equal to 4.13 X 1073, Bo is the ratio between gravitational and surface tension
forces:

_ RZAw 2-2
Y

Where R, , Aw and y are liquid spherical droplet radius, liquid/vapor specific weight difference
(density) and surface tension respectively. AW = Wgjiper — Wair = PYsitver — PYair» and Wy =

12.6 N/m3. Silver nanoparticle ink properties are given in Table 2-1.
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Figure 2-2. (a) Advancing and (b) receding contact angles of silver ink on Teflon-AF. (c)

Advancing and (d) receding contact angles of DI water on Teflon-AF.

Table 2-1. Silver nanoparticle ink properties

Ink Property Value
Surface tension (mN/m) 35
Viscosity (cps) 16.7
Density (g/mL) 1.38
Silver content (wt %) 31.7
Contact angle (°) on Teflon-AF 84+2
Contact angle (°) on dry silver 1242
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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, surface 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 segment. The radius 7 of the
anchor regions was 39 um. The perimeters of these circles are the parametric boundaries and are

schematically shown in Figure 2-3.

As detailed in Ref [**], parametric boundaries are mathematical 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 minimization 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 hemispheres was ignored in the
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 anchors. This 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 display1 (the left circle in Figure 2-3)

formula: sqrt((x)"2 + y"2 + (z_height)"2) = rad

2. constraint display?2 (the right circle in Figure 2-3)
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formula: sqrt((x-droplet distance)2 + y*2 + (z_height)"2) = rad

. Boundary hemi_conl Parameter]l (imposing the parametric boundary the left circle in

Figure 2-3)

x1: rad*cos(pl)

x2: rad*sin(p1)

x3:0

. Boundary hemi_con2 Parameter]l (imposing the parametric boundary the right circle in

Figure 2-3)

x1: rad*cos(pl) + droplet_distance

x2: rad*sin(p1)

x3:0
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Figure 2-3. (a) Top view of the surface view in simulations. The circles represent the previously
printed and dried silver drops, i.e., the anchor regions. (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, and Figure 2-4b shows the same system without parametric boundaries. The volume of
the anchor hemispheres shown in Figure 2-4 does not represent the real volume and it is simply
used to hold the initial vertices 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

35



volume encompassed by edges that connects vertices both on the perimeter and the top surface of

the anchor hemispheres.

Figure 2-4. Initial defined body in Surface Evolver (a) with, and (b) without parametric boundaries

imposed on its edges.

Another group of constrains defined in Ref [**] 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, see Figure 2-3. This 2D constraint is the foundation of the model

in which the surface tension of the hydrophobic surface is included through Young’s equation:

Oc¢p, — O
cos(h) = 2= 23

O

where oy, 05, and oy, are the solid-vapor, solid-liquid and liquid-vapor interfacial tensions. This

constraint was exerted on the body facet that lies on the surface with low wettability.
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In the code, first the contact angle of the ink on the surface is defined as input for the code 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. parameter angle bottom = 84 // contact angle between plane and surface
2. #define BOT (-cos(angle bottom*pi/180)) // virtual surface tension of facet on plane

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

43 63 92 -77 -91 color cyan

44 64 79 -78 -92 color cyan

45515253 545556575859 6061 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 that make its boundaries with the surrounding environment, its volume

and its density:

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

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

density 0.000000000000138

Here, 37 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
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used in the calculations. At the end, the number and degree of iterations 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 inkjet-printed micro-patterns will be devised and demonstrated.

2.4. Droplet deposition on a surface with low wettability

Figure 2-5a shows the nozzle and the ejected droplet in the air. Figure 2-5b and ¢ show single wet
and dry droplets on the Teflon-AF surface; the initial volume of both were equal. The dry droplet
has a radius of 18.6 um (the diameter of a wet droplet on the Teflon-AF surface is ~71 um), with
an average thickness of 3.4 pm. The thickness profile of a single dry droplet is shown in Figure
2-5d. The thickness profiles of the dry droplets were measured using a stylus profilometer (Alpha-
Step D-600, KLA-Tencor, USA). The dimple in Figure 2-5d is due to accumulation of material®®*’

on the edges of the droplet due to capillary flow®s.
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Figure 2-5. (a) A 60 um-diameter inkjet nozzle and an ejected droplet in the air. Inkjet-printed
single (b) wet, and (c) dry droplets on Teflon-AF 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 surface, 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 undergoes a receding

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 pinning.®® This pinning effect restricts the ink from spreading, resulting in
a contracted, thicker center with receding edges, which influences the final morphology and

density of the printed feature.

In the next two sections, two line formation methods will be discussed. The traditional approach
involves adjusting droplet spacing to determine the line's formation, showcasing the challenges of
forming continuous lines on a Teflon-AF surface. While smaller spacing results in droplet merging
and irregularities, larger spacing leads to disjointed lines. This method emphasizes that altering the
drop spacing won'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 intermediate 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 surface. With this method, a series
of lines with varied drop spacing was printed with decrements of 5 pm. On a hydrophilic surface,
an excessively small drop spacing results in lines that exhibit bulging, and an excessively large
drop spacing leads to scalloping and discontinuities in the lines.!”*! Figure 2-6a depicts a
schematic of the inkjet printing process. On a hydrophobic surface, as can be seen in Figure 2-6b,
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 panels in Figure 2-6b, the same number of droplets
were printed (12). At a drop spacing of 75 um, individual droplets appear. Beyond a drop spacing

of 80 pm, the individual printed droplets no longer merge with one another. This experiment serves
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to affirm that the Teflon-AF surface exhibits a non-wetting behavior for this silver nanoparticle
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 droplets will not remedy the issue

due to the same surface thermodynamic principle that governs this phenomenon.

Printing direction

45 um 40 um 35 um 30 um 25 um 20 um 15 uym 10 um

Figure 2-6. (a) Schematic of the inkjet printing process. (b) Inkjet-printed silver nanoparticle lines
with different drop spacing on the Teflon-AF surface. The drop spacing for each image is shown

on top of the image. The scale bar represents 200 pum. The volume of a drop in the air is 0.19 nL.

41



2.6. Method 2: Sequential printing and drying

Method 2 is the strategy 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. To pin the ink on the
surface, the first sequence of droplets was dried before printing the second sequence in the middle.
Figure 2-7 shows the process. First, two anchors with a distance of 200 um 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
(see Figure 2-7b-e). It can be observed from Figure 2-7 that varying the volume of the printed
droplets in between the anchors changes 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 drying (Figure 2-7b). As the
volume is increased, the connection widens, but it remains thinner than the anchor diameter (Figure
2-7c). At a specific volume for a given line segment length, the dry line width approaches the
anchor diameter (Figure 2-7d), resulting in a smooth line after drying. However, further increasing
the ink volume results in a line segment width larger than the anchor diameter (Figure 2-7¢), 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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Figure 2-7. 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 um. In each column, the top row shows
the line segments before drying, and the bottom row shows the same line segments after drying (at

150 °C for 15 minutes).

Figure 2-8 shows the drying process of a line segment with an anchor distance of 200 pm while

stage temperature increases from 22 °C to 150 °C.
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Figure 2-8. The drying process of a line segment with an anchor distance of 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 characteristics and explore
patterns other than a line, the wet patterns were simulated. Figure 2-9a and b show the experimental
and simulated line segments before drying with the anchor distance of 200 um for different ink
volumes of 1.2, 3.2, and 5.0 nL. Figure 2-9¢ 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, the midpoint of the line
was selected since it shows the most deviation from a straight line that is the goal of the work.
Figure 2-9 shows an excellent agreement between experiment and simulation with an average error

of 1.1%.
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Figure 2-9. (a) Experimental printed, and (b) simulated line segments with the anchor distance of
200 pm for volumes of 1.2, 3.2 and 5.0 nL from left to right. The scale bar is 100 um. (¢) Graph
of wet midpoint line width versus printed ink volume showing good agreement between
experiment and simulation. The red arrow marks the volume of ink which results in a final smooth

dry line segment.
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The distance between the two anchors was varied in both experiments and simulations. The results
for the anchor distances of 170 um, 230 pum and 260 um are shown in Figure 2-10. Optical images
of both the inkjet-printed lines and their simulated counterparts are presented, offering a visual
confirmation of the consistency between the real and modeled results. The inkjet-printed
experimental and simulated 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 simulation results implies that the
primary forces at play are well-characterized by the inputs to the simulation, with the contact angle
being a significant factor. The optical images of the inkjet-printed and simulated line segments for
the volume of 5.6 nL for different lengths are also presented in Figure 2-10. Understanding how
different anchor distances affect the final printed line profile is crucial for precision printing, where

exact dimensions are necessary for functionality, such as in microscale transistors or sensors.
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Figure 2-10. From left to right, graphs of the midpoint linewidth versus printed ink volume, top

view images of printed and simulated line segments for an anchor distance of (a) 170 um, (b) 230

pm, and (c) 260 um. Red arrows point to a volume that results in a straight dry line in each case.

The images of line segment are all for the volume of 5.6 nL.

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 discontinuities allows us to remove the

discontinuous coordinates from the energy minimization integral by fixing them in place. The

implementation of surface tension via the contact angle (TE. dA = Tcos 6. dA) as a 2D constraint
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leads to simulation results 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, and drop impact do not
significantly influence the equilibrium state of micro-patterns 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 state allows us 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. Increasing ink volume only adds to the hemisphere’s
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 fully wets the anchors. This constraint allows a line to be formed rather than a
hemisphere. The positioning of the ink exactly in the mid-point of the anchors leads them to be
equally covered by wet ink. Therefore, a bridge of ink forms between the anchors, which increases

in width with increasing ink volume as seen in Figure 2-7.

If we plot the ink volume versus the anchor distance which leads to a straight line with smooth
edges (From Figure 2-9 and Figure 2-10), a line with constant slope can be found (see Figure
2-11); the error bars show an error margin of one droplet (0.2 nL). Such behavior suggests that a
print factor (PF) exists which correlates the required printed volume to the anchor distance (d),

1e.:

Vol,e = d X PF 2-4
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Figure 2-11. The ink volume needed to produce a smooth line segment versus line segment length.
The graph shows a linear relationship between the Vol,,., and anchor distance and its linear fit.
The slope of the linear fit is 2.7 X 10* um?(with y-intercept, standard error and R? being equal to
-0.3nL, 5.2 X 10718 nL and 1.00, respectively). The error bars show error margin of one droplet

(0.2 nL).

PF serves as a metric that, once determined from an initial experiment involving the printing of 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

models, capturing the essence of the ink’s flow, wetting, and drying behavior on a given substrate.

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 post-drying. If the PF is consistent across various line

lengths, then one can conclude that the ink's spread on the substrate and the subsequent drying
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follows a predictable pattern. This predictability is crucial for applications where precise line

dimensions are necessary for the correct functioning of the printed circuits.

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 aiming to achieve 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 that in Figure 2-12 we show that this method of
printing can be utilized for printing other features such as triangles using three-anchor patterns.
Using method 2, equilateral triangles were inkjet-printed and compared with the simulation results.
The top view optical images of the inkjet-printed experimental and simulated triangles and the
graphs of the image area versus printed ink volume are shown in Figure 2-12. 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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Figure 2-12. Optical images of (a) wet and (b) dry printed, and (c) simulated equilateral triangles
(side dimension = 200 pm), with ink volumes of 5.2 nL, 8.8 nL, and 9.8 nL from left to right. The
scale bar represents 100 um. (d) The simulated and inkjet-printed image area versus ink volume
with a percentage error of 2.9%.
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To demonstrate the second implication of Figure 2-11 is to predict the final ink pattern using the
simulations. Therefore, first we 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 means that the dynamics
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 shape is achieved is much slower, i.e., in the order
of minutes compared to spreading — under a 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 required to form straight smooth features on hydrophobic surfaces. The linewidth versus
volume for all the four tested anchor distances in Figure 2-9 and Figure 2-10 can be fit to a square
root function:
w = AVV 2-5

where w is the line width, V is the printed 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 drawing in Figure 2-13 shows the drying process of a
droplet, starting from an initial wet droplet with the diameter of wwet. In the first phase, as the
droplet dries, 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 proportional to the cube of its radius (r*). 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 cap, so 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 Teflon-AF:

volop = 2N _ (rpin)3 _ (18-6>3
o=——m=|— = | ——
Vwet I'wet 35.5 2-6

= 14.38%

In phase two, the 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 length) in Figure 2-13 is wpin (Which is assumed to be equal to
Wadry). Substituting wpin in equation (2-5), leads to a value for Vpin and using the volume ratio in
equation (2-6), Vet can be calculated. We assume that the same relationships and assumptions
hold for lines and other features, too, which was validated for lines and triangles. The Ve value
that results in smooth line segments (linewidth equal to anchor diameter) was measured for four
different anchor distances. Figure 2-14a-d show the wet and smooth dry line segments for anchor
distances of 170, 200, 230, and 260 mm, respectively. The plot in Figure 2-14e shows values for
the printed volume needed to create smooth line segments versus the anchor distance for the

experimental and simulation results.
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Droplet shrinking Onset of pinning

Figure 2-13. The drying process of a droplet, starting from an initial wet droplet with the diameter
of wwet until its diameter reaches wpin in phase one. In phase two, the contact line is pinned as the

drop volume is reduced to Vry.

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 and shows 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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Figure 2-14. Images of smooth line segments in the wet and dry state for anchor distances of (a)
170, (b) 200, (c) 230, and (d) 260 mm, respectively. (e) The printed volume needed to print a

smooth dry line segment versus the anchor distance for the experimental and simulation results.
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2.8. Conclusions

In this chapter, a new printing method is shown to form micro-patterns on surfaces with low
wettability that does not require surface modification. A model based on energy minimization
predicts the shape of the inkjet-printed 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 micro-patterns 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 smooth dry features, 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 substrate and 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 inkjet printing on hydrophobic surfaces will be

presented.
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Chapter 3: Inkjet-printing on hydrophobic surfaces with the

implementation of stacked-coin strategy

This chapter was published in Advanced Engineering Materials Journal, Copyright Wiley.

Docherty, M.J., Naderi, P., Grau, G., Sefiane, K. and Amirfazli, A. (2024), Inkjet Printing on
Hydrophobic Surface: Practical Implementation of Stacked Coin Strategy. Adv. Eng. Mater., 26:

2400237. https://doi.org/10.1002/adem.202400237

3.1. Introduction

In this chapter, another method to overcome the difficulties of inkjet printing on hydrophobic
substrates through stage heating is discussed. The method is an adaptation of stacked-coin printing,
a technique which has been successfully used in the production of conductive lines on hydrophilic
surfaces in thin-film transistors® and conductive films®'. Stacked-coin printing is a technique in
which the time taken to deposit a subsequent overlapping droplet in a pattern is longer than the
evaporation time of the prior droplet.?! Figure 3-1 shows how increasing the stage temperature
results in droplet pinning on the surface and eventually, stacked-coin morphology. 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 the solvent in 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 showed in the previous chapter that wet ink can be

anchored to a dried ink region®’. The effect of impacting droplets experiencing a wettability
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gradient between the low surface energy substrate and the hydrophilic attraction to the previously
dried hydrophilic droplet prevents the application of the stacked-coin technique at room
temperature (Figure 3-1b). 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 accelerating the rate of drying of the ink through stage heating,
we can adapt the stacked-coin method for use on hydrophobic surfaces (Figure 3-1c and d). The
work in this chapter defines the window for successful printability by introducing and relating key

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

a) b)

Room Temperature Room Temperature

d)

High Temperature High Temperature

Figure 3-1. (a) Wet droplet is 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 overlap on the previous droplet.
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3.2. Substrate preparation and printing process

This work was done with a custom-built inkjet printer with an accuracy of 1.4 um as will be
demonstrated in subchapter 5.2.4. 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 printer was operated in a drop-
on-demand (DOD) mode with a Microfab 60 um orifice nozzle (MJ-ATP-01-60-8MX, Microfab
Technologies, Inc. Plano,TX), controlling precise droplet ejection through a piezoelectric
transducer. The specific piezoelectric waveform was: 0 V idle voltage, 30 V dwell voltage, -30 V
echo voltage, dwell time of 20 ps, echo dwell time of 40 ps and all rise and fall times at 6 ps.
Droplet ejection speed was typically 1-2 m/s, droplets are approximately 0.2 nL in volume at

ejection.

The ink that was used for experimentation was a silver nanoparticle ink (Anapro, DGP 40LT-15C),
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 being 34.65 mN/m,
13.7 cP, and 1450 kg/m>, respectively. The substrate used was Teflon-AF 1600 (Sigma-Aldrich,
Oakville, Canada) coated glass microscope slides. Coating of microscope glass slides by Teflon-
AF was achieved through spin coating at 500 rpm for 60 seconds. Teflon-AF solution was annealed
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 being < 90°, the
system still exhibits significant hydrophobic tendencies as discussed in the previous chapter ; thus,
the system is considered hydrophobic. The substrate preparation and inkjet printing process are

shown schematically in Figure 3-2.
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II. Inkjet print Ag nanoparticle IV.Analyze morphology with
ink on Teflon-AF surface microscope

v e
"\/

Figure 3-2. Schematics of the substrate preparation and inkjet printing process.

The independent variables used in this investigation were substrate/stage temperature (150-180
°C), drop spacing (5-30 um) and stage movement speed. The choice of high range of temperatures
here is due to the 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. Temperatures close 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 pum/s to the maximum speed which can be achieved, 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 the fundamental three effective factors that can be directly controlled within our

setup. To minimize ink evaporation within the nozzle and ensure smooth production and testing
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of lines, the nozzle was held approximately 1-2 cm from the substrate surface. Upon nozzle
clogging, the nozzle was forward-flushed with iso-propanol (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 considered flat, with optical profilometry data showing minimal variations in the order of

10-100 nm as seen in Figure 3-3.
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Figure 3-3. Optical profilometry example with group of 10 um 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 are isolated droplets, isolated groupings, broken line, true stacked-coin, and delamination.

Examples of the expected morphologies present within each of these regimes are shown in Figure
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3-4. Through the observation of dried ink patterns, the mechanisms which yield specific ink
morphologies can be identified. These mechanisms indicate distinct changes in printability, which
reflect the onset of successful line 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

upon later.

The isolated droplet regime is largely a temperature dependent regime (Figure 3-4a). This regime
occurs when the drying time of the droplets is substantially longer than the dewetting time and
droplet spacing is relatively high. Overlapping wet droplets on the surface do not 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 substrate. 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 not yet 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 70 pm. Figure 3-5 shows regime windows which

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

The isolated grouping regime is similar to that of the isolated droplet regime (Figure 3-4b);
however, the morphology of droplet groups begins to take a more ovular shape as regularly
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
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the previous droplet is not achieved before drying. This results in an offset of the droplet to be
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 the specific 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 printing conditions. 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 efficiently in 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 the temperature
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 regime between isolated groupings and true stacked-
coin morphology (Figure 3-4c). Droplet groupings begin displaying unpredictable behavior, with
groupings of unstable lengths beginning to occur at various intervals. Within this regime, full
stacked-coin lines up to 1000 pm can be produced; however, when repeating the test conditions, a
different pattern of groupings is observed. This morphology can exist within conditions 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
stacked-coin morphology. The presence of this regime can indicate onset conditions of stacked-

coin regime.
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True stacked-coin regime indicates printing conditions which yield continuous lines with stacked-
coin morphology (Figure 3-4d). 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 stacked-coin regimes can be achieved. Figure 3-5 maps the situations where stacked coins
can be produced at different stage temperature, with varying stage speed, and drop spacing. As is
evident from Figure 3-5e, increasing stage temperature expands the printability window for
stacked-coin morphology; however, in microfabrication lower processing temperature is
preferable. Figure 3-5a shows the occurrence of stacked-coin lines at lower temperature, but the
printing speed is very low. Figure 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 3-5c¢ and d comprise of larger printability windows for stacked-coin lines where a wider

range of speed and drop spacing is possible.

The delamination regime is the smallest identified regime occurring exclusively at low drop
spacings and low stage speed and high stage temperatures (Figure 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 the thickness of the line 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 lines. While
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 reported,” with the root cause being a product of the built-up stress

gradient within the silver nanoparticle ink due to the rapid drying and high stage temperature
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experienced by the lines. The presence of the delamination phenomenon indicates a region where
true stacked-coin lines cannot be reliably produced. Full and partial delamination are shown in

Figure 3-4e, 1 and ii, respectively.

Figure 3-4. Identified line printing regimes: (a) isolated droplets, (b) isolated groupings, (c) broken
line, (d) true stacked-coin, and (e) delamination regimes. Inset figures show full delamination (e,

1) and partial delamination (e, ii) on Teflon-AF surface. Scale bar represents 100 pm.
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Figure 3-5. Printing behavior regime map for variable drop spacing and stage 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 in Figure 3-5 clearly show that the success of this 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 due to ink droplet pinning. At lower contact angles, it is observed that ink
dries faster compared to larger contact angles.”* The effect of increasing droplet overlap (or
decreasing the drop spacing) is reflected in the regime maps, with systems printed with higher
droplet overlap experiencing a larger range of conditions for true stacked-coin line formation. As
drop spacing is increased, the range of stacked-coin formation decreases until reaching the system
limits of 20 and 25 pm for substrate temperature of 170°C or higher (see Figure 3-5c-e). The effect

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

The critical temperature of the system is defined as 180 °C where almost only lines exhibiting true
stacked-coin or broken stacked-coin behavior are recorded (Figure 3-5¢). 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 times and the strength of dewetting of droplets are heavily influenced by droplet
contact angle.”* At lower temperatures, it is clear from the dry patterns that temperature is
influential in final regime morphologies. This is evidenced by the chaotic drying patterns at lower
temperatures transitioning into a predictable stacked-coin morphology at higher temperatures
(Figure 3-6). Droplet coalescence 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 a pre-dried 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 stacked-coin regime.?!

Figure 3-6. Comparison of 10 um drop spacing lines exhibiting enhanced droplet coalescence
during sintering due to spreading at the temperature of (a) 160 °C, (b) 170 °C, (c¢) 175 °C, and (d)

180°C. All at average stage speed 800 um/s. Scale bar represents 200um.

This key difference in ink behavior indicates the onset of the critical temperature, as lower

temperatures possess considerable influence from droplet coalition dynamics. Upon further
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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
stage movement at higher speeds (Figure 3-7). Asymmetric droplet impact spreading occurs when
droplets impact a stage with sufficiently high speed to promote drop deformation and asymmetric
spreading.” Typically, inkjet-printed electronics layers and devices are printed at speeds on the
order of 10-100 mm/s, which is significantly faster than stage speeds used here.”® This is due to
the limitations of the apparatus which is limited to a maximum of around 1000 pum/s for the small
values of drop spacing used here. Figure 3-7a shows consistent asymmetric droplet spreading
across lines with a 30 um drop spacing printed with a stage speed of 1000 um/s (180°C). At high
stage speeds, the droplet morphology appears as a connected chain. Upon 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 speeds, they 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 speeds. The onset of advantageous changes in
droplet regimes due to stage speed conditions occurs from 100-200 pm/s. The investigation into
stage speed is limited by the acceleration capabilities of the setup. The limitations of droplet
spreading is an important point 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 non-overlapping isolated droplets
at system critical temperature 180°C: (a) 30 um spacing approaching 1000 um/s, (b) 30pm spacing

at 100 um/s. Scale bar represents 50 pm.

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 ink entrained 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 lower stage speeds 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 temperatures (Figure 3-5a and b) show that regimes
begin to transition towards isolated droplets at high speeds after experiencing transitions towards
true stacked-coin 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 stage heating 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 may be applied to UV sensitive conductive ink options,
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overcoming the thermos-sensitivities 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
technique, 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 Teflon-AF surface. Varying the drop spacing 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 are significant differences of note. Only one successful region of
printability exists for hydrophobic substrates (stacked-coin morphology), while a range of
successful connected lines (including scalloped and bulged lines) can be achieved on hydrophilic
substrates, with uniform being desirable.?! 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 drop spacing. Finally, 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 successful printing regimes of stacked-coin 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 on temperature and drop spacing can thus be used to successfully predict the onset
conditions of true stacked-coin morphology. The critical temperature of the system, ensuring

instantaneous drying at all applicable drop spacings was found to be 180 °C. A maximum drop
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spacing of 20 um was identified, above which true stacked-coin regime cannot be achieved. Also,
speeds up to 20 um/s are the most sensitive to rapid regime changes surrounding onset conditions.
Asymmetric droplet spreading has also been identified as a 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 on hydrophobic Teflon-AF gate dielectric

This chapter was published in the journal Organic Electronics, Copyright Elsevier.

Paria Naderi, Gerd Grau, Organic thin-film transistors with inkjet-printed electrodes on
hydrophobic Teflon-AF gate dielectric with reversible surface properties, Organic Electronics,

Volume 108, 2022, 106612, ISSN 1566-1199, https://doi.org/10.1016/j.0rgel.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 on hydrophobic 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
surface properties of the dielectric layer which are reversed after a post-annealing step to anneal
the silver source and drain electrodes. The results of this chapter are very insightful for future
research in solution-processed OTFTs, while they confirm the usefulness 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 the final products. Using
fluoropolymers as the gate dielectric has a number of advantages. Due to their water-repellency,
fluoropolymers are used in transistors as the gate dielectric or encapsulation to prevent possible

doping and charge trapping in the channel*>**. A smoother dielectric surface leads to larger grain
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sizes and fewer defects in the organic semiconductor (OSC) channel®”*8. In TFTs, since charge
transport happens within a few nanometers from the semiconductor/ dielectric interface, the
dielectric surface properties become very important®~!°!. However, it can be quite challenging to
incorporate hydrophobic fluoropolymers in solution-processed electronic devices. To fabricate
transistors with a small channel length, the source and drain electrodes are inkjet-printed and the
surface is required to have high wettability. As was discussed in chapter 2, one method of
increasing surface wettability is to use plasma treatment. However, plasma-etching on
fluoropolymer films increases the film’s roughness and alters its chemical bonds on the surface *!.
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 dielectric
4346 There are examples of solution-processed electrodes in OTFTs with conductive inks such as
silver and gold on surface-modified hydrophobic gate dielectrics like Teflon-AF and Cytop. To
overcome the low surface energy of fluoropolymers, some reports used selective surface energy
patterning combined with blanket coating of metal nanoparticle inks, which requires a mask and
is difficult on heterogeneous substrates °”1°2. Another method is extrusion printing combined with
plasma surface modification, however, the resolution is low '%. Therefore, there is a need to study
scalable, high-resolution printing methods such as inkjet printing to fabricate OTFT electrodes on
fluoropolymers. Furthermore, the effect of surface-modification on these fluoropolymer surfaces
and the OSC/dielectric interface has not been studied so far. In this thesis, in an effort to inkjet
print electrodes with small separation distance (transistor channel length), the effect of plasma
treatment on Teflon-AF 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 density, electrical and chemical resistance to the environment, low dielectric
constant, and water repellency.>* 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 dielectric.*>* Other than their water-repellency and smooth surfaces,
fluoropolymers have low dielectric constant, which enhances the charge transport in the
semiconductor channel.'® The strong C-C and C-F 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 boards3*!9%10,
Polytetrafluoroethylene (PTFE), commercially known as Teflon, is perfluorinated polyethelyne in
which all the hydrogen atoms have been replaced by fluorine. In other words, fluorine atoms cover
the C-C backbone and enrich it with useful characteristics such as low surface tension (18 mN/m)

and low dielectric constant (2.1)!%°

. Teflon amorphous fluoropolymers (Teflon-AF) are
copolymers of Teflon and 2,2-bis(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 platforms for biological assays.!?”!%® Teflon-AF is available in two
grades depending on its glass transition temperature (Tg): Teflon-AF 1600 (Tg=160 °C) and
Teflon-AF 2400 (Tg=240 °C). Teflon-AF is especially useful for coating applications where
surface hydrophobicity is the key requirement to encapsulate an electrical device from

109

environmental effects ™ or as the gate dielectric in solution-processed organic thin-film transistors
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(OTFTs) #46777.103110 "The chemical structure of Teflon (PTFE) and Teflon-AF are shown in

Figure 4-1.
_F F_
S A, :
(|3 cI: o/ \;:\\C \C/
| | N J\
Teflon Teflon-AF

Figure 4-1. Chemical structures of Teflon (PTFE) and Teflon-AF

Teflon-AF has been used as the gate dielectric in solution-processed OTFTs*6777:103.110 hecayge
of its interesting properties. However, due to their low surface energy, one cannot easily form
patterns on these films through low-viscosity solution-processing techniques such as inkjet
printing of electrodes. To combat this wettability issue, surface 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 chemicals *°. Some studies have investigated the nature of surface modification of
fluoropolymers such as crystalline PTFE through plasma treatment 33734011 In other contexts,
some reports show that heat recovers the surface of different fluoropolymers after they have been
modified either by plasma treatment or humidity''?. In a solution-processed bottom-gate-bottom-
contact (BGBC) OTFT, the hydrophobic gate dielectric undergoes a series of processing steps.

After the dielectric film is solution-deposited, it is annealed once for its solvent to evaporate. Then,
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the film surface is modified to increase its wettability to prevent dewetting and improve adhesion
of the next solution-processed layer. Plasma treatment can change the surface both chemically and
morphologically.*! Therefore, since the channel is only a few nanometers thick, a nanometer-scale
change in the surface could alter carrier transport.”®!!3 Finally, with the annealing of 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 post-annealing step can reverse the effect

of the plasma treatment.

In this chapter, we first show the fabrication process for OTFTs with inkjet-printed silver source
and drain electrodes on a fluoropolymer gate dielectric. We study the effect of the electrode
processing on Teflon-AF as the gate dielectric and take advantage of its reversible properties to
engineer the OSC/dielectric interface. By varying the post-annealing temperature, the surface
properties of Teflon-AF change, which causes the OSC/dielectric interface to change. It is
demonstrated that the state of the Teflon-AF surface clearly affects the extracted transistor
parameters such as mobility, on-current, off-current, on/off current ratio, and the threshold voltage.
Our findings show that after plasma treatment, the wettability, roughness, and the percentage of
reactive elements like oxygen increase on the surface of the films. However, they all decrease after
post-annealing corresponding to improvements in the OTFT performance. This confirms the
importance of Teflon-AF surface reversibility to engineer the OSC/ dielectric interface in a printed

transistor fabrication process.
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4.2. OTFT preparation

The complete OTFT fabrication process is shown in Figure 4-2. BGBC configuration was
employed. The transistors were fabricated on indium tin oxide (ITO)-coated glass slides (Sigma-
Aldrich, Oakville, Canada). The ITO film was used as the gate electrode. Teflon-AF 1600 was
dissolved in Fluorinert FC-40 in a 1.6 wt. % solution. The solution was spin-coated 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 plasma-treated for 1 minute at 200 W with a PE-50
plasma system (50 kHz). Afterwards, the source and drain electrodes were inkjet-printed using a
silver nanoparticle ink. A custom-built inkjet printer with a 60 um diameter nozzle was used. The
channel width of the devices was 1,300 um, and the channel length was varied from 20 pm to 75
um. The printed source and drain electrodes were dried first at 60 °C for 5 minutes to prevent the
coffee ring effect and then annealed at different temperatures for the purpose of this study. The
organic semiconductor poly(2,5-bis(2-octyldodecyl)-3,6-di(pyridin-2-yl)-pyrrolo[3,4-c] pyrrole-
1,4(2H,5H)-dione-alt-2,2’-bithiophene) (PDBPyBT) (Ossila Ltd, Sheffield, UK) was dissolved in
chloroform with 10 mg/ml concentration and was spin-coated 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 °C and 160 °C), the samples were plasma treated one more time.
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Samples for Teflon-AF characterization were fabricated in the same way without the printed
electrodes and the organic semiconductor. All devices were fabricated and tested in ambient

conditions.

1. Spin-coat Teflon-AF 2. Anneal the Teflon-AF layer
solution on ITO-coated glass

S
— e 1

4. Inkjet-print Ag NP source and 3. Plasma treat Teflon-AF

drain electrodes surface
‘ Glass Glass
5. Anneal the electrodes (post- 6. Spin-coat the OSC 7. Anneal the OSC
anneal Teflon-AF) :

-

isi Glass

Figure 4-2. OTFT fabrication process

4.2.1. Plasma treatment of Teflon-AF

Figure 4-3a and b show the printed source and drain electrodes without and with plasma treatment.

When printing silver nanoparticle ink, the ability of the ink droplets to wet the surface is crucial
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for the formation of continuous, conductive lines. Before plasma treatment, due to the low surface
wettability of Teflon-AF, the ink droplets do not spread out or wet the surface properly. As can be
seen in Figure 4-3a, 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 Teflon-AF. After plasma treatment, the wettability of Teflon-AF surface increases. See Figure
4-3b. The ink droplets now spread out and coalesce into fine lines upon printing, allowing for the

formation of high-resolution, conductive patterns.

a)

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

treatment, (b) with plasma treatment. Scale bar represents 200 um.

4.3. OTFT performance

The fabricated transistors were characterized using a semiconductor parameter analyzer (Keithley

4200, Tektronix). As was discussed in the introduction chapter, two [-V measurements are required
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to analyze the performance of the devices: transfer characteristics (IaVg) and output characteristics
(IaV4). Transfer characteristics are used in this section to extract transistor parameters. Figure 4-4
shows the transfer characteristics (IsVg) at Va =-120 V for 20 um channel length devices without
and with different post-annealing temperatures in forward gate voltage sweeping condition. As can
be seen from Figure 4-4, the on-current values and the slope of the square root of the drain current
are higher for post-annealing temperatures of 120 °C, 140 °C, and 160 °C. The devices below and
above this range show clear deterioration in performance. Figure 4-5 shows the performance trend
versus the post-annealing temperature for the following metrics: average and maximum saturation
field-effect mobility (ps4¢), average and maximum linear field-effect mobility (y;;,,), average and
maximum on-current (/,,) normalized by channel width and length, log of off-current

(Log(Isf5)), threshold voltage (V;), saturation subthreshold swing (SS), and log of on-off current

ratio (Log (Ilﬂ) ). These parameters were averaged over the whole range of channel lengths from
off

20 ym to 75 pm.

The saturation field-effect mobility is calculated from the slope of the square root of the drain

current versus gate voltage from [4V characteristics in the saturation regime:

2
2L (01, 4-1
Usat = 75\ S
CoxW \ 9V,

where W and L are the channel width and length of the transistor channel, and C,, is the dielectric
capacitance per unit area. Devices with no post-annealing step have low performance. The devices
post-annealed at 160 °C have the highest mobility (average: 0.12 cm?/V.s and maximum: 0.19

cm?/V.s), and the devices post-annealed at 120 °C have the highest on/off current ratio (average:
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5.5 X 10° and maximum: 3.4 X 10°). The saturation and linear field effect mobility and the on-
current are highest at post-annealing temperatures between 120 °C and 160 °C. The other
parameters are initially constant with post-annealing temperature up to 160 °C. At this point, V,
abruptly starts becoming more negative, SS and I,sf increase and I,,/l,r; decreases. Two
different regimes can be observed. At low post-annealing temperatures, on-state performance
increases as the post-annealing modifies the Teflon-AF dielectric. At high post-annealing

temperatures, both on- and off-state performance deteriorate.

In Figure 4-4, for post-annealing temperatures above 160 °C, the gate-induced drain leakage
increases for positive V. For Ij; > 0, the OSC traps electrons which attracts the holes accumulated
at the gate side of the dielectric, leading to an increase in leakage current.!'* However, the bulk
characterization in section 4.7 shows that Teflon-AF capacitance does not change when the film

is exposed to higher annealing temperature.

Therefore, it is important to identify the optimal post-annealing temperature. It is worth noting that
other transistors reported using this OSC (PDBPyBT) or other DPP derivatives, have used
evaporated source and drain contacts and inert atmosphere processing conditions for the OSC
46,115,116 " The transistors fabricated here, despite having inkjet-printed contacts and ambient
atmosphere processing for the OSC, show comparable performance to transistors with the same

device structure and otherwise same OSC processing conditions.
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Figure 4-4. Transfer characteristics (IaVg) at Vg =-120 V of 20 um channel length devices without
and with different post-annealing temperatures. Inset shows the square root of drain current versus

post-annealing temperature.
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Figure 4-5. Graphs of (a) average and maximum saturation field-effect mobility extracted at Vqa=
-120 V, (b) average and maximum linear field-effect mobility extracted at Va=- 20V, (c) Average
and maximum width and length normalized on-current, (d) log of off-current, (e) threshold voltage,

(f) log of on-off current ratio, and (g) saturation subthreshold swing.
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4.3.1. Contact resistance measurements

As shown in Figure 4-5, a clear trend is observed between all OTFT parameters and Teflon-AF
post-annealing 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 devices ''7!'8. At the
same time, it is well-known that organic field-effect transistors suffer from limitations caused by
contact resistance 2%, and since the post-annealing temperature is, in fact, the silver source 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 discussed in chapter 1.

5.2.2.4. Extracting contact resistance using TLM

For TLM, the output characteristics are used. Figure 4-6 shows the output characteristics (I¢Va4) of
a 20 um channel length device with electrodes post-annealed at 160 °C. First, the total resistance
was extracted from the inverse of the slope of the output characteristics in the linear regime. For
TLM, it is necessary to vary the channel length and then plot the total resistance versus channel
length. Figure 4-7 shows three transistors with three different channel lengths: 20 pm, 50 pm and
75 um. For the contact resistance calculations, transistors with channel lengths of 20, 30, 40, 50,
60 and 75 um were used. The width normalized contact resistance and channel resistance per
channel length were extracted from the y-intercept and the slope of the plots. The results are shown

in Figure 4-8a and b.
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Figure 4-6. Output characteristics (I¢Vq) of a 20 um channel length device post-annealed at 160°C
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Figure 4-7. The final device with (a) 20 pm, (b) 50 um and (¢) 75 um channel length, with the

OSC spin-coated on top. Scale bar represents 200 pm.
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5.2.2.5. Extracting contact resistance using YFM

Next, YFM was used to calculate the low-field mobility and the contact resistance (R, = Ry;/2)
for all the post-annealing temperatures. The results are shown in Figure 4-8c and d. Low-field
mobility is the intrinsic carrier mobility of the transistor, which is not affected by contact
resistance. The YFM technique is introduced in detail in Ref. ?%. In the YFM, the transfer
characteristic (IsVy) in the linear regime is used. The extraction process was discussed in detail in
the introduction chapter. Using the current equation in the linear regime, the Y function is defined

as:

w
Y=—= | CoxHoVq X (Vg - V)

Jem L 42

where g,, is the transconductance, W and L are the channel width and length of the transistor,
C,y 1s the dielectric capacitance per unit area, i, is the low-field mobility, V, is the drain current
(here -20 V), and V, is the threshold voltage. From the slope of Y versus V;, u, is obtained and

from the x-intercept, V; is extracted. To calculate contact resistance, mobility attenuation factor 6

was extracted, which gives us contact resistance:
9=90+9*=90+GmXRSd 4-3

where 6, (= 0), G, and Ry, are the mobility reduction coefficient, transconductance parameter,

. . . 1
and the source-drain contact resistance, respectively. In the next step, we plot — versus V/,

\/g—m g_Vt,

using the below equation:
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1 1+6(Vg—Wy)

\/g_m_ W 4-4

T CoxP-OVd

From the x-intercept, we extracted 8, from which we can obtained contact resistance.

5.2.2.6.  Analysis of the results extracted from the two methods

The low-field mobility changes with post-annealing temperature with the maximum value at 160
°C (Figure 4-8d) and it exhibits the same trend as the saturation field-effect mobility shown in

Figure 4-5a.

The contact resistance values extracted from the two methods (Figure 4-8a 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 post-annealing temperature.

Furthermore, channel resistance and low-field mobility exhibit the same trends as well as
comparable values when converting between them (Figure 4-8b and d). Therefore, here with
contact resistance not changing and po and channel resistance changing with post-annealing
temperature, we conclude that the main factor contributing to the change 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 dielectric—Teflon-AF in this case. It is at this critical
juncture that the majority of the device performance characteristics are determined. The channel
resistance and low-field mobility are two fundamental parameters that characterize the
performance of transistors, and they are interrelated. Channel resistance (R pqnner) quantifies the

resistance offered by the semiconductor material of the channel to the flow of charge carriers when
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a voltage is applied across it. This resistance is influenced by the channel length (L), channel width
(W), material properties, and the interface quality between the semiconductor and the dielectric.
TLM is employed to determine R_.p,nne; by fabricating a series of devices with varying channel
lengths and measuring their total resistances. Low-field mobility (u,) represents the rate of charge
carrier 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. The correlation between channel
resistance and low-field mobility stems from the fundamental operation of a field-effect transistor

(FET). The drain current (I;) in the linear region is simplified as (equation 1-5 in Chapter 1):

W
la = tinCor (7) 0o = VolVa

where w;in, Cox, W, and L are the linear field-effect mobility, the gate oxide capacitance per unit

area, channel width, and channel length, respectively.
Rearranging this equation to solve for channel resistance yields:

1 4-5

:ulincox (%) (I{q - Vt)

Rinanner =

While p1;;,, can be expressed in terms of u, using 8 2%

Im _ " »
(¥) (V, = Ve)Vy [1+06(V, — V,)I?

WUiin =
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These expressions reveal that channel resistance is inversely proportional to low-field mobility; as
mobility increases, channel resistance decreases, assuming all other factors are held constant. This

inverse relationship can be observed in Figure 4-8b and d.
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Figure 4-8. Width normalized (a) contact resistance, and (b) channel resistance per channel length
calculated using TLM. (c) Width normalized contact resistance, and (d) low-field mobility
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 independent of post-annealing

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, provides insight 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
post-annealing on the electrodes, the focus will be directed to the OSC/ dielectric interface. Hence,
in the following sections, the effect of the post-annealing on the Teflon-AF surface wettability,
morphology, and chemistry are studied. It is also worth noting that the devices with no post-
annealing were tested with two different silver annealing temperatures (100 °C and 160 °C) that

performed very similarly to each other.

4.4. Wettability: water contact angle measurements on Teflon-AF films

The advancing and receding contact angles (CA), along with the contact angle hysteresis of
deionized (DI) water droplets on Teflon-AF films before and after air plasma treatment and after
the post-annealing step, are presented in Figure 4-9. The contact angle of DI 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 plasma treatment 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 contact angles drop to 101.7° and 36° respectively (still considered as hydrophobic),
causing the CA hysteresis to increase to 66°. After post-annealing the films at 80 °C, the advancing
CA increases to 118.1°. For higher annealing temperature, it increases further at a slow 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 following the plasma treatment and post-annealing steps. Figure
4-10a-d show the difference in the receding CA for 80 °C and 200 °C post-annealing temperatures,
while their advancing CAs are not very different. The high CA hysteresis and overall lower CA at
lower post-annealing temperature are indicative of two possible causes: a rougher surface caused
by plasma treatment or/and the presence of reactive elements caused by plasma treatment which
results in liquid sorption and wetting of the surface. Likewise, the low CA hysteresis and higher
CA at higher post-annealing temperature can be explained by lower roughness or/and lower
percentage of reactive elements, which prevent the wetting of 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 solution-processed OSC and potentially

OTFT performance. These different phenomena are investigated in the next sections.
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Figure 4-9. Advancing and receding CA, and CA hysteresis of DI water on Teflon-AF films before
and after air plasma treatment and after post-annealing. Both advancing and receding CA decrease
after plasma treatment and recover with post-annealing. The decrease in receding CA is much

larger than for advancing CA resulting in increased CA hysteresis after plasma treatment.
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Figure 4-10. Images of droplets on films post-annealed at 80 °C are shown in (a) for advancing
and (b) receding mode. Similarly, droplets on films post-annealed at 200 °C are shown in (c) for
advancing and (d) receding mode. The receding CA for samples post-annealed at 80 °C and 200

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

4.5. Organic semiconductor

Figure 4-11 shows the OSC thickness versus Teflon-AF post-annealing temperature. At 180 °C
and 200 °C, the OSC preferentially wets the source and drain electrodes and channel. It dewets
from the Teflon-AF dielectric in other areas due to the low CA hysteresis. This increase in the
OSC thickness can explain the increase in the transistor off-current (Figure 4-5d) beyond 160 °C.
For lower Teflon-AF post-annealing 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 characteristics with post-annealing temperature up to 160 °C are due
to changes in the Teflon-AF surface properties or the OSC thickness, another set of devices was
fabricated with a post-annealing temperature of 120 °C and a lower spin speed (2,000 rpm
compared with 3,000 rpm for all other samples). The average OSC thickness expectedly increased
from 114 nm to 182 nm, which is comparable to the 160 °C post-annealed devices with the best
on-state performance. This thickness increase caused the off-current to increase from 1.8 x 10710

At05.2 x 1071% A, By decreasing the spin speed to 2,000 rpm, the interface-dependent parameter
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threshold voltage only changes marginally from -9.8 V to -9.3 V. The average saturation mobility
and on-off current ratio decreased from 0.11 ¢cm?/V.s to 0.08 cm?/V.s, and from 5.5 X 10° to
1.9 x 10°, respectively. Therefore, it can be concluded that OSC thickness cannot explain the

improvement in OTFT performance with post-annealing.
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Figure 4-11. OSC thickness versus post-annealing temperature shows an increasing trend with

increasing temperature.

4.5.1. Testing another OSC: TIPS-pentacene

To show the generality of the effect of post-annealing of Teflon-AF on device performance,
transistors with another OSC, 6,13-Bis (triisopropylsilylethynyl) pentacene (TIPS-pentacene) as
the OSC were also fabricated. TIPS-pentacene was dissolved in Hexane in a 10mg/ml solution.
TIPS-pentacene solution was drop-cast on the post-annealed devices, and it was annealed at 40 °C
for 10 minutes. TIPS-pentacene quickly forms into relatively large crystals after deposition. Figure

4-12 shows the transfer characteristics of two representative OTFTs post-annealed at 80 °C and
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160 °C. Table 4-1 shows their average OTFT parameters. Device performance is low as the process
was not optimized and all fabrication steps were performed under atmospheric conditions. As can
be seen in Table 4-1, the device performance is better for the devices post-annealed at 160 °C,

which is in agreement with our results obtained from OTFTs with PDBPyBT.
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Figure 4-12. The transfer characteristics of two devices post-annealed at 80 °C and 160 °C at Vg4

=-120 V. The channel length and dielectric thickness were 20 um and, and 300 nm, respectively.

Table 4-1. The average TIPS-pentacene OTFT parameters for devices post-annealed at 80 °C and

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

Post-annealing Saturation Mobility

Temperature (°C) | (cm¥/V.s) Ton/(W/L) (A) | Toff (A) | lon/Ioff

80 4.26E-04 2.15E-09 1.79E-10 |8.87E+02

160 7.07E-03 7.61E-08 4.13E-08 |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 roughness '"°. Contact angle
hysteresis is mainly the result of surface roughness. The roughness size can be in the micrometer
120 or nanometer range '2!. Experiments and simulations show that even atomic-scale roughness
can lead to contact angle hysteresis '?2. Both peak-to-peak and average roughness (root mean
square (RMS)) of the Teflon-AF films before and after plasma treatment and after post-annealing
were measured and are presented in Figure 4-13. The roughness of the Teflon-AF films and the
thickness and roughness of the OSC layers were measured with a Multimode 8 scanning probe
microscope (SPM). The imaging mode was ScanAssist-air. Each error bar was calculated using
12-18 data points obtained from different samples and different spots on the same sample. Both
roughness measurements increase after plasma treatment from 0.63 nm to 1.25 nm and from 4.61
nm to 8.28 nm for average and peak-to-peak roughness, respectively. They decrease after post-
annealing at 80 °C to 1.1 nm and 7.97 nm for the average and peak-to-peak 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 post-annealing steps. To have a complete understanding of the
surface roughness, the AFM images representing each step are shown in Figure 4-14. Interestingly,
after post-annealing the films, grain-like structures appear on the surface, and then by increasing
the temperature, this grain-like structure disappears and the films become smooth again. The films

start smoothing at 160 °C, which is the glass transition temperature (Tg) of the material. The
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decreasing surface roughness may explain the gradual increase in the on-current and saturation

field-effect mobility with increasing post-annealing temperature (Figure 4-5a and c).
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Figure 4-13. (a) Average and (b) peak-to-peak roughness of Teflon-AF films before and after
plasma treatment and after post-annealing. Both roughness values increase after plasma treatment

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

annealed at (c) 80 °C, (d) 100 °C, (e) 120 °C, () 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 interface '2°.

A smoother dielectric surface causes the formation of larger OSC grains at the interface, which
leads to improved charge transport and field-effect mobility '?*!%°. The average roughness data
and AFM images of the OSC for different post-annealing temperature are shown in Figure 4-15
and Figure 4-16, respectively. The OSC roughness increases with increasing post-annealing
temperature which indicates the increase of OSC grain size. The decrease in the CA hysteresis at
high post-annealing 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 retracting, therefore, leading to a larger CA hysteresis
126-128 'However, the decrease in advancing contact angle after plasma cannot be understood in

terms of surface roughness and the chemistry of the surface needs to be considered.
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Figure 4-15. Organic Semiconductor (OSC) average roughness (RMS) versus post-annealing

temperature. It shows an increasing trend.
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a) plasma after &
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Figure 4-16. AFM images of the organic semiconductor on Teflon-AF (a) plasma treated after
post-annealing (0 °C), post-annealed at (b) 80 °C, (c) 100 °C, (d) 120 °C, (e) 140 °C, (f) 160 °C,
(g) 180 °C, and (h) 200 °C. Note that the scale of the scans is larger for 180 °C and 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 Teflon-AF as a function
of post-annealing temperature, utilizing metal-insulator-metal (MIM) capacitors as the test

structure, and FTIR spectroscopy.

4.7.1. Dielectric evaluation

First, MIM (metal-insulator-metal) capacitors were fabricated to evaluate the dielectric properties
of Teflon-AF. 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 Teflon-AF. Capacitance values of Teflon-AF post-annealed 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 in Figure 4-17. 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) current versus electric field, the breakdown

electric field is around 4 MV/cm.

Figure 4-18 shows capacitance versus log of frequency for post-annealing temperatures of 80 °C,
120 °C and 200 °C. Therefore, the dielectric capacitance of Teflon-AF does not change with post-
annealing temperature. 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 post-annealing temperatures. This indicates that the bulk dielectric properties 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 conditions.

103



)

FWE 4 |

2 \/\/\/\
3

3

22t

3

21t

O Post-annealing Temperature = 80 °C

0 :
b) 5
an 4L

Capacitance (nF/cm

Post-annealing Temperature = 120 °C
0 '

)

|

2 F

1 F

Capacitance (nl'/cm

Post-annealing Temperature = 200 °C
0 L

1.E+02 1. E+03 1.E+04
Log (Frequency) (kHz)

Figure 4-18. Capacitance versus log of frequency for post-annealing temperatures of 80 °C, 120

°C and 200 °C.

4.7.2. FTIR spectroscopy

Next, FTIR spectroscopy is used to investigate the possible effect of post-annealing 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
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context, ATR-FTIR spectroscopy was employed to examine the Teflon-AF samples, utilizing a
Vertex 70v FTIR spectrometer. The measurements were conducted in absorption mode, meaning
the instrument measures the intensity of the IR radiation absorbed by the sample at various
wavelengths, converting 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 spectrum for the Teflon-AF solution is presented in Figure 4-19a. The main peaks at 1094 cm”
!,1241 cm™, 1268 cm™!, and 1305 cm! represent the fluorinated dioxole group and the peak at 725
cm’! shows the amorphous structure of the material '2%!3°, Figure 4-19b-e show the spectra for
Teflon-AF films before and after plasma-treatment, post-annealed at 120 °C and 200 °C,
respectively. These two specific temperatures represent samples post-annealed below and above
the glass transition temperature (Tg). The film spectra have the perfluoromethyl end-group -CF3
peaks at 981 cm™!, which does not appear in the solution spectrum *”+'*, This -CF3 end-group has
been reported to appear in the spectra for amorphous Teflon-AF 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 and subsequent annealing at 120 °C and 200 °C, below and
above Tg of Teflon-AF, did not alter the bulk structure of the polymer. This observation is
consistent with previous findings indicating the good thermal stability of Teflon-AF 1600 below

400 °C 31,
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Figure 4-19. FTIR spectra for Teflon-AF samples (a) in solution form, and as a film (b) before
plasma, (c) after plasma, and post-annealed at (d) 120 °C, and (e) 200 °C. Film spectra do not show

significant differences for different treatments.
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4.8. Surface chemistry: XPS measurements

Another explanation for the change in contact angle hysteresis after plasma treatment and after
post-annealing could be changes in the surface chemistry of the Teflon-AF films. In this section,
the chemical composition of the surface is investigated using XPS to identify the chemical bonds
that are intensified or weakened in each post-annealing 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 peak (C-C) at 285 eV. The survey spectra include F
Is, O 1s, C 1s, and N 1s (weak) regions. Table 4-2 shows the change in the atomic percentage of
the different elements. The total atomic percentages of fluorine atoms decrease after plasma
treatment but increase after post-annealing. Conversely, the atomic percentages of oxygen, carbon,

and nitrogen atoms increase after air plasma treatment but decrease after post-annealing.

Table 4-2. Atomic percentages of O, F, C, and N before and after plasma and with annealing.

Atomic %

Before Plasma | After Plasma | 80 °C 160 °C 200 °C
O1ls 10.6 11.9 11.6 10.7 10.8
F 1s 58.0 55.6 55.8 57.5 57.6
Cls 31.4 32.5 32.6 31.7 31.5
Nl1s 0.0 0.4 0.3 0.1 0.0
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The XPS results are explained by looking at higher-resolution scans for different regions observed

in the survey spectrum for the Teflon-AF surface. See Figure 4-20.
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Figure 4-20. XPS survey spectrum for Teflon-AF after plasma treatment
C 1s Region:

The C 1s region represents the binding energies of the core electrons in the carbon atoms. The
core-level 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:

e CF2 Bonds (292 eV)*:132133: 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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CF3 Bonds (294.3 eV)*"1327135: The peak at 294.3 eV is indicative of carbon atoms bonded
to three fluorine atoms, typically found at the end of a polymer chain.

0-C-O Bonds (295.2 eV) !3%: The presence of a peak at 295.2 eV suggests the existence of
O-C-0 bonds within the polymer or on the surface after plasma treatment.
C-C132135/C-H'3213 Bonds (282 eV, 286.9 eV): These peaks are attributed to carbon-
carbon (C-C) or carbon-hydrogen (C-H) bonds, indicative of non-fluorinated regions or
contaminants.

C-O Bonds (288.6 €V)'**: The peak at 288.6 eV represents carbon-oxygen single bonds,
possibly due to the introduction of alcohol or other oxygen-containing groups during
plasma treatment.

CF-CF Bonds (288.6 €V)!¥: This peak indicates the presence of carbon-fluorine bonds

which is part of the Teflon-AF polymer structure.

F 1s Region:

The F 1s region is specific to the binding energy of core electrons in fluorine atoms. The F s

region of the spectra for the different conditions reveal the following bonds for the core-level peaks

at 689.1 eV and 691.1 eV:

C-F Bonds (689.1 eV)!*: A peak in this region signifies the presence of single carbon-
fluorine bonds.
CF2-CF2 Bonds (691.1 eV)!*7: A peak here points to a difluorinated carbon adjacent to

another difluorinated carbon, a characteristic structure within the Teflon-AF polymer.

O 1s Region:
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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:

e C-O Bonds (533.4 eV)'*>: This peak suggests the presence of carbon-oxygen single bonds.

e 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.

e (C-O-O Bonds (531.6 eV)'**: The peak at this energy is associated with peroxide or other
similar oxygen-oxygen linkages.

e O-C-O Bonds (537.3 eV)!3%1%%: This is another indication of the presence of O-C-O bonds

on the surface.

N 1s Region:

Finally, in the N 1s region, the peaks correspond 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:

e C-N bonds (402.5 eV)'*: The appearance of this peak post-plasma treatment suggests the
introduction of nitrogen-containing groups, possibly from the air plasma, as nitrogen is a

major component of air.

The C 1s, O Is and F 1s spectra for the different conditions are shown in Figure 4-21. The main
peaks being distinguished with dashed lines specifying the main peaks at 292 eV and 294.3 eV for
C1s,536.1 eV for O 1s, and 689.1 eV for F 1s regions. For all the three regions, plasma treatment

and post-annealing cause shifts to the peak positions while at the highest post-annealing
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temperature (200 °C) the peaks return to their position before plasma treatment.
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Figure 4-21. XPS survey spectra for (a) C 1s, (b) O 1s, and (¢) 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

Is, and 689.1 eV for F 1s regions.
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The changes in the concentration of the main bonds are plotted in Figure 4-22, to show the clear
trend of chemical change on the Teflon-AF surface. Table 4-3 provides the atomic percentage of
different elements corresponding to the bonds present on the surface. The percentage of fluorine-
containing CF2 (292 eV) and C-F (689.1 eV) bonds decreases after plasma treatment and increases
again after post-annealing, while the percentage of oxygen-containing O-C-O (295.2 ¢V) and C-

O (533.4 eV) bonds follows the opposite trend.

The change in the concentration of elements after plasma treatment and after post-annealing could
be explained with two complementary scenarios. One, bonds containing oxygen and nitrogen form
after plasma treatment. After post-annealing, these plasma-produced bonds dissociate, and
fluorine-containing bonds reform *!. Two, as has been suggested by Ref. '*°  an overlayer
containing air-plasma-produced oxygen and nitrogen atoms appears after plasma treatment, which
covers the fluorinated surface of Teflon-AF, and reduces photoemission from the film underneath.
Here, this overlayer is removed after the subsequent post-annealing step through a mechanism
called surface adaptation. Surface adaptation, which is the continuous motion of the polymer
chains from the surface to the bulk, has been observed in the ageing of PTFE films *°. Both of
these scenarios could explain the elemental percentage changes observed here. Bonds such as CF2
(292 eV), show a higher percentage change from 16.8% to 10.2% after plasma treatment and back
to 15.7% after post annealing, also O-C-O (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 instance, C-F (689.1 eV) decreases from
55.6% to 54.7% after plasma treatment and increases back to 56% after post-annealing (Figure
4-22c). The shift in V¢ with increasing post-annealing temperature (Figure 4-4b and Figure 4-5e)

can be explained by the change in the oxygen content on the Teflon-AF surface. Oxygen plasma
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treatment shifts the threshold voltage to more positive values by introducing electron trapping sites
at the interface '#1"'4?, Right after plasma treatment, V. is -2 V, and it becomes more negative after
post-annealing reaching -22 V at 200 °C. The post-annealing reverses the positive V. shift due to
the oxygen plasma. It is true that fluorine atoms have high electronegativity, and they can cause
the trapping of electrons on the dielectric surface ', but here we do not see a corresponding

positive Vi shift with post-annealing.
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Figure 4-22. The change in the percentages of the CF2, O-C-C, C-F, and C-O bonds.
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Table 4-3. Percentages of chemical bonds measured by XPS

Atomic %

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

Cls CF2 292 16.81 10.23 17.13 16.67 15.74
CF3 2943 11.93 12.30 11.48 10.95 11.08
0-C-O0 295.2 1.83 7.67 1.88 3.01 3.72
C-C or C- | 282 0.31 0.36 0.53 0.52 0.38
H
C-0 286.9 0.29 0.87 0.71 0.32 0.36
CF-CF 288.6 0.18 1.02 0.82 0.17 0.17

F 1s C-F 689.1 55.62 54.72 54.66 56.14 56.01
CF2-CF2 | 691.1 233 0.83 1.09 1.31 1.54

O1s C-O 5334 0.42 1.44 0.28 0.64 0.71
O-CFx 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
0-C-O0 537.3 0.17 1.19 0.99 0.23 0.30

N1s C-N 402.5 0.00 0.10 0.30 0.40 0.00
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We believe that the post-annealing step at elevated temperature resembles an accelerated ageing
process where surface adaptation along with reformation of bonds at the surface cause the
reversibility of films after post-annealing. The increase in advancing CA and decrease in CA
hysteresis with post-annealing temperature shown in Figure 4-9 is therefore explained by the
decrease in the percentage of reactive elements such as oxygen and the increase in the percentage
of hydrophobic fluorine content on the surface. The lower percentage of reactive elements ensures
a better OSC/dielectric interface with fewer trap sites, hence better OTFT performance. This also
partly explains the improved OTFT performance for devices post-annealed below 180 °C, above

which the OSC accumulates non-uniformly between the electrodes.

4.9. Conclusions

In this chapter, OTFTs with inkjet-printed 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 surface reversibility of Teflon-AF
changes the morphological and chemical properties on the surface after plasma treatment and after
subsequent post-annealing at different temperatures. The contact angle hysteresis and surface
roughness increase and reactive elements appear on the surface after plasma treatment. However,
after post-annealing, the opposite trend is observed. The reactive elements disappear and the
random roughness on the surface changes to ordered grain-like structures with increasing post-
annealing temperature 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 be achieved. At this temperature
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(160 °C), OTFT parameters such as field-effect mobility and on-off current ratio are maximized.
To prove that the OSC/ dielectric interface is the dominant factor rather than contact resistance,
we extracted the contact resistance and low-field mobility. The low-field mobility that is
independent of contact resistance shows a clear trend with post-annealing temperature. Low-field
mobility is increased by a factor of approximately five from 80 °C to 160 °C post-annealing
temperature, leading to improved transistor performance. Overall, the analysis indicates that the
post-annealing step functions akin to an accelerated aging process for Teflon-AF films. It
facilitates the recovery of the surface's hydrophobic characteristics and reversibility 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 development of robust and reliable electronic components.

Printing conductive inks on inherently hydrophobic surfaces like Teflon-AF is challenging due to
poor wetting and adhesion. This problem was tackled by using plasma treatment to temporarily
increase the surface energy of Teflon-AF, improving the adhesion and wetting of the printed ink.
Post-annealing was shown to influence the morphology and roughness of the layers, which in turn
affects the device performance. The study managed to use post-annealing to reduce the roughness

and improve the morphology of Teflon-AF.

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 and chemical
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 of TFTs though inkjet printing.

116



Chapter 5: Inkjet-printed transistors with coffee ring aligned

carbon nanotubes

This chapter was published in Flexible and Printed Electronics journal, Copyright IOP Publishing.

Naderi P, Grau G. Inkjet-printed transistors with coffee ring aligned carbon nanotubes. Flexible

and Printed Electronics. 2024 Mar 1;9(1):015001, https://doi.org/10.1088/2058-8585/ad 1 ccf.

5.1. Introduction

In the previous chapter, transistor source and drain electrodes were inkjet-printed on a plasma
treated hydrophobic surface. Their annealing imposed a second annealing step on the dielectric
surface which caused changes in the OSC/dielectric interface. In this 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.*7* As-grown CNTs have a large number of metallic tubes, whereas CNT inks with high

semiconducting percentage have been successfully formulated.’>*% CNT inks have been deposited

10,48-50 51,52

as thin films using inkjet printing to make TFTs , strain and chemical sensors’ -, and
conductive films®***, When choosing the proper deposition technique for CNTs in TFT channels,
one usually needs to compromise between high mobility and high on-off current ratio. High-
density solution processing techniques such as drop casting®® and spin-coating®! lead to high field-
effect mobilities and low on-off current ratio, while low-density techniques such as spray-

63,64

coating®®? and inkjet printing,®>** in general, lead to higher on-off current ratio at the cost of

lowering the field-effect mobility. Additionally, it is difficult to maintain both high transistor
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current and low leakage current with any deposition technique.>® The performance of CNT TFTs
improves by regulating CNTs inside the TFT channel using solution processing techniques. >’
With inkjet printing, CNTs can be aligned on droplet edges as a result of capillary flow.>*% Tilted
drop-casting causes the CNTs to exhibit liquid crystal behavior in the vicinity of the receding
contact line, which causes regulated bundles of CNTs to form due to the high local concentration
of CNTs.>” Modulating the density of CNTs 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 non-uniformity is avoided when a layer is solution-processed for a
device.?>** The coffee ring effect is a major challenge when forming films from solutions. The
coffee ring is the ring-shaped pattern that is left around the edge of printed patterns after the solvent
evaporates. During the evaporation process, the edge of the droplet evaporates 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 result, this capillary flow takes most of the solute to the edges.?? In the
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 pattern.!*>'4 One way to eliminate it is by eliminating the pinning, for instance
by using a non-wetting substrate®®, or reversing the capillary flow by using a mixed solvent
system.®®%® At the same time, careful control over squeezing CNTs at desirable locations can help
regulate their position and film morphology in the TFT channel. The performance of CNT TFTs

improves by regulating CNTs inside the TFT channel using solution processing techniques. 3"~
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As coffee ring effect naturally happens after the film has formed, utilizing it will obviate the
requirement for surface treatment®® or the use of multiple solvents to reverse capillary flow>°.
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 inkjet-printed CNT channel. With drop-on-demand
(DOD) inkjet printing, lines with controlled morphologies were printed on a Si/SiO» wafer. Inkjet
printing parameters were varied to manipulate the formation of coffee ring effect in the channel of
the TFTs. When 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 pattern. Transistor -V
characteristics and contact resistance 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 presenting 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, the formation and control of the coffee ring

effect in the printed CNT channels are discussed.

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 the p™ silicon as the gate electrode. The silicon wafers were cut and

119



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 drop-casting Poly-L-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 of solution processed carbon
nanotubes to the surface of silicon dioxide (SiO2).'>!%147 PLL is a biocompatible polymer with a
positive charge. When it is applied to an SiO; surface, it forms a stable layer by adsorbing to the
negatively charged SiO; present on the surface. The interaction between the positively charged
amino groups in PLL and the negatively charged oxide groups on SiO> leads to the formation of a
self-assembled 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 portions of CNTs, improving their adhesion to the modified
Si0O; 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. Without 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 used as purchased without further
dilution. A custom-built inkjet printer with a 60 um diameter nozzle (Microfab Technologies, Inc.
Plano, TX) was used. Next, they were rinsed with DI water, dried and finally annealed at 100 °C
for 30 min. In the case of two-pass prints, 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
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first pass printed lines, followed by rinsing and annealing in the same way. As a control, the CNT
solution was also drop-cast on the as-cleaned 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

Dimensionless 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 from the orifice since
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, indicating 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 equation 1-3,

Re  (ypa)/2
Wel/z n

7 =

Often, there are challenges with inkjet printing low-viscosity and high-surface tension inks, like
water-based CNT inks. These difficulties can be addressed by optimizing nozzle dimensions, ink
properties and waveform parameters.'*!*® The CNT ink used in this work has nanotube
concentration of 0.01 mg/mL in a water-based solution. For water, ¥, p, and 1 are 72 mN/m, 103
kg/m?, and 107 Pa.s, respectively. Therefore, with a = 30 um, Z number is roughly 4.6 which is

close to the lower limit according to ['*°] that defines the range of 4 < Z < 14 for printable inks.
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For nozzle design, using a smaller nozzle orifice diameter increases capillary pressure to overcome
resistance due to surface tension forces of the ink. This helps with the controlled ejection and
break-off of ink droplets. However, here we use a 60 pum Microfab nozzle. And since we aim to
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 dimensionless 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 the creation of unwanted satellite droplets.

Regarding waveform parameters, the voltage amplitude and pulse duration are critical factors.!*!48

Adjusting the voltage amplitude, typically within the range of 10 V to 30 V, can influence the force
applied to the ink meniscus 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 crucial.!*!'*® Longer pulse durations 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 formation for printing purposes. Figure 5-1 shows three
waveforms along with their resulting jetting for CNT ink. In Figure 5-1a and b, a high pulse voltage
and a long duration has led to stable jetting. A pulse with a voltage of 23 V, rise and fall time of
12 ps, and dwell and echo time of 40 us was used to jet the droplets. In Figure 5-1c and d, the

duration is reduced to 8 ps which causes the formation of tiny satellite droplets. Finally, Figure
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5-1e and f show a waveform and corresponding droplet jetting with 12 us rise and fall time, but a

relatively low pulse voltage, which fails to produce stable ink jetting.
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Figure 5-1. Three waveforms along with their resulting jetting for CNT ink. An optimized (a)

waveform and (b) its corresponding stable jet. A high pulse voltage and duration has led to a stable
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jetting. (c) Waveform with low rise and fall time and (d) its corresponding jetting with satellites.
The duration is reduced to 8 us which 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.

5.2.2.2. Inkjet printing CNT line patterns

Parallel lines of the CNT solution were inkjet-printed in the channel of a TFT with a bottom-gate-
top-contact device configuration. The reason for adopting a top-contact configuration was that to
print the CNT lines and engineer the coffee ring effect in the printed lines, it was necessary to have
a flat surface on which the capillary flow has its natural direction toward the edges of the pattern.
While in a bottom-contact configuration, the silver electrodes add thickness, roughness, and
surface energy variation to the surface, which would disrupt the formation of the CNT coffee ring
patterns. During 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
experiments. The line spacing changes the overall concentration of CNTs inside the channel and
it was kept constant for a given number of layers. Figure 5-2 shows the device fabrication process
in the following steps: functionalization of the SiO» surface with PLL, printing CNT ink in three
different patterns (one-pass connected, one-pass separate, and two-pass separate lines), rinsing and
annealing of the ink solvent and additives, and printing source and drain electrodes with silver
nanoparticle ink. In one-pass connected lines, there is no separation between the lines and no
defined coffee ring is formed across the lines, instead a layer with non-uniform thickness forms
(Figure 5-2, first row). In the one-pass separate lines pattern, lines are printed with a line spacing

between them (Figure 5-2, second row). This spacing was chosen to be the minimum before the
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lines would merge. The coffee ring effect can be seen in the thickness profiles of printed CNT
solution in separate lines (Figure 5-2, second row, inset figure). To achieve two-pass separate lines,
after the one-pass separate lines were rinsed and annealed, a second pass of lines was printed with
an offset of half the line spacing, followed by rinsing and annealing of the patterns (Figure 5-2,
third row). After rinsing and annealing of the ink, the CNTs remain on the surface. The channel

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

The CNT concentration for one-pass connected and two-pass separate lines is 4.2 X 10~° mg/cm?
after printing before rinsing, while the one-pass separate lines pattern has half the concentration.
The following formula was used to calculate CNT concentration per cm? printed in the transistor

channel:

Varopier (ML) X CNT concentration (%) X NL

mL 5-1
DS(cm) X LS(cm)

CNT concentration =

Where Vypopier, NL, DS, and LS are droplet volume, number of layers, drop spacing, and line
spacing, respectively. And in the case of two-pass printed lines, Vgyop1er= 1.13 X 1077mL, CNT
concentration = 0.01 mg/mL, NL = 3, DS = 90 um, and LS = 180 pm. With the pattern printed
twice, CNT concentration becomes 4.2 X 10™>mg/cm?. In the case of a one-pass connected line

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 inkjet-printed on top of the CNT layer on a heated stage (stacked-
coin®!) at 120 °C using silver nanoparticle ink (ANP DGP 40LT-15C, Advanced Nano Products,

Co., Sejong, Korea) with a 60 pm diameter nozzle (Microfab Technologies, Inc. Plano, TX). The
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silver nanoparticle source and drain electrodes were printed with a length of 2 mm (Figure 5-2,
third row, inset figure) while the width of the printed channels is 1300 pm in order to minimize

leakage currents.

As was mentioned in the fabrication process, the annealing temperature 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 to120 °C which is not much higher than the CNT annealing
temperature. Heating the 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 barrier reduction in the
CNT network which leads to higher conductivity and transparency.!** Not to mention that thermal
annealing of CNT layers can also increase their mechanical stability.'*! 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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Figure 5-2. The transistor fabrication process in the following steps: functionalization of the Si02
surface with Poly-L-Lysine, printing CNT ink in three different patterns (one-pass connected, one-
pass separate, and two-pass separate lines), rinsing and annealing of the ink solvent and additives,

and printing source and drain electrodes with silver nanoparticle ink. In one-pass connected 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 one-pass separate 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 pm.

5.2.4. Inkjet printing accuracy

The Microfab inkjet printing nozzle used here has a diameter of 60 pm and the thinnest printed
lines (consisting of one layer) have a width of around 100 pm. 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 camera system. To
experimentally quantify the registration error, top-gate top-contact OTFT electrodes were printed,
which are more easily visible than CNTs (Figure 5-3). 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
um and 0.9 um, respectively. This experiment demonstrates the high accuracy of the printer setup,

which allows the precise printing of multi-layer CNT lines.
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Figure 5-3. Optical micrographs of top-gate bottom-contact transistors 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 effect. Figure 5-4 shows the 3D thickness
profiles of lines printed in two different conditions, with two sets of factors. In Figure 5-4a, there
is one layer of CNT printed at high speed (1000 pm/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 morphology can be achieved.
Whereas, in Figure 5-4b, the printing speed is lower (400 pm/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 the line edges. Finally, in Figure 5-4c¢, the printing speed is the lowest (200 um/s), and
droplet deposition delay is much longer than droplet drying duration, therefore droplets dry
individually, and as a result they form the stacked-coin morphology discussed extensively in

chapter 3. At low speed, due to the longer delay in printing between subsequent droplets, the

129



droplets are dried and pinned before the next droplet 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 amount, an
increased capillary flow toward the pattern edges, and a stronger coffee ring effect. Thickness

profiles were taken with a Contour CT-K optical profiler (Bruker Nano, Inc., Arizona, USA).

nm
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Figure 5-4. The 3D thickness profiles of lines printed with (a) one layer and speed of 1000 um/s

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

edges which results in lines resembling stacked-coin morphology.

Figure 5-5a shows 2D optical thickness profiles of CNT lines printed without separation
(connected lines). One-pass connected lines result in a random distribution of the CNT solution on

the substrate with the formation of occasional puddles. Figure 5-5b shows separate lines printed

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

(b) separate lines printed at low speed (100 pm/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 printed lines in the y-direction for the different number of layers. The thickness variation

across each line in Figure 5-6a is negligible for one layer, while for three and four layers, there is
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larger thickness at the edges compared to the center of the lines, i.e., a coffee ring was formed. In
the fabrication process of two-pass separate lines patterns, the acquisition of a thickness profile,
which is amplified by the presence of the fillers, binders, and additives of the ink, to demonstrate
the two-pass profile is not possible since the first pass of printed CNTs is rinsed before printing
the second pass. AFM images of the lines shown in Figure 5-6 are presented in Figure 5-7. The
AFM images were obtained from the boundary between the edge and the area right next to it
toward the center where the thickness decreases. All the thickness profiles were taken before
rinsing and annealing of the patterns, with fillers, binders, and additives of the ink still present,
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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Figure 5-6. (a) Optical thickness profiles of printed separate 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
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profiles across the lines for lines in (a). Dashed lines in 2D images show the scanning direction
where the x-z coordinates were extracted from the 2D optical profile images. The coffee ring effect

is most intense in films with three layers.
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Figure 5-7. AFM images of CNT coffee ring lines after printing and drying before rinsing of excess

tubes. (a) A 3-layer CNT line captured by the AFM microscope where the tip of the AFM probe
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and the line with coffee ring edges can be seen. Scale bar represents 200 um. AFM images of (b)
one layer, (c) two layers, (d) three layers, and (e) four layers of printed CNT lines. The dashed
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
as the 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, the on-off current ratio and the field-effect
mobility versus the number of layers for transistors printed at 400 um/s. In all the plots, the metrics
were extracted from linear transfer characteristics (I¢Vg) of devices measured at Vg = -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 layers in Figure 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 not simply the overall CNT concentration in the channel. Figure 5-8b shows plots of the
same device properties versus printing speed for transistors printed with three layers. Increasing
printing speed enhances the coffee ring effect and this improves device properties. However, the
direct speed-performance relationship breaks down at high speed. The reason is that at higher
printing speed, while material is pushed to the line edges, it is also pushed to the ends of the lines,
ultimately reducing the CNT concentration in the channel. Figure 5-9a shows optical thickness

profile of CNT lines printed at the speed of 1000 um/s, with a line spacing of 180 um. Figure 5-9b
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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 material flows to the ends of the printed lines at larger speeds (>400
um/s) although the coffee ring effect increases. Figure 5-9¢ and d show optical thickness profile

and micrograph of CNT lines printed at the speed of 1000 pm/s, without spacing between the lines

(connected lines).
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Figure 5-8. Log of on-off current ratio and field-effect mobility measured at Vq = -5 V (a) versus
number of printed lines at 400 um/s, and (b) versus printing speed for printed lines with three

layers.
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Figure 5-9. (a) Optical thickness profile and (b) micrograph of CNT lines printed at the speed of
1000 pm/s, with a line spacing of 180 pm. (c) Optical thickness profile and (d) micrograph of CNT
lines printed at the speed of 1000 pm/s, without spacing between the lines (connected lines). It can
be seen from the bulges at the line ends that some of the printed material flows to the ends of the

printed lines at larger speeds (>400 um/s) although the coffee ring effect increases.
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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 (printed with 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 channel.*8:4%-145:152

Figure 5-10a and b show the transfer characteristics (forward sweep) for two-pass separate, one-
pass separate, and one-pass connected line patterns measured at Vq= -2 V on logarithmic and
linear scales, respectively. The transistor I-V characteristics were obtained using a semiconductor
parameter analyzer (Keithley 4200, Tektronix). From one-pass connected and one-pass separate
and to two-pass separate line patterns, a shift of threshold voltage (V) toward negative gate voltage
is observed, and V; changes from 11.4 V to 12 V to 8.4 V. The separate-line patterns result in
devices with better performance. From one-pass connected to one-pass separate to two-pass
separate lines, the field-effect mobility increases from 1.1 to 1.5 to 5.7 cm?/V.s and the on-off
current ratio changes from 2.3 X 10° to 8.2 X 10° to 3.6 X 10° at Vg= -2 V. These performance
metrics are summarized in Table 5-1. One-pass separate lines have the highest on-off current ratio
due to lower concentration of CNTs. With this coffee ring methodology, with equal overall
concentrations of CNTs (from one-pass connected to two-pass separate), the device properties
improve remarkably. However, the off-current and the gate leakage current increase slightly as
well although the CNT concentration remains unchanged from one-pass connected to two-pass
separate lines. Figure 5-11 shows the output characteristics (IaV4) of one-pass connected, one-pass
separate and two-pass separate line patterns from top to bottom, respectively. The curvature in

[4V4 characteristics at low V4 in the one-pass connected line pattern is an indication of a non-ohmic
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while the drain current does not saturate at high V4. Conversely, in devices with two-
pass separate line patterns, the linear regime has a constant slope, and the drain current almost

saturates at high V4. Devices with one-pass separate line pattern also exhibit improved behavior

compared to one-pass connected lines.

Two-pass separate lines pattern has an equal concentration of CNTs compared to one-pass
connected pattern. However, it demonstrates higher field-effect mobility and current transporting
capacity. To investigate the device behavior further, we studied the channel and the contacts by
calculating low-field mobility and contact resistance. Using the Y-function method (YFM), the
width normalized contact resistance and the low-field mobility of the three printing patterns (two-
pass separate, one-pass separate and one-pass connected) were extracted. Low-field mobility is the
intrinsic carrier mobility (i) and field-effect mobility (uf.) is the carrier mobility in the presence
of an electric field which is influenced by contact effects. The Y-function is defined as:
I w

7 = Tcox.uovd X (Vg - Vt) 52
m

Y =

Where g,,, W, L, C,y, and po are transconductance, transistor width and length, dielectric
capacitance per unit area (here SiO2), and low-field mobility, respectively. Using the transfer
characteristics in the linear regime (V4= -2 V) and from the slope and the y-intercept of Y versus

V,. o and V; are extracted. ***° Later, using equation (5-3), and by extracting the x-intercept of

1 .
——versus 1, — V¢, 6 is extracted.

Vam
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\/g_m: W 5-4

and,
9=90+9*=90+GmXde 5'5

Where 6,(= 0), G, and Ry; 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:
de = 2 X RC 5-6

Where R, is the contact resistance associated with one electrode. The Y-function allows the
extraction of contact resistance from individual devices. The results in Figure 5-12a and b show a
remarkable increase of both field-effect (derived from the transfer characteristics) and low-field
mobilities and the decrease of contact resistance in the two-pass separate lines pattern compared
to the other patterns. The low-field mobility increases from 1.2 to 1.5 to 7.3 cm?/V.s, while the
width normalized contact resistance changes from 2.6 to 1.9 to 0.3 kQ.cm for one-pass connected,

one-pass separate and two-pass separate lines, respectively.
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Figure 5-10. (a) Transfer characteristics of the three printing patterns at Vas =-2 V on a log scale.

Dashed curves are gate current for each printing pattern and colors are the same as in (b). (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 each pattern: (a) one-pass

connected, (b) one-pass separate, and (c) two-pass separate lines.

Table 5-1. Transistor performance metrics for different CNT deposition patterns in the channel.

Pattern K (cm?/V.s) | Lon (A) Vi (V)
One-Pass connected | 1.1 1.2x107° |[114
One-Pass Separate | 1.5 1.6 x 107> |12
Two-Pass Separate | 5.7 49x1075 |84
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Figure 5-12. (a) Field-effect (us.) and low-field (uy) mobilities and (b) width normalized contact
resistance (RcW) for the three patterns. The two-pass separate line pattern improves the devices in
two ways: increasing the low-field mobility of the carriers in the channel and decreasing the

contact resistance.

For the purpose of comparison, devices with drop-cast CNTs were also fabricated and
characterized. Figure 5-13 demonstrates drop casting and inkjet printing CNT ink schematically.
Inkjet printing is an efficient way of increasing on-off current ratio compared to non-patterned
solution deposition techniques such as drop-casting. However, it has been reported that the
mobility usually decreases due to the decrease in the CNT concentration. Here, both criteria have
been achieved. Non-patterned drop-cast devices exhibit a mobility of 7.5 cm?/V.s, and an on-off
current ratio of 8.2 X 102, at V4 =-5 V, while for two-pass separate line patterns, these figures are

5.7 cm?/V.s and 3.6 x 10°, respectively. Not to mention that for unpatterned drop-cast devices,
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the maximum gate leakage current is 7.6 X 107>A as opposed to the much lower gate leakage

current of 2.18 x 107 1°A achieved with printed two-pass separate lines.

a) b)

A
V4 L

Figure 5-13. 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 behavior microscopically, AFM images of the channels of four printed
patterns were taken with a Multimode 8-HR scanning probe microscope (Bruker, Germany). The
imaging mode was ScanAssist-air. The thickness profiles previously shown in Figure 5-6 represent
the printed CNT channels before rinsing off the additives in the ink. The un-rinsed profiles show
the solute distribution across the printed lines. After rinsing and annealing of the samples, the
CNTs remain on the surface as shown in Figure 5-14 with a thickness of a few nanometers as the
surface functionalization with Poly-L-Lysine ensures the adhesion of a thin layer of tubes to the
surface!>*. Figure 5-14a shows the randomness of the tubes in the channel in a one-pass connected

pattern with no coffee ring in the channel. Figure 5-14b shows one-pass separate lines printed at
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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 there is no well-defined coffee ring. Blue
arrows point to the line edges in each image. The improved performance of one-pass separate lines
printed at higher speed (400 um/s) can be explained by the formation of distinguished lines of
interwoven CNTs in Figure 5-14c where the tubes are connected. Figure 5-14d shows AFM images
of two-pass separate lines, which doubles the overall concentration of CNTs compared with one-
pass separate line patterns (Figure 5-14c) and exhibits wider paths of interwoven CNTs. These
images along with results in Figure 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 ym Height 2.0 ym

Figure 5-14. AFM images of printed patterns of (a) one-pass connected lines, (b) one-pass separate
lines printed at 100 um/s, c) one-pass separate lines printed at 400 um/s, and (d) two-pass separate
lines printed at 400 pm/s. A blue arrow shows the printed line edges in (b), (¢) and (d). In (¢) and

(d), interwoven tubes can be observed on the line edges.

Having nanotubes with different diameters means having different regions with different intrinsic

mobility. In a nanotube network, different lengths, diameters and chiralities determine the intra-
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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 resistance.'>® Tunneling between two tubes apart from their energy band gaps also depends
on the angle of the junction.!>® The angle determines the atomic structure at the junction, and when
the tubes are in-registry, the junction resistance is low. Certain junction angles cause the tubes to
be in-registry.!>” When coffee ring effect happens, as AFM images demonstrate, the tubes form
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 having an in-registry configuration,
therefore leading to a decrease in tube-to-rube resistance 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 one-pass connected line 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 tubes.!*>!*® However, the devices with coffee
ring induced alignment show an improved level of drain current saturation. In fact, linear output
curves at low Vg4 and drain current saturation at high V4 have been previously reported with spin-
aligned CNTs in solution-processed CNT transistors.'*” Here, CNT alignment is achieved in
bundles by printing the CNT ink in separate lines with coffee 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 tube-to-tube
resistance since there will be a higher probability of tubes having an in-registry configuration

where the tube-tube junction angle is low'’. Therefore, both on-current and off-current increase
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in the two-pass separate line patterns (Figure 5-10). However, this does not deteriorate drain
current saturation (Figure 5-10c bottom). The reason is that the alignment of CNTs along the
channel increases the percolation threshold!>°~'%? because it reduces the probability of the tubes,
both semiconducting and metallic, connecting with each other (see schematics Figure 5-2, line
patterns in second and third rows). Since the concentration of metallic tubes is significantly lower
than the concentration of semiconducting tubes (99.9% semiconducting tubes in the ink), this
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 effects of alignment 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 resistance. Devices with connected line patterns exhibit a Schottky barrier at the contacts,
which is evident from the non-linear output characteristics at low drain current (Figure 5-10), while
the aligned patterns are more linear. As was discussed previously to explain the high field effect
mobility, the interwoven CNTs have a more in-registry configuration compared to random
networks allowing better contact between metal coated CNTs and the channel. Better alignment
with the channel also means that more CNTs are in contact with the source and drain electrodes
lowering contact resistance. Therefore, their contact with the electrodes becomes more ohmic'*’,
This leads to better current injection from the electrodes to the aligned CNTs which is observed as

a decrease in contact resistance.
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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 distribution can be manipulated. While
ensuring both high mobility and high on-off 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 properties. The coffee ring effect, which can be controlled by printing speed and
number of layers, regulates the CNT network in the channel. By changing one-pass connected
lines to one-pass separate lines and to two-pass separate lines, the field-effect mobility extracted
at the drain voltage of -2 V increases from 1.1 to 1.5 to 5.7 cm?/V.s, and the on-off current ratio
changes from 2.3 x 10° to 8.2 X 10° to 3.6 X 10°. The YFM shows a higher low-field channel
mobility and lower contact resistance caused by the coffee ring induced regulated tubes compared
with a random CNT network. These results can be explained by the lower tube-to-tube resistance
of CNTs in the thicker line edge regions with interwoven CNTs for separate line patterns compared
to connected lines. With these capabilities, inkjet printing is a promising technique to form CNT

channels in TFTs.
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Chapter 6: Conclusions and future work

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

in thin-film transistors.
6.1. Conclusions

Two approaches were demonstrated that have the ability to form micro-patterns on hydrophobic
surfaces. Chapter 2 introduces a novel printing method capable of forming micro-patterns on
surfaces with low wettability without necessitating surface modification: a sequential printing and
drying method. Utilizing an energy minimization model, this method accurately predicts the shape
of inkjet-printed micro-patterns based solely on the ink's contact angle, confirming the dominant
role of surface tension forces in pattern formation. The varying ink volume between anchors
influences the width of line segments, where an optimal volume yields a smooth, consistent line.
This strategy demonstrates its potential applicability for creating longer lines and even corners,
showcasing a successful approach to overcome the challenge 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 hydrophobic surfaces. Finally, the energy minimization-based 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 shapes, such as
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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 stacked-coin approach as a robust method for inkjet printing on
hydrophobic surfaces. It identifies the interplay between stage speed, droplet spacing, and stage
temperature as critical parameters dictating the printability of stacked-coin lines. Through precise
mapping of these parameters, the method facilitates the prediction and realization of the true
stacked-coin 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, isolated groupings, broken line, true stacked-coin, and delamination.
The relationship between substrate temperature, drop spacing and droplet deposition delay controls
the printability window of true stacked-coin morphology and its surrounding regimes. These
strategies showcased the potential to create precise micro-patterns on challenging hydrophobic

surfaces.

In chapter 4, the focus shifts to the fabrication of OTFTs with inkjet-printed electrodes on a
hydrophobic fluoropolymer gate dielectric. Source and drain electrodes were inkjet-printed on
Teflon-AF with a minimum channel length of 20 um. The annealing of the inkjet-printed
electrodes changes the morphology and the surface chemistry of the Teflon-AF gate dielectric
underneath, thus reversing the effect of the plasma treatment on Teflon-AF. The work meticulously
explores the effects of plasma treatment and post-annealing on the Teflon-AF surface, revealing
how these processes modulate wettability, surface roughness, and chemical composition. The
findings elucidate a temperature-dependent optimization of the OSC/dielectric interface, leading

to improved transistor performance, as evidenced by the maximized field-effect mobility and on-
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off current ratio at an optimal post-annealing temperature of 160 °C. The transistor parameters
such as mobility, on/off current ratio, and threshold voltage all follow a trend explained in this
thesis by the properties of the Teflon-AF surface. Increasing the post-annealing temperature to just
below complete surface reversibility decreases surface roughness and trap-sites created after
plasma treatment leading to optimized device performance. The Teflon-AF surface was
characterized with contact angle measurement, roughness measurement, Fourier transform
infrared spectroscopy (FTIR), and x-ray photoelectron spectroscopy (XPS). This understanding of
the reversibility of the Teflon-AF 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 solution-processed OFETs. The findings
underscore the critical role of surface treatment in defining the performance of OTFTs. By
manipulating the Teflon-AF surface properties through plasma treatment and controlled post-
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 where the interface 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 and the number
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 that inkjet-printed devices can have both high field-

effect mobility and on-off current ratio by utilizing coffee ring in the channel. A two-pass printing
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pattern with separate lines improves the field-effect mobility five times compared to a pattern with
connected lines that has no defined edges. The field-effect mobility increases from 1.1 to 5.7
cm?/V.s at a drain voltage of -2 V. These findings underscore the potential for controlled inkjet
printing methods to significantly enhance transistor properties and performance. This technique
allows for the precise manipulation of CNT distribution, achieving high mobility and on-off
current ratios. The study demonstrates the potential of inkjet printing in forming CNT channels for

TFTs, paving the way for advanced electronic 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 been shown 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 simulation model can be

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

The stacked-coin approach described in chapter 3 invites the examination of other hydrophobic
materials and varying environmental conditions to expand its applicability. 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 printing 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 which droplet
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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 the long-term stability of the
modified Teflon-AF surfaces and their interaction with different OSC materials. Exploring
alternative dielectric materials and post-treatment conditions may offer insights into the broader
implications of surface treatment on device performance. As post annealing of the Teflon-AF 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 built in a top-
gate configuration, the dielectric 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. Continuing this research 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 and patterning 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 surface roughness to further control the inkjet-printed patterns. Further optimization of
the printing parameters and surface functionalization can be very interesting. Lastly, future studies
should focus on the scalability of the process, the integration of printed 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 and insights to 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 electronic devices, with potential applications spanning from flexible

electronics to advanced sensors and beyond.
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