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Abstract

Flexible electronics in recent years have gained attention due to their application in
the medical and biosensing industries. The biosensor market in particular has been
expanding significantly, with its market value expected to double by 2028 [1]. Elec-
tronic sensors have been widely used as biosensors due to their easy compatibility
and interfaceability with electronic measurement and display systems. With the de-
velopment of flexible electronics, wearable electronics have been demonstrated in the
literature as well as sold commercially [2, 3].

This work focuses on building flexible electronic devices using a 3D printing tech-
nique known as aerosol jet printing. Both passive and active sensors are demonstrated.
The active sensors are based on organic electrochemical transistor (OECT) devices,
which are the main electronic devices in this work. Due to the inclusion of an or-
ganic semiconductor as part of their structure, these devices are able to be aerosol jet
printed, enabling rapid changes to their geometry and characteristics. OECTs also
operate at low voltages, compatible with aqueous environments, and are built using
biocompatible materials, making them ideal for biosensing applications.

First, a passive temperature sensor is fabricated using a combination of aerosol jet
printing and drop-casting techniques. The electrodes as well as a polyimide well to
contain the drop-casted sensing material for the sensors are 3D printed. A nanocom-
posite dispersion of multi-walled carbon nanotubes and a thermoplastic is used as
the sensing material. The sensor was found to have a maximum sensitivity of 237
Q/°C, with a negative temperature coefficient of -0.00134 K-!, while also displaying

extremely high linearity in the range of 20 to 55°C. The device was also tested on
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skin to verify correct operation as a biosensor.

Development of logic gate sensors is outlined as well as individual characterization
of high-performance PEDOT:PSS-based OECTSs. Devices are found to be extremely
sensitive with a maximum transconductance value of 117 mS, currently the highest
reported value for a planar OECT at the time of writing. Ion sensing, glucose sensing,
and the effect of hydrogel treatment on device performance are also explored. The
maximum sensitivity reported is 570 mV /dec when sensing NaCl concentration in the
range of 1-10 mM, a value nearly 10x higher than the theoretical Nernst limit.

Finally, complimentary logic gates are fabricated using a combination of PE-
DOT:PSS and gNDI-Bry as channel materials. Individual characterizations of each
device are outlined as well as the logical operation of the completed NOT gate.

In summary, all devices were fabricated using aerosol jet 3D printing, which was
verified as an effective and, in some cases, preferred method of fabrication for spe-
cific applications. The devices shown are suitable for sensing temperature, ions, and
glucose in a variety of different media such as skin, sweat, saliva, and blood measure-
ments. The fabrication method has also shown to be capable of printing digital logic

circuits that may allow for interfacing of the various biosensors outlined in this work.
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Chapter 1

Introduction

1.1 Biosensor Motivations

Biosensors are an invaluable tool in the medical industry which can improve diagnostic
accuracy and quality of life. However, due to their interdisciplinary nature, it is
difficult to produce biosensing devices that meet multiple crucial criteria [2]. These
include, but are not limited to, accuracy, robustness, reproducibility, repeatability,
ease of fabrication, accuracy, and comfort. This thesis includes multiple biosensing
devices and will analyze these characteristics for each device. Biosensing is a popular
topic in academia due to the need for optimization of these numerous aspects. It
also requires a wide area of expertise due to the multiple stages involved in a typical
biosensor. As illustrated in Figure 1.1, a biosensor must have some kind of analyte to
target - this requires specialized knowledge of how to optimally collect this analyte,
the typical concentration of the analyte in the medium collected (and thus the limit
of detection requirements), and how the information collected can be useful. Next, a
biosensor must have a bioreceptor that directly interacts with the analyte to make it
suitable for transducer stage, which involves conversion of the biological or chemical
signal to a usable electrical signal. Finally, there is a signal processing stage, which
involves circuit components and data processing to ensure readable and accurate data.
To design a robust biosensor that can encompass all these components, a wide range

of knowledge is required that includes biology, biochemistry, materials and electrical



engineering. This thesis will mainly focus on the latter two biosensor stages which
draws mostly on electrical engineering knowledge, but will also reference the first two

stages since full biosensor devices were developed.

Analytes Bioreceptors Transducers Signal processing
::@1’.3 lons Enzymes Electrochemical Amplification
) Analog to Digital
Temperature JIl:: Cells Electromechanical Conversion
. (4 - Antibodies . - Signal Conditioning
?&} Biomolecules Piezoelectric Data Processing
- I Aptamers
Virus % DNA Optical ?
/ / / N

Figure 1.1: The multiple stages of a biosensor

In any sensor, the final readout is always an electrical signal [3]. Regardless of
whether a device is optical, thermal, piezoelectric, or electrochemical in nature, the
signal is always, in one way or another, converted to an electrical signal for readout
electronics or data processing. Because of this, it is extremely convenient to directly
use sensors that can easily interface with the readout electronics, such as electro-
chemical, piezoelectric, or potentiometric sensors [4, 5]. Other biosensor types, such
as an optical sensor, may require larger systems and cannot process analytes while
collecting them (i.e, Raman spectroscopy and Fourier Transform Infrared (FTIR)
spectroscopy based systems) [6, 7]. This thesis will feature both passive and active
electronic sensors that can be directly plugged into measurement circuits while simul-
taneously measuring an analyte on skin. The ability to directly place a biosensor on
skin to collect an analyte is a desirable quality in a biosensor - skin sensing is non
invasive and allows the collection of body fluids for used for sensing such as sweat
and blood.

To achieve this kind of biosensor, flexible electronics have become increasingly



popular [8, 9]. From a consumer standpoint, wearable electronics have become com-
monplace with the emergence of devices such as smartwatches and smart glasses.
From a research standpoint, the effort to optimize the integration of electronic de-
vices such as transistors on flexible substrates has been well documented [10-12].
However, traditional transistors are inorganic, with the vast majority using silicon
as the main semiconducting material. Inorganic semiconductors exhibit much higher
crystallinity and carrier mobility than their organic counterparts, at the expense of
rigidity, making them unsuitable for flexible devices [13]. This work will focus on
organic semiconductors and highlight their advantages over inorganic semiconductors
for biosensing applications, as well as their limitations. Regardless of the type of
semiconductor used, however, the general operating principle of a transistor remains
the same. Field-effect transistors (FETSs) are 3 terminal devices in which the cur-
rent between two of the terminals - the source and the drain - is controlled by the
third terminal, called the gate. The most common example of this is the metal-oxide-
semiconductor FET (MOSFET), which is inorganic. The organic counterparts to this
device include organic field-effect transistors (OFETS), organic thin film transistors
(OTFTs), and organic electrochemical transistors (OECTSs) [14-16]. OECTs differ
from OFETs and OTFTs in that they include an electrolyte as part of their structure.
This makes them suitable for use in aqueous environments and for collecting analytes
in aqueous media. OECTSs also operate at much lower voltages than OFETSs, making
them ideal for miniaturization and signal processing. This work includes electronic
circuits built using OECTs.

In general, OECT sensors are built using a single OECT transistor device, with the
main analysis done through measurement of the current level through it. In recent
years, there have been efforts to design OECT biosensing circuits that directly output
a voltage rather than a current. One way to do this is through logic gates [17, 18].
Logic gates are electronic circuits that implement a boolean function - that is, they

output a high or low voltage (a”1” or a”0”) based on the input or specific combination



of inputs. Larger logic circuits are then created using logic gates, which implement a
more complex logical function or algorithm. As multiple logic circuits are connected
together, devices such as computer processors can be developed. However, logic gates
have rarely been used for biosensing purposes [18]. The most simple logic gate is the
NOT gate, also called an inverter, which takes a 1 or 0 at the input and outputs a 0
or 1, respectively. The ability for a sensing device to output a voltage rather than a
current greatly reduces the signal conditioning requirements, which reduces the cost
and footprint of the circuit. In this work, two different kinds of OECT NOT gates are
designed, fabricated, and tested, each with their own advantages and disadvantages.

Another crucial difference between organic and inorganic semiconductors is in the
fabrication method, which is a main focus in this thesis. Inorganic semiconductors
generally use silicon as the channel material, which requires a complex process for
fabricating transistors. A typical process flow for a MOSFET involves procurement
of silicon wafers, oxide growth, lithography, etching, and pattern transfer steps, ion
implantation, and metallization [19]. All this must occur in a controlled clean-room
environment and incurs a high cost. An organic device, on the other hand, has a
variety of options to choose from for deposition of the active channel material, such
as spin-coating, screen-printing, and even simple drop-casting. Organic devices are
inherently solution-processable and as a result have more flexibility with fabrication
methods. Typically, a fabricated MOS device requires intricate design and layout of
a photomask. Photomasks are placed on a substrate already covered in a photoresist
and shield certain sections of the substrate from ultraviolet light. The photoresist
is then developed and the pattern of the design is able to be transferred to the
substrate through etching or lift-off. The photomask for this process is typically
a chrome pattern-covered glass substrate and must be produced specifically for one
design. This is because devices typically made using this process have extremely small
features. For example, the smallest feature sizes in available commercial devices have

reached 3 nm at the time of writing [20]. In contrast, organic devices that are used for



biosensing purposes do not need to be this small - in fact, it is counterproductive to
use small channel sizes in these kinds of devices due to the need for a minimum number
of functional groups per unit area. Because of this, finding cheaper alternatives to
traditional device fabrication methods is highly desirable. In this work, aerosol jet 3D
printing is used as a primary method of fabrication for the biosensors demonstrated.
Instead of a photomask, a simple computer-aided design (CAD) file is required which
may be edited freely without the need and cost of manufacturing the mask. 3D
printing also allows for the deposition of multiple materials using the same method.
This contrasts with traditional device fabrication, which requires different steps for
channel material, electrodes, and gate dielectrics and adds complexity and cost to the
final device [19]. The final designs included in this work are the result of hundreds
of design changes that were only possible due to the low cost of aerosol jet printing.
This demonstrates the high potential of 3D printing as a viable and affordable option

for biosensor fabrication.

1.2 Thesis Objectives

The goal of this thesis is to build and optimize various biosensors using aerosol jet
3D printing with an emphasis on real-world application. To achieve this, OECTSs are
chosen as the main active sensor transducer due to their mechanical flexibility, low
operating voltages, biocompaitibility, and compatibility with aqueous environments
[16]. Since a major focus of the thesis is realization of convenient and easy-to-use
biosensors, OECTs are placed in a logic gate configuration to take advantage of
simpler signal conditioning requirements. Much of the work is focused on optimizing
logic gate operation through transistor matching, circuit configuration and channel
material type, and the results are shown in the form of ion sensing performance and
sensitivity. Additionally, a chapter is included which does not use OECTSs as the
main transducer, rather, carbon nanotubes (CNTs) are used in the form of a passive

resistive temperature sensor. The work aims to demonstrate that all these biosensors



can be fabricated together using aerosol jet printing such that future work can focus
on printing all these optimized sensors on one substrate to be interfaced with each
other. To achieve this, various materials are tested, optimized, and used to build
the sensors using primarily aerosol jet printing. Devices then need to be tested to
ensure optimal biosensing performance. In an effort to optimize device performance,
various device geometries need to be attempted which is made easier by the method
of fabrication. The work also aims to demonstrate that aerosol jet printing is an
excellent choice for organic semiconductor-based devices (biosensor or otherwise) and

biosensors in general (non-OECT based passive sensors).

1.3 Thesis Outline

This thesis includes 6 chapters which are outlined below.

Chapter 1 is a brief overview of the motivations of biosensors, the current problems
and how this thesis addresses these through design and fabrication.

Chapter 2 is a background chapter which first addresses the theory and working
principles of organic semiconductors and specifically OECTs. The structure, prop-
erties and applications of carbon nanotubes are then discussed. Although carbon
nanotubes may be semiconducting in nature, they are purely used as resistive sensors
in this work. A section on logic gate theory and common uses is included. Finally,
fabrication and characterization techniques that are prevalent in this thesis are out-
lined.

Chapter 3 outlines the carbon nanotube-based resistive temperature sensor. Mate-
rial selection, characterization, and optimization are demonstrated as well as sensor
design, fabrication, and optimization. Heating tests are shown as well as skin tem-
perature sensing.

Chapter 4 outlines logic gates made using a single p-type organic channel material
in OECTs. Preparation of the semiconductor is shown as well as aerosol jet print-

ing parameters. Design and layout of the logic gate circuit is outlined. Individual



transistor and circuit electrical measurements are made and analyzed for ion sensing
performance. The effect of dropping a hydrogel on the devices is also explored. Func-
tionalization of the OECT device for selective glucose testing is outlined with results
demonstrated.

Chapter 5 outlines logic gates made using both a p-type and n-type material in
OECTs. Preparation of the n-type semiconductor is shown in addition to the mate-
rials used in the previous chapter. Both types of transistors are characterized with
differences outlined. The chapter is meant to outline the advantages of complemen-
tary logic gates and highlight the difficulty of achieving organic complementary gates.

Chapter 6 is the summary and conclusion, with future work outlined.

Appendix A shows the recipes and procedures for creation of the nanocomposite
and PEDOT:PSS and NDI inks, and the procedure for the glucose functionalization
of the OECT devices.

Appendix B shows the characterization data of the PEDOT:PSS and polyimide
inks.

Appendix C outlines the results from the failed ion-selective membrane experiments

along with the recipes used to obtain these results.



Chapter 2

Background

2.1 Organic Semiconductors

Organic semiconductors (OSCs) have gained many applications since their discovery
in 1948 [21]. Organic light emitting diodes (OLEDs) are the most successful imple-
mentation of OSC technology and are commonly used in commericial high-resolution
electronic displays due to their highly efficient luminescence [22]. Due to their high
absorption coefficients, organic semiconductors have been used as an alternative to
silicon in organic photovoltaic cells (OPVs) [23]. Organic Field-Effect Transistor
(OFET) devices have also been developed [14]. A variation of the OFET called the
organic electrochemical transistor (OECT) has gained popularity as an excellent op-
tion for biosensing, and is a major component of this thesis. In contrast with OLEDs
and OPVs, organic transistor devices suffer from poorer performance than their in-
organic counterparts in terms of traditional application (mobility, switching speed)
[13]. The reason for this is outlined in this section with an explanation of the con-
duction mechanism and various types of organic semiconductor materials. Though
organic FET-style devices are not close to the performance of heavily optimized mod-
ern metal-oxide-semiconductor FETs (MOSFETS), their solution-processability and

ease of fabrication opens the door to various niche end uses such as biosensing.



2.1.1 Conduction Mechanism

To understand the differences in performance between organic and inorganic semicon-
ductor devices, one must understand the differences in conduction mechanism, which
arises from the structural differences. In an inorganic semiconductor structure, such
as silicon, the well-ordered crystalline lattice allows for charge transport to occur in
the form of band transport [24]. In such a lattice, a conduction and a valence band
form due to the Pauli Exclusion Principle, which states that no two electrons in an
atom can have the exact same quantum number [25]. This implies that only two elec-
trons may occupy a single orbital, and they must have opposite spins. Thus, when
atoms are brought close together, like in a crystalline lattice, the energy levels must
be split in order to accomodate all the electrons. As a result, bands arise which dic-
tate the conduction in the semiconductor based on the voltages applied, which bend
the bands in various ways and allowing or blocking charge flow. The valence band
is lower in energy and filled with electrons, while the conduction band is at a higher
energy and generally unoccupied. Since the bands are continuous, current flows freely
as long as the materials and their band levels are matched properly. Additionally,
if a crystalline lattice has excess electrons, these make up the majority carriers for
conduction and is known as n-type doping. In contrast, if it has excess holes, this is
known as p-type doping. Being able to tune the conduction easily in this way is a
major advantage of inorganic semiconductors.

The conduction mechanism for organic semiconductors, however, is known as hop-
ping [24]. In contrast to band transport, it is inter-molecular and occurs due to
molecular orbitals. When atomic orbitals are brought together, they can overlap
and undergo a process called orbital hybridization and form molecular orbitals. The
simplest and most common types of hybridization present in most molecules are cat-
egorized by the ways in which the s and p orbitals combine. These types are sp,

sp?, and sp® hybridization, which correspond to linear, trigonal-planar, and tetra-



hedral configurations, respectively. For organic semiconductors, sp? hybridization of
the carbon chain is used to explain conduction. Here, ethene is used as an exam-
ple of sp? hybridization. As ethene has a ground state electronic configuration of
1522522p'2p!, it undergoes sp? hybridization and forms 3 sp? orbitals with one un-
changed 2p, orbital. This is illustrated in Figure 2.1. It is due to these 2p, orbitals
that 7 and 7* orbitals (bonding and anti-bonding) are formed which make up the

basis of conduction for organic materials.
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Figure 2.1: The electronic configuration of ethene resutling in sp? hybridization.

The overlap of hybridized orbitals leads to the formation of strong ¢ bonds, while
the unhybridized bonds lead to weaker 7= bonds. Both of these kind of bonds are
covalent and describe the contribution of electronic structure to the conduction. If
a molecule contains alternating single and double or triple bonds, the electrons from
the m bonds are delocalized. This means that the electrons are shared over multiple
atoms. This alternation is called conjugation and organic semiconductors that exhibit
this are commonly refererred to as m-conjugated polymers [26, 27]. The interactions
between 7 bonds is called 7-7 stacking and is an important measure of the charge
transport properties. By modifying the 7-7 stacking, the crystallinity, conductivity,
and flexibility of the material can all be modified and tuned. In general, the more
crystalline a material is, the higher its conductivity, but the lower the flexibility, so
careful tradeoffs must be made according to application [24].

In general, o bonds are strong enough that the electrons do not delocalize and thus

do not contribute to conduction as much as m bonds [28]. This is due to the larger
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energy gap between occupied bonding orbitals and unoccupied anti-bonding orbitals.
As previously discussed, the unhybridized p orbitals overlap to form molecular orbitals
- however, they may overlap in-phase or out-of-phase. In-phase overlapping leads to
a regular m bond which is at a lower energy than a 7* anti-bond formed from out-
of-phase overlapping. Analogously to the valence and conduction bands in inorganic
semiconductors, the m and 7* are generally occupied and unoccupied, respectively.
These are referred to as the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO). Figure 2.2 shows the HOMO and LUMO levels
of ethene as well as the bonding and anti-bonding combinations of the 7 orbital. As
the number of atoms in the molecule increases, the number of bonding and anti-
bonding interactions increases as well. The filling of these orbitals with electrons
dictates at which levels and energies the HOMO and LUMO will be and thus the

charge transport properties.
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Figure 2.2: (a) HOMO and LUMO levels of ethene, showcasing the 7 bonds and
antibonds. (b) Orbital structure of ethene, showing the lone 7 orbital in the vertical
axis (from the 2p, orbital) and the o orbitals in the horizontal plane (from the three
sp? orbitals).
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Hopping occurs when carriers jump from one of these states to another. The
difference between band transport and hopping conduction is that the transport is
intra-molecular in band transport and inter-molecular in hopping conduction. The
electrons move along the polymer chain and hop between the 7 orbitals of adjacent
chains [24]. The quality of this conduction method is objectively poorer and thus less
useful from an electronics standpoint. Typically, any organic material will conduct
due to both transport mechanisms to some degree. However, the more crystalline
a material is, the more band transport begins to dominate the conduction. In the
literature, there are great efforts to increase the crystallinity of organic semiconductor
materials in order to increase the conductivity [29-31]. Since organic materials are
solution-processable, this has been done by attaching various functional groups to the
molecule to increase the packing. Various deposition methods have also been tested
in order to study their effects on crystallinity [32]. It is generally agreed upon that
the conduction mechanism is the biggest roadblock to the widespread adoption of
high-speed organic transistor devices [24, 29].

Organic semiconductors can also be doped, although not as easily as inorganic
materials [33, 34]. To increase the number of charge carriers, either an n-type or
p-type dopant may be added to the matrix (generally in solution). However, these
dopants must have specific HOMO or LUMO levels and have a high molar mass to
avoid instability issues. Single-atom halogens and metals have been used as dopants,
but have proved to be an unreliable method, with instability issues arising from the
small molecular weight dopant’s tendency to diffuse easily. For a p-type dopant, the
LUMO level must be near the HOMO level of the matrix. Electrons may jump from
the matrix to the dopant LUMO level, leaving behind a hole and creating p-type
carriers. Likewise, the HOMO level must be near the LUMO level of the matrix for
an n-type dopant. Thus, an electron can be injected from the dopant into the matrix

and create excess n-type carriers.
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2.1.2 Types of Organic Semiconductors

Organic semiconductors can either be small molecule, oligomeric, or polymeric com-
pounds. These can be further divided into two types of semiconductor, n-type and
p-type, which dictate the majority carrier in the material (electron or hole, respec-
tively). Unfortunately, n-type organic semiconductors are much rarer than their p-
type counterparts [35]. This is because the 7 orbitals are inherently more conducive
to hole transport due to the need for the bonding orbitals needing to overlap rather
than the antibonding orbitals as is the case for n-type transport. N-type organic
semiconductors also experience problems with oxidation due to electron traps that
impede n-type transport [36]. Thus, progress in organic electronic applications where
both p-type and n-type materials are required, such as complementary logic gates or
organic p-n junctions, has been lagging.

There have been numerous small molecule organic semiconductors reported along
with devices built using them. Pentacene, a p-type small molecule organic semi-
conductor, has been used extensively in OFETs due to its relatively high mobil-
ity. Mobilities as high as 58 ¢cm?/V*s have been reported for this molecule [37].
Tris(8-hydroxyquinoline)aluminum(III), or Alqs, has been widely used as an electron-
transporting layer in OLEDs due to its high fluorescence [38, 39]. However, as an
n-type small molecule, its poor mobility makes it unsuitable for transistor applica-
tions. Fullerenes such as Cgg, also affectionately referred to as the buckyball for its
resemblance to a soccer ball, is an n-type small molecule that has been used as the
channel material in OFETSs [40]. Anthopoulos et al. demonstrated ambipolar charge
transport in a C;y methanofullerene, with electron mobility approximately equal to
1 x 10 em?/V*s and hole mobility approximately equal to 2 x 10 ¢cm?/V*s [40].
This demonstrates the advantage inorganic semiconductors have over organics - for
reference, the electron mobility of silicon is of the order of 1000 cm?/V*s at 300K

[41].
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Some examples of oligomeric organic semiconductors include a-sexithiophene (T6)
and oligofluorenes. Sexithiophene-based p-type OFETSs have been demonstrated by
growing via polycrystalline films by Horowitz et al [42]. Spirobifluorene, a p-type
amorphous organic semiconductor, has been used as a blue light emitter in OLEDs
due to its high photoluminescence quantum yield (PLQY) [43]. However, oligomeric
compounds are not used as often as polymeric compounds due to the latter’s higher
stability. Organic semiconductors inherently are more unstable in ambient environ-
ment conditions than inorganics due to their higher reactivity with oxygen and water
vapour. Polymeric compounds gain a higher stability by accumulating a greater num-
ber of repeating units than oligomers, increasing the number of interchain interactions
[44].

Polymeric organic semiconductors have been extensively used for various electronic
applications. Poly(3-hexylthiophene) (P3HT) is a p-type polymer that has been
used in OFETs [45]. Poly[3,6-bis(5-thiophen-2-yl)-2,5-bis(2-octyldodecyl)pyrrolo[3,4-
c|pyrrolel,4(2H,5H)-dione-2,2’-diyl-alt-thieno[3,2-b|thiophen-2,5-diyl] (DPP-DTT) has
been used in p-type FETs due to its high mobility, and has also been used as the
donor material in bulk photovoltaic devices [46, 47]. Polyaniline (PANI) is another p-
type polymer that is popular for pH sensing. Poly(benzimidazobenzophenanthroline)
(BBL) is an n-type polymer that has shown promise as an OFET channel material
48].

An important class of conducting polymers is the organic mixed ionic-electronic
conductor (OMIEC). These polymers are able to interact with ions in surrounding
media to change their structure and properties [49]. They have been used in appli-
cations where inducing charge in the material itself is crucial, such as batteries and
supercapacitors [50, 51]. A popular application for OMIECs that has been gaining
traction in recent years is in OECTSs, which are able to transduce ionic charges in
surrounding electrolyte into electrical signals [52]. Although its first applications were

not as an OMIEC, the p-type conducting polymer poly(3,4-ethylenedioxythiophene)
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polystyrene sulfonate (PEDOT:PSS) is the most widely used channel material for
OECTs and is one of the highest performing p-type semiconductors in terms of
transconductance [53-55]. Small molecule naphthalene diimide-based polymers such
as p(gNDI-gT2) have been used as n-type channels for OECTs as well [56]. This
thesis demonstrates OECT devices built with PEDOT:PSS and an n-type OMIEC,

gNDI-Bry. They are examined more in depth in Section 2.2.

2.2 Organic Electrochemical Transistors (OECTSs)

In this thesis, the transistor device that is used for sensing is the organic electrochem-
ical transistor (OECT). To understand how an OECT operates, it is important to
highlight the differences between OECTSs, regular OFETSs, and inorganic MOSFETSs.
OFETSs have a similar structure to traditional MOSFETSs in that they have three
terminals: source, drain, and gate. They both have a thin dielectric layer that makes
use of the field-effect through application of a gate voltage to generate a current be-
tween source and drain The main difference between organic and inorganic FETSs is
the channel material and the mode that they operate in. Since MOSFETSs include
doped wells underneath their drain and source contacts, the channel created due to
the gate voltage must be made according to the carrier that must present between
these wells. For example, for an n-type enhancement mode MOSFET, the wells must
be n-type and the substrate material must be p-type to generate an n-channel be-
tween the wells for electron transport. On the other hand, the majority of OFETSs
operate in accumulation mode, that is, they accumulate majority carriers [14]. Since
OFETs do not include doped wells as part of their structure, and most organic semi-
conductors are p-type, a negative gate voltage is generally applied to generate an
accumulation of majority carriers (holes) near the semiconductor-dielectric interface,
creating a channel. Current then flows if a bias exists between source and drain.
However, due to poor conduction of organic semiconductors, OFETSs operate at high

voltages which does not make them useful for biosensing applications. High voltage
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operation requires more sophisticated and bulkier circuitry, which is disadvantageous
for applications where biosensors must be miniaturized, such as wearable electronics.
Typical gate and drain voltages for OFETs are on the order of tens of volts, which
also may be unsafe for wearable electronics applications. On the other hand, OECTSs
operate at comparatively much lower voltages due to their structure and working

principle which are outlined in the next section [18].

2.2.1 Operating Principle

Like other transistor devices, OECTs include a source, drain, and gate terminal,
with the gate terminal modulating the current between source and drain. The main
difference between OECTs and other FET devices is the inclusion of an electrolyte
as part of its structure in the place of the traditional dielectric layer. Additionally,
the semiconducting channel material is an organic mixed ionic-electronic conductor

(OMIEC). The structure is shown in Figure 2.3.
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Figure 2.3: Cross-section of a typical OECT with a test probe used as a gate. The
gate voltage is positive and the drain voltage is negative, consistent with a p-type
depletion mode device.

Because of the inclusion of an electrolyte and OMIEC, an OECT is more complex
than a regular OFET. The underlying physics behind a p-type depletion mode OECT
can be described by the Bernard’s model. The device can be modelled as both an

electronic and ionic circuit [52].
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The electronic circuit consists of a resistance between the source and the drain
which is the p-type semiconductor that transports holes. This relationship is simply
Ohm’s law, which relates voltage, current, and resistance. The resistance itself is non-
linear with changing bias conditions as is the case for transistor devices. For regular
OFET or MOSFET devices, this non-linearity comes from the gate bias forming
a channel with increasing or decreasing gate voltage which changes the channel’s
resistance (from OFF state to ON state or vice versa). As discussed previously, an
OECT uses an OMIEC as its channel material. An OMIEC undergoes a chemical
reaction with ions which changes its structure and thus its conductivity. When a gate
bias is applied to an OECT gate, ions from the electrolyte are driven into the OMIEC
film, changing its conductivity non-linearly. In the case of PEDOT:PSS, the main
p-type OMIEC used in this work, the semiconductor becomes less conductive when
cations are driven into the film. Thus, it is quite simple to model the electronic circuit
very similarly to a regular p-type depletion mode device. There are two regimes
of operation, the linear and saturation regimes, which describe the drain-to-source

current as a function of the drain voltage.

Wd V
Ip = ——pC" (Ve = Vo + 7D)VD (2.1)
Wwd
Ipsar = EMC (Vr — Vg)? (2.2)

Equations 2.1 and 2.2 describe the current through the device in the linear and
saturation regimes, respectively, where I is the drain-to-source current (usually neg-
ative as the conventional current flows from source to drain) (A), W, L, and d are
the channel width, length, and thickness (cm), u is the mobility of the semiconductor
carriers (cm?/V*s), and C” is the volumetric capacitance (F/cm?). Vi, Vg, and Vp
represent threshold, gate, and drain voltages, respectively (V). Because the saturation

regime is defined as the point at which V, = Vg - Vr, Equation 2.1 can be rewritten
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as Equation 2.2, with the constant saturation current represented by Ip gar. It should
be noted that there is one key difference in the equations between the equation for a
traditional MOSFET and an OECT - the OECT equation contains the thickness of
the channel whereas the MOSFET equation does not. This is due to the inclusion of
the volumetric capacitance in an OECT device channel rather than the capacitance of
the oxide in a MOSFET. Since it is volumetric, a thickness (in cm) value is required.
The volumetric capacitance, C”, is a material property that depends on the channel
material.

Some important characteristics which can be extracted from OECT performance
curves are the transconductance, voltage threshold, and mobility. The transcon-
ductance is defined as the change in drain current over the change in gate voltage.
Taking the derivative of Equation 2.2 with respect to gate voltage, we can express

transconductance as follows:

Wd

where g, represents the transconductance in Siemens and the rest of the symbols
have their usual meanings. Experimentally, this value can also be extracted by simply
taking the absolute change in current and dividing it by the gate voltage step size.
Since transconductance is a direct measure of current change, it can be used as a
good indicator of device sensitivity [18, 57]. In many sensing applications, current
change is measured in response to a change in electrolyte concentration [58]. Since
different electrolyte concentrations change the effective gate voltage of the device, a
high transconductance indicates a large change in current with a small change in gate
voltage, indicating a more useful device.

Voltage threshold is another important characteristic that indicates at which gate
voltage a device turns on. Rearranging Equation 2.2, we can obtain the following

expression:
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[Wd IWd
\V ID,SAT = - EMC*VG + EMC*VT (2.4)

where the symbols have their usual meanings. This equation implies that the voltage
threshold can be extracted by plotting the square root of the drain current against
the gate voltage (with the graph being plotted for a certain drain voltage). The slope
of the linear part of the curve is then extrapolated to the x axis and the voltage
threshold is taken as the x intercept. The voltage threshold is important when it
comes to determining the operating voltage ranges for a device. This becomes a
crucial characterization step for circuit applications, where device threshold matching
is imperative for the optimal performance of the circuit [59]. Rearranging the slope

in Equation 2.4, we can also extract the saturation mobility of the semiconductor:

1t = 2slope? (2.5)

WC*

where p* is the saturation mobility (cm?/V*s), slope is the slope of the linear portion

of the curve when plotting Equation 2.4, and the rest of the symbols have their usual
meanings. Mobility is an important characteristic when it comes to determining the
speed of a transistor. For the purposes of this thesis, mobility is not extracted as it
is not required for our sensing application. For OECTSs in general, a consequence of
the ionic circuit is that the ionic mobility is a more limiting factor than the carrier
mobility. Additionally, to isolate the mobility, the volumetric capacitance C* must
also be determined by measuring gate currents and making approximations based on
estimated injected charges. For these reasons, in general, the product of the two,
pC”, is normally used [60].

The ionic circuit consists of the gate, electrolyte, and channel, and is described
mainly by the movement of the electrolytic ions between these components. In the

ionic circuit model, the components between the gate and the channel are modelled
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by a resistor and capacitor in series [52]. The resistance is due to the intrinsic resis-
tivity of the electrolyte, while the capacitance is an equivalent capacitance describing
two capacitors in series: the capacitance at the gate/electrolyte interface, and the
capacitance at the electrolyte/channel interface. These interfaces are called the elec-
trolytic double layer (EDL). The model is illustrated in Figure 2.4 (a). The equivalent

capacitance is expressed below in Equation 2.6:

L1
Ceq Cge Cck

(2.6)

where Crq is the equivalent capacitance (F), Cqg is the gate-electrolyte capacitance

(F), and Ccg is the channel-electrolyte capacitance (F).

2.2.2 OECT Materials
Gate Materials

Like the electrode material, the gate material for OECTs can be any conductive
metal, such as gold (Au) , silver/silver chloride (Ag/AgCl), platinum (Pt), or copper
(Cu) [18, 57]. However, depending on the polarizability of the material, the voltage
profile across the electrolytic double layer will change. Polarizability is defined as the
measure of a material’s ability to acquire an electric dipole moment when exposed
to an electric field. Due to this dipole moment, a capacitance is induced at the
gate/electrolyte interface. With more polarizable materials such as Au and Pt, this
capacitance will be larger and will induce a larger voltage drop across the EDL. With
a non-polarizable material such as Ag/AgCl, the voltage drop is negligible because of
the low Cgg. This difference is illustrated in Figure 2.4 (b).

The voltage drop across a polarizable material results in different characteristics
for a finished device. Most notably for this work, the threshold voltage is mainly
impacted. In this work’s OECTSs, gold was used as the material for both the electrodes

and the gate. Prior to optimization, the devices were built using silver electrodes with
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Figure 2.4: (a) The ionic circuit model of an OECT gate-electrolyte-channel inter-
face. Q(x) indicates the movement of ions through the equivalent series resistance and
capacitances. (b) Potential profile of an OECT gate-electrolyte-channel interface. Po-
larizable materials such as Au induce a larger voltage drop across the gate-electrolyte
interface than non-polarizable materials.

an Ag/AgCl probe being used for the gate. Due to the polarizability of the Au gate,
the effective gate voltage at the electrolyte was lowered. As a result, a higher gate
voltage at the source was required to drive the same amount of ions into the channel
to turn it off. This translated into a higher voltage threshold which changed the
operating points of the device.

There are two main kinds of gate configurations for an OECT. In some designs, a
gate probe is directly inserted into the electrolyte from above the device [18]. The
electrolyte is only covering the channel and the gate probe is directly connected to the
measurement device, usually a sourcemeter. In other devices, a planar gate is included
in the design that is separated from the channel by a fixed distance [58]. When the
electrolyte is dropped, it is required that the electrolyte is covering both the channel

and gate in order to create the ionic circuit shown in Figure 2.4 (a). The gate probe
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that is used to measure the device is usually landed on a contact pad connected to the
larger gate and is typically made of the same material as the rest of the measurement
probes (usually tungsten). This layout is shown in Figure 2.5. The area of the planar
gate has also been shown to have an effect on the threshold voltage. As the area of
the planar gate increases, the voltage drop at the gate-electrolyte decreases [1]. As
a result, the effective gate voltage is not degraded as much as for a smaller gate and

ultimately decreases the threshold voltage.

Planar

/ Gate

Electrolyte

Semiconductor
Channel

4

Source/Drain

Figure 2.5: Top-down view of an OECT with a planar gate. The electrolyte is dropped
over top of a planar square that is then contacted with a test probe.

Substrate Materials

OECTs can be fabricated on a variety of substrates. Inorganic transistors, such
as silicon, are fabricated on silicon wafer substrates due to the traditional process
flow; silicon wafers can be doped, etched, and thermal oxide can be easily grown
on them. Batch processability is also a major consideration - wafers can be easily
stacked and mass production is feasible [61]. OECTSs can also be fabricated on silicon

substrate; the electrode and gate materials may be sputtered on the wafer after a
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photolithography step. This allows for much smaller channel lengths and feature
sizes than other additive techniques. For example, the current smallest feature size in
commercial computer chips is 3 nm at the time of this writing [20]. In this thesis, 3D
printing is used as the main additive fabrication technique for device electrodes - this
results in a minimum channel size of approximately 20 ym. For devices fabricated on
wafer substrate, electrode tracks are deposited using traditional methods and organic
semiconductor is then deposited on top using additive fabrication techniques, such as
spin-coating.

Despite the advantage of small feature sizes and a time-tested process, devices made
on wafer substrate are rigid and cannot be conveniently used in biosensor applications
where conformity with a physiological environment, such as skin, is required. This
is why many OECTSs are fabricated on flexible substrates, such as polyimide (PI) or
polyethylene terephthalate (PET) [18, 57, 58]. These are the two main flexible poly-
mer substrates used in device fabrication, although in recent years, other substrates
such as textiles have been studied for the purposes of patient comfort in the area
of biosensing. Another advantage of these substrates is biocompatibility, which is

important for medical and ethics approval of biosensor devices.
Channel Materials

As previously discussed, the channel material of OECTSs is a subset of organic semi-
conductors called organic mixed ionic-electronic conductors (OMIECs). These are a
special class of ion-permeable organic semiconductor that chemically react with ions
to tune their conductivity. An organic semiconductor can either be p-doped, called
the oxidized state (loss of an electron), or n-doped, called the reduced state (gain of
an electron) [1]. An OMIEC can be easily oxidized or reduced by the permeation
of ions from an electrolyte by an applied voltage. A positive voltage would result in
cations in the electrolyte being driven into the OMIEC film, and a negative voltage

would drive in anions. Depending on the material, either of these can initiate an
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ionic reaction and set the conditions for transistor-like behavior [49]. Based on the
OMIEC material, the devices made can either be in accumulation mode or depletion
mode - that is, the transistor behavior arises from the accumulation or depletion of
majority carriers in the transistor channel due to the gate voltage, which modulates
the current.

In the literature, there are various examples of OMIECs being used in OECT chan-
nels. The most popular material used in OECTSs is poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate (PEDOT:PSS). This is a p-type material that operates in deple-
tion mode when used in OECTSs. This material is outlined in greater detail in Section
2.2.3 as it is used extensively in this work. Other examples of p-type OMIECs include
polypyrrole (PPy) and poly(2-(3,3’-bis(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)-[2,2’-
bithiophen]-5-yl)thieno[3,2-b]thiophene) (p(g2T-TT)), which operate in the accumu-
lation mode [62, 63]. For both of these materials, a negative gate voltage is applied
which causes anions to oxidize the material, accumulating majority carriers (holes)
and inducing current if there exists a bias between source and drain.

There also exist n-type OMIECs; however, as with all organic semiconductors, their
development has been hindered by poor stability and degradation [57]. Despite being
organic compounds that should readily react with water and oxygen, the reason that
p-type organic semiconductors are not impacted in the same way is that the degra-
dation issues associated with n-type materials occur because of water and oxygen-
generated electron traps that specifically impede n-type conduction, rather than a
chemical instability [36]. Some examples of popular n-type OECT channel materials
include poly(benzimidazobenzophenanthroline) (BBL) and p(gNDI-gT2), which is a
copolymer of thiophene and 2,6-dibromonaphthalene-1,4,5,8-tetracarboxylic diimide-
co-monomers. BBL is an n-type accumulation mode device - that is, a positive gate
voltage is applied and the film is reduced resulting in a higher concentration of elec-
trons and thus current. It is widely studied in the literature because of its high

conductivity for an n-type device [48]. p(gNDI-gT2) is an ambipolar material, mean-
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ing that it can be doped with both cations and anions, resulting in both p-type and
n-type transport [56]. When a positive gate voltage is applied, a p(gNDI-gT2)-based
OECT functions as an n-type accumulation mode device. When a negative gate volt-
age is applied, it functions as a p-type accumulation mode device. This thesis includes
n-type OECTSs fabricated with the channel material gNDI-Bry, which is outlined in

greater detail in Section 2.2.4.

2.2.3 PEDOT:PSS

The main p-type OMIEC used in OECTs in this work is poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate, or PEDOT:PSS. It consists of the polymer PEDOT and a
dopant, PSS. The structure is shown in Figure 2.6 (a). Not only is PEDOT:PSS used
as an OMIEC, its conductivity is high enough that it is used as a conductive polymer
for a variety of applications such as organic solar cells, contact electrodes, supercapac-
itors and fuel cells [53]. It also possesses good chemical and electrical stability in air,
making it an excellent candidate for mass production of devices for these applications
[58]. All these features make PEDOT:PSS arguably the most popular p-type organic
semiconductor. In this work, PEDOT:PSS is used as an OECT channel material
due to its stability, solubility in water, solution-processabiltiy, and extremely high

transconductance. The redox reaction is shown below in Equation 2.7:

PEDOT™" : PSS~ + M* +e < PEDOT® + M : PSS~ (2.7)

where M7 is any metal cation found in the device’s electrolyte, and e is an electron.
As shown in Figure 2.6 (b), on the PSS chains, there exist SO3- groups that bond
with the thiophene groups on the PEDOT chain, oxidizing it and facilitating hole
conduction by knocking an electron off of the chain. When a positive gate voltage
is applied, metal cations are driven into the film, drawing the PSS away from the

PEDOT. The PEDOT is then reduced with the free electron , lowering the conduc-
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tivity. In an OECT application, this translates to a p-type depletion mode device
with a positive voltage threshold. The device is normally on and as the gate voltage

increases, it shuts off.
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Figure 2.6: (a) Chemical structure of PEDOT:PSS. (b) Visual representation of in-
teraction between PEDOT and PSS.

2.2.4 gNDI-Br,

The n-type OMIEC used in OECTSs in this work is a naphthalenediimide (NDI)-
based small molecule, gNDI-Bry. In this work, the synthesis of the NDI compount
and synthesis and development of the NDI ink recipe was carried out by Seongdae
Kang of the author’s research group. NDI-based n-type conducting polymers have
been used for a variety of applications such as organic solar cells and OECTSs [56, 57,
64]. As mentioned in Section 2.2.2, another NDI-based polymer, p(gNDI-gT2), is an
ambipolar n-type semiconductor that has been used in OECTs and has demonstrated
both n and p-type transport. In this work, gNDI-Bry was used strictly as an n-type
material in the accumulation mode. Its structure is shown in Figure 2.7.

The gNDI-Bry molecule consists of core napthalene rings, ethylene glycol sidechains,

and carboxylic oxygen atoms. The core napthalene rings result in strong -7 interac-
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Figure 2.7: Chemical structure of gNDI-Brs.

tions between molecules, increasing crystallinity and enhancing conductivity [57]. The
ethylene glycol sidechains also enhance conductivity while also giving the molecule
the ability to dissolve in a variety of solvents, which is crucial for fabrication and
widespread adoption of any organic semiconductor. The oxygen atoms are used as
sites for coupling with metallic cations, which is the basis of the redox reaction for

this OMIEC. The full reaction is shown below in Equation 2.8:

gNDI-Bry +2M" + 2¢~ <3 gNDI-Bry +2M~ (2.8)

where the symbols have their usual meanings. As a positive gate voltage is applied, the

metal cations are driven into the channel and are coupled with two of the carboxylic
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oxygen atoms found at opposing sides of the core NDI molecule. As this reaction
occurs, two electrons are freed from the core and contribute to the current. Thus, the
device acts as an n-type accumulation mode OECT. The device is normally off and

as the gate voltage increases, it turns on.

2.3 Carbon Nanotubes (CNTs)

2.3.1 CNT Structure and Properties

Carbon nanotubes (CNTs) have gained considerable attention in recent years due
to their excellent mechanical and electrical properties. Carbon nanotubes have been
used in mechanical contexts as a reinforcement material - the Young’s modulus of
single-walled carbon nanotubes has been measured up to 1.8 Tpa [65]. For reference,
steel has a Young’s modulus of approximately 210 GPa [65]. CNTs also have excellent
conductivity, reaching 10” S/m for pure individual tubes [66].Also, copper has one of
the best conductivities on the order of 107 S/m, and hence is widely used in electrical
wiring. The structure of various carbon nanotubes is illustrated in Figure 2.8 (b).
At their essence, carbon nanotubes are sheets of graphene "rolled” into tube-like
structures. Graphene is a 2D material - that is, it is a single monolayer of carbon
atoms bonded in a hexagonal honeycomb lattice [67]. This is in contrast to graphite,
which is a 3D bulk material with multiple carbon sheets. The structure of graphene
is illustrated in Figure 2.8 (a).

As shown in Figure 2.8 (b), CNTs can have various configurations. Firstly, CNTs
are divided into two categories: single-walled and multi-walled [65]. Single-walled
CNTs (SWCNTSs) consist of a single rolled tube of graphene, usually with a diameter
ranging up to approximately 2 nm. Multi-walled CNTs (MWCNTS) contain mul-
tiple SWCNTs stacked inside each other (concentric tubes). Their diameters range
depending on the number of walls, but may reach up to 100 nm. For both SWCNT

and MWCNTs, lengths are in the um range, usually around 10 pm. Electronically,
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Figure 2.8: (a) The structure of graphene. (b) The structure of various carbon nan-
otubes. From left to right: single-walled nanotube with configuration (5,5) armchair,
multi-walled nanotube (2 walls) with configuration (5,5) armchair, single-walled nan-
otube with configuration (9,0) zigzag.

MWCNTs exhibit metallic characteristics and conduction while SWCNTSs can be ei-
ther metallic or semiconducting depending on their chirality [66]. Chirality is the
main indicator of electronic properties in CNTs and describes the lattice structure
of the "unrolled” graphene sheet [68]. The chiral vector, 6’, is described below in

Equation 2.8:
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C = nay + mas (2.9)

where n and m are integers called the chiral indices, and a; and ay are the base
cell vectors of graphene. The diameter of the tube, D, can also be related to these

quantities:

C
D=~ =2V nm + m2 (2.10)
T ow

where C is the magnitude of vector C , ag is a base cell vector of graphene, and the
rest of the symbols have their usual meanings. There are three subsets of CN'T's based
on the combination of chiral indices [69]. These describe the orientation of the rolling
of the CNT. In cases where m = n, an armchair nanotube is formed. A SWCNT with
configuration (5,5) armchair is shown in Figure 2.8 (b). A zigzag nanotube occurs in
the case where n = 0 and m # n. This is illustrated in Figure 2.8 (b) with a configura-
tion of (9,0) zigzag. All other combinations, that is, where m, n # 0 and m # n, result
in chiral nanotubes, which are varying degrees of rolling between the two extremes
illustrated in Figure 2.8 (b). In terms of conductivity, armchair nanotubes exhibit
metallic properties whereas zigzag and chiral nanotubes exhibit semiconducting prop-
erties. Synthesis techniques for all configurations of CNTs include the arc-discharge
method, laser ablation, and chemical vapor deposition [65]. CNTs are then purified

by various methods such as acid reflux, sonication, and air oxidation [70].

2.3.2 CNT Applications

Because of their superior mechanical and electrical properties outlined in the previous
section, CN'T's have been used in a variety of context including emerging industries
such as the biosensing industry. Due to their high Young’s modulus, which implies a
high strain-to-stress ratio, and their high strength-to-weight ratio, CNTs have been

used as reinforcement materials in construction contexts (cement reinforment) and
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even ballistic materials [71, 72]. Because of the nanostructure nature of their com-
position, CNTs have been used in targetted drug delivery systems where nanotubes
containing drugs are guided to various organs via magnets and splits upon entry into
the cell [70].

In electronic applications, CN'Ts have been used as biosensors due to their reac-
tivity towards various compounds. For example, they have been used in gas sensors
owing to their reactivity towards NOy and NHj gas [73, 74]. They have also been
used as a functionalization layer in various electronic biosensors because of reactiv-
ity towards specific compounds, enhancing conduction [75]. Most notably, however,
they have been used as a channel material in FET devices [74, 76, 77]. Because only
SWCNT have semiconducting properties, only SWCNTs have been demonstrated as
the channel material. Forel et. al demonstrated logical inverters geared towards gas
sensing using pristine SWCNTSs [77]. Shulaker et al. demonstrated 3D integration
of carbon nanotube FETS (CNFETS) by stacking layers of CNFET sensors, CNFET
logic, and traditional silicon logic on a single chip [76]. CNFETSs have shown promise
as an alternative to traditional silicon CMOS devices by having demonstrating an
energy-delay product on an order of magnitude higher [76]. The energy-delay prod-
uct is an important measure of efficiency in digital circuits - a lower product results
in lower power consumption and heat dissipation, prolonging the life of a chip and
lowering costs for computing-intensive operations.

CNTs have also been used in passive electronics biosensors as a sensing material
[78]. In this work, MWCNTSs were used as the sensing material for a resistive temper-
ature sensor, which is outlined in Chapter 3. In these types of devices, rather than
the electron or hole type transport changing with applied bias, the structure of the
CNT network changes in response to stimuli which can cause dramatic change in the

conductivity, which is an easily quantifiable characteristic for electronic sensors.

31



2.4 Logic Gates

Logic gates are functional blocks that take one or multiple binary inputs and output
a single binary output. In general, these are implemented in electronic circuits using
integrated chips to achieve some kind of computing function [76]. However, they have
also been implemented with mechanical, pneumatic, and even quantum-mechanical
devices, because at their core they are devices that implement a mathematical Boolean
function [79-81]. They may be used to implement larger computing algorithms and
more complex Boolean algebra. This thesis focuses on the electronic implementation
of logic gates. Because of this, it is important to understand the theory behind logic

gate circuits.

2.4.1 Circuit Theory

As mentioned previously, logic gates implement specific Boolean functions. The most
basic logic gate functions are NOT, AND, and OR. In the case of NOT gates, the input
is simply inverted at the output, that is, a binary input value of 1 would be a 0 at the
output and vice versa. In the case of the AND gate, input combinations of 00, 01, 10,
and 11 would result in outputs of 0, 0, 0, and 1, respectively. OR gates are the opposite
- the same input combinations would result in outputs of 0, 1, 1, and 1, respectively.
These gates can be stacked together to make more complex gates such as NAND,
NOR, XOR, and XNOR gates. It is worth noting that NAND and NOR gates are
only more complex when representing them with logical symbols (AND/OR followed
by a NOT gate). In reality, they require less transistors to implement electronically,
which is why they are used more often in circuits. These gates can then be stacked
together to create more complex logic blocks such as multiplexers, binary decoders,
and data registers. For the purposes of this thesis, the logical and electronic circuit
theory of the NOT gate will be examined in detail as it is explicitly used. NOT gates

take an input and output its complement - they invert it, which is why they are also

32



referred to as inverters. Truth tables are tables that outline the logical combinations
of inputs for logic gates and their outputs. The simple truth table for a NOT gate is
shown in Figure 2.9 (a), along with its logic gate symbol and characteristic equation.
Because logic gates are generally built as electronic circuits, the inputs and outputs
are referred to both as X and Y (mathematically), and as Vj, and V., because the
output of electronic logic gates is always a voltage.

P-type
semiconductor Vdd

Vin D_[>o_o\fout \
- =L

Vin o— o Vout

input | Output o

X (Vin) Y (Vout)

L 1 N-type —
1 0 semiconductor
(a) (b)

Figure 2.9: (a) Logic symbol, characteristic equation, and truth table for a NOT gate.
(b) Electronic complementary circuit implementation of a NOT gate.

To implement NOT gates electronically, complementary metal-oxide-semiconductor
(CMOS) technology is employed. As discussed in Section 2.1, semiconductors can ei-
ther be p-type or n-type. CMOS logic gates use transistor devices with both p-type
and n-type semiconductors as the channel material. If one device is turned on by an
input voltage, the other is off, and vice versa, hence the ”complementary” label. In
CMOS gates, there is always a pull-up network (PUN) and pull-down network (PDN).
The PUN consists of p-type devices while the PDN consists of n-type devices. The
voltage output is taken between the two networks. If the PUN is conducting, the out-

put is connected to the positive power supply voltage, and the PDN is disconnected
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from the output. If the PDN is conducting, the output is connected to ground (0V),
and the PUN is disconnected from the output. Usually, the logic levels for the output
are taken as the power supply voltage (V4q), and ground (GND). The input voltage
also takes these levels, i.e, the voltage equivalent for logic state 1 at the input must
be Vg4 and be enough to fully turn off the p-type devices (as p-type devices turn off
as voltage increases) and fully turn on the n-type devices. The opposite is true for
logic state 0 - the voltage must be GND and be enough to keep the n-type devices
from conducting (OFF) while allowing the p-type devices to conduct (ON).

The two logic levels for the NOT gate are shown in Figure 2.10 (a) and (b). Since
transistors can be modelled as switches, switch-style schematics can be used to illus-
trate conduction in CMOS logic circuits. Although the two extremes of Vy, are shown
in cases 1 and 2, intermediate voltages are possible and inevitable in any circuit, such
as during voltage transitions. Sweeping the input voltage from logical 0 to 1 results
in an output voltage response from logical 1 to 0, as shown in Figure 2.10 (c¢). This
is an important curve for characterizing fabricated devices and can indicate defects

in specific transistors [82].
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Figure 2.10: (a) Switch-level representation of a NOT gate with Vi, of logic 0. (b)
Switch-level representation of a NOT gate with Vy, of logic 1. (¢) The transfer curve
of a NOT Gate.
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2.4.2 Common Uses

The vast majority of logic gates are used in integrated circuits as part of larger
circuits, such as those in microprocessors. The logic flow of these devices is shown
in Figure 2.11. From simple transistor layouts and circuits, larger blocks such as
multiplexers, adders, and subtractors can be built. These are represented by high
level blocks, which is called the register transfer level (RTL). RTL blocks can be
connected together to perform higher-end computing operations, such as those in a
microprocessor or computer chip. Logic gates can also be individually integrated
in discrete chip packages for specific applications, such as in non-integrated circuit
design and embedded systems [76].

Logic gates have also been occasionally used in the biosensing industry [18]. As
mentioned in Section 2.3.2, SWCNT-based FETs have been used in gas sensing.
Forel et al. demonstrated NOT gates based on these devices for the purposes of NO,
sensing [77]. Majak et al. have also demonstrated OECT-based NOT gates for ion
detection [18]. The main advantage of using logic gates for biosensing is the ability to
measure a voltage rather than a current, which is the case for most transistor-based
biosensors. Measuring voltage requires less complex circuitry and results in more
accurate measurement. OECT-based NOT gates have been demonstrated in the
literature with varying circuit configurations due to the difficulty in fabricating both
p-type and n-type OECTs with well-matched characteristics [16, 83, 84]. However,
OECTs have rarely been built both as logic gates and for biosensing end-use. In
this thesis, OECT-based NOT gates are used for the detection of various cations in
solution as well as glucose measurement. The specific configuration and operation of

the NOT gates are explained in more detail in Chapters 4 and 5.
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Figure 2.11: Integration of logic circuits in high-end computing applications.

2.5 Fabrication Techniques
2.5.1 Fabrication Techniques for Organic Semiconductors

A major advantage of organic semiconductors (OSCs) is their solution-processability,
which allows them to be deposited by a variety of different methods. As discussed
in Section 1.1, the main fabrication method of traditional inorganic FET devices is
the photolithography /etching/sputtering process. The silicon wafer already contains
the semiconductor - it must simply be selectively doped via ion implantation or dif-
fusion, the pattern for which is transferred by photolithography [61]. This is called
a subtractive technique. Typically, this process has also been used for organic FET
devices as a means to deposit electrode contacts for the device, with the organic
semiconductor deposited via additive techniques [58]. Photolithography has the ad-
vantage of nanometer-range feature sizes. Processes typically also use high quality
metal (which results in low resistance) and produce highly reproducible results due
to a well-optimized, time-tested process. However, it is a time-consuming and costly

process, with mask, fabrication, and machine use costs, making constant prototyping
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inconvenient.

For the deposition of organic semiconductors themselves, additive deposition tech-
niques are in use. Since organic semiconductors are usually dissolved in solution, it is
difficult to deposit them using traditional techniques such as sputtering, where solid
metal targets are hit by energized particles. Surface atoms from the solid target are
ejected and deposited onto the target substrate. The metal is then selectively removed
via pattern transfer technique such as etching or lift-off. Thus, organic semiconduc-
tors are deposited using additive techniques, where materials are deposited or stacked
one layer at a time. These can be direct-write techniques, meaning the deposition is
selective from the start, removing the need for a mask. The most popular techniques
include spin-coating, screen-printing, spray-coating, and 3D printing techniques such
as inkjet printing, gas injection printing, and aerosol jet printing [18, 58, 85, 86].
3D printing has become a popular technique due to its low cost and quick prototyp-
ing. Rather than laying out a mask and then manufacturing it, all that is needed is
a computer-aided design (CAD) file that is converted to a script for the particular
printing machine. The 3D printer then uses direct-write techniques to deposit a pat-
tern on a substrate. In this work, aerosol jet printing is used as the main technique
for the deposition of contact electrodes, semiconductor channel, and insulating layers.

The operating principle is laid out in the next section.

2.5.2 Aerosol Jet 3D Printing

Aerosol jet 3D printing is an additive deposition technique in which a material /ink
is first aerosolized, moved through the system by gas, and finally deposited as a thin
film on the substrate. Thicknesses are generally in the micron range. Feature sizes are
in the tens of microns range, but can be improved upon by the optimization of certain
parameters [1, 87]. The operating principle of aerosol jet is shown below in Figure
2.12. First, an ink is loaded into a vial which is inserted into an atomizer device.

This atomizer can be either ultrasonic or pneumatic in nature. For an ultrasonic
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atomizer, the bottom of the vial must be thin enough for the energy to penetrate the
vial and aerosolize the ink. The aerosol is then carried through the system (usually
a tube) via carrier gas (usually nitrogen gas) to a deposition head. The deposition
head contains an opening for another gas called the sheath gas. The sheath gas is
variable and focuses the aerosol stream depending on the pressure. A higher pressure
results in a smaller deposition line. The deposition head also contains the tip, where

the aerosol exits. The tip size is also variable and impacts the line width.

Mist head
adapter
Ink ’/
tube —
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‘ +— Sheath gas
DepositiV' \ l ‘ l =
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v Deposited film
] «__ Atomizer vial
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Figure 2.12: Schematic diagram of aerosol flow, gas flow, and deposition in aerosol
jet printing.

The devices built in this work by aerosol jet printing were made by an Optomec
Aerosol Jet 5X 3D Printer. The system is shown in Figure 2.13. It includes an
ultrasonic and a pneumatic atomizer, though only the ultrasonic atomizer was used
in this work. The pneumatic atomizer is reserved for inks with viscocities over 10 cps
(up to 1000 cps). The system also includes a water bath and chiller, bubbler vial,
deposition head with assorted tips (exit hole sizes 150, 200, and 300 pm, and a platen
heater capable of being heated to 80°C.

The critical parameters that impact deposition rate and linewidth are carrier and

sheath gas pressure, atomizer power, amount of ink in the vial, bath temperature,
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Figure 2.13: The Optomec Aerosol Jet 5X printing system.

bubbler contents, tip size, printing speed, and platen heater temperature. As carrier
gas pressure increases, the rate of deposition increases as more aerosol is carried
through the system to the exit. Sheath gas focuses the aerosol beam, resulting in
a smaller line as pressure increases. Atomizer power also directly correlates with
deposition rate. The amount of ink in the vial is usually 1-2 mL. It is crucial to
have the exact amount of optimized ink the vial - otherwise, the ink may be too wet
when exiting the tip, resulting in overspray and ruining fine features, or there may
not be any deposition at all. The bubbler and bath temperature systems serve to add
moisture to the aerosol. If it is too dry, a continuous line is difficult to print. The
tip size directly influences line width by depositing a thicker line with a greater exit
hole diameter. Printing speed also changes the continuity of the line - if speed is too

fast, the ink may not have time to form a continuous film. On the other hand, if it
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is too slow, the line may experience heavy overspray. The platen temperature also
changes the deposition of the film in that a higher temperature may prevent a film
from spreading too much in the case that the aerosol is too wet when exiting the tip.
With this many parameters, it is obvious that optimization of a new ink or material
for printing is not trivial and usually takes multiple prints, even if parameters are
outlined in the literature. However, when optimized, aerosol jet printing provides a
cost-effective, efficient, and robust fabrication method for structures such as organic

semiconductor devices.

2.6 Characterization Techniques

2.6.1 Profilometry

Profilometry is a technique used to measure the surface profile/roughness of a film.
It consists of a stylus that is connected to a moving stage, controlled by a computing
system with a feedback control system. As the stylus moves on the surface of the
sample, the system measures the vertical movement and plots a surface profile ac-
cordingly. Thus, it can be used to determine the thickness of the sample by sweeping
the stylus from the smooth substrate the sample is found on over the beginning of
the film. The height profile sees a clear change and the delta value can be taken as
the thickness. In this work, an Alpha-step 1Q) Profilometer was used to determine
the thickness of various thin films. For all the film thickness measured, height mea-
surements were taken at the 4 corners of the film area (assuming a roughly square
shape) and averaged to one thickness value. The system is most suited for measuring
films with thicknesses in the micron range. For films with thicknesses and roughness
profiles in the nanometer range, atomic force microscopy (AFM) is more commonly

used.
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2.6.2 4-Point Probe

A 4-point-probe (4PP) is a device used to measure the sheet and bulk resistivity of
a thin film. It consists of four probes equally spaced apart which are spring-loaded
to be able to contact the sample and are connected to a sourcemeter. The outer two
probes force a current through the sample, while the inner two measure the voltage.
This is inherently more accurate than a two probe measurement, where both probes
are responsible for both sourcing a current and measuring the voltage to calculate
the resistance. This causes inaccuracies due to contact resistance between the probes
and the sample. When a 4PP measures the voltage across the two inner probes, this
results in a sheet resistivity value. It requires no correction, assuming the thickness of
the material is no more than 40% of the distance between two probes [88]. The probes
must also be sufficiently far away from the edge of the sample to avoid the need for
another correction factor. Using the sheet resistance value, the bulk resistivity of the
material can be calculated if the thickness of the sample is known. Consequently, the
thickness of the sample can also be determined if the sheet resistance is measured
and the bulk resistivity of the material is known (i.e, from a datasheet). In this work,
a Lucus Pro4 4000 system was used to measure the sheet resistivity of various 3D
printed thin film squares. The bulk resistivity of these materials was then calculated
using a thickness value which was measured using the Alpha-step IQ system outlined

in the previous section.

2.6.3 UV-Vis Spectrophotometry

Ultra-violet-visible (UV-Vis) spectrophotometry is a technique used to measure the
absorbance /reflectance spectra of a material. It consists of a light source that passes
light through a sample, and a detector that measures the amount of light that has
passed through. The light is passed through a diffraction grating to separate the
wavelengths of light. The intensity of the transmitted light is then measured as a

function of the wavelength. The wavelengths used are from parts of the ultra-violet
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and visible light spectra, hence the name. Different materials have different character-
istic spectra, with peaks appearing due to the excitation of electrons to higher energy
states upon the absorption of photons. Thus, UV-Vis spectrophotometry can be used
to identify different materials due to their characteristic spectra. It can also be used
to detect changes in the composition of a material after treatment. In this work, a
Hitachi U-3900H spectrophotometer was used to measure the absorbance spectra of
carbon nanotube nanocomposite films. This was done to verify the uniformity of the

films by measuring the same film in multiple locations.

2.6.4 Thermogravimetric Analysis

Thermogravimetric analysis (TGA) is a process used to identify the numerical weight
composition of different elements or compounds in a material. A material is placed
in a weighing boat which is calibrated and placed in a heating chamber which is then
heated to a specific variable temperature at a variable rate. As the temperature rises,
the weight of the boat changes due to specific parts of the material melting at variable
rates. The vapour of the material is swept away by a purge gas which can also be
changed (i.e nitrogen or air). The weight percentage of each element/compound in
the material can be clearly seen in the %weight vs temperature plot, assuming the
melting points of the constituents are sufficiently spaced apart. Some materials also
only activate their pyrolysis at a certain temperature under a certain environment,
such as with an air purging gas, which helps to isolate their weight percentage in
the analysis. In this work, a Discovery TGA machine was used to conduct TGA of a
carbon nanotube nanocomposite to isolate the weight percentage of carbon nanotubes
in the nanocomposite. It includes a furnace in which the heat can be ramped up from
0.1 to 500 °C/min in a linear control. It is equipped with two gas selections (air
and nitrogen) and includes a high-temeperature platinum weighing boat which can

withstand heating up to 1050 °C.
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2.6.5 Scanning Electron Microscope

A scanning electron microscope (SEM) is a high-resolution microscopy tool used to
image surface morphology in the nanometer range. It consists of an electron gun
that shoots a beam of electrons towards a sample, magnetic lens to focus and de-
flect the beam, and various detectors to detect the radiation that is emitted from the
sample. The sample emits secondary electrons, backscattered electrons, and X-rays.
Secondary electrons (SE) are electrons that are found on the surface of the sample.
They are freed by the interaction of the electron beam with the top of the sample,
and have low energy. Thus, they are used to create high-resolution images of the
topography and surface of the sample. Backscattered electrons (BSE) are electrons
from the electron beam that are scattered backwards from the sample after interac-
tion. The electrons interact with the atomic nuclei deep within the sample, but their
trajectories change and they are ejected from the sample, preserving their energy.
Characteristic fluorescence X-rays are also generated upon the interaction of the elec-
tron beam with the sample, which yields elemental composition of the sample [89].
As a result, most SEMs are equipped with a energy-dispersive X-ray (EDX) detector
for this analysis. In this work, a Hitachi S-4800 Field-Emission SEM (FESEM) was
used to image the carbon nanotube network of a CNT-thermoplastic nanocomposite.
An FESEM differs from a regular SEM in the generation of the electron beam. A
regular SEM uses thermionic emission to accomplish this, while an FESEM uses a
potential gradient and a field-emission gun. The result is that the FESEM generates
a more focused beam, which results in a higher resolution and thus higher possible

magnifications.

2.6.6 Keithley Sourcemeter

The electrical characteristics of the transistor devices in this work were measured by
a Keithley 2612B semiconductor parametrizing sourcemeter. The system is capable

of applying voltage and current sweeps while measuring voltage and current. The

44



sweeps the sourcemeter is capable of performing include Ip-Vp, Ip-Vg, and logic gate
input/output sweeps. The sourcemeter is controlled by custom Labview programs
that are capable of changing the parameters of these sweeps, such as drain and gate

voltage, voltage and current step size, and time delay.

2.7 Hydrogels

Hydrogels are polymeric network materials that are created by cross-linking polymer
chains with any sort of aqueous medium, forming a water-swollen gel material [90,
91]. They may be categorized according to multiple criteria such as method of prepa-
ration (i.e homopolymer vs copolymer), the net ionic charge contained in the gel (i.e
neutral vs anionic), the physiochemical structural features of the network (i.e amor-
phous vs semicrystalline), and the secondary forces holding together the networks (ie.
hydrogen bonds and affinity complexes). Hydrogels have been found to be useful in
a variety of contexts such as biomedical applications, nanomedicine, and biosensor
devices [91-93]. Due to their biocompatibility and compatibility with various ma-
terials and substrates, hydrogels have gained attention in recent years, especially in
bioelectronics and devices [93]. Other attractive features of hydrogels include high
hydrophilicity, high fluid absorption, and excellent elasticity/stretchability. Exam-
ples of popular hydrogel mixtures include poly(vinyl alcohol) (PVA), poly(ethylene
glycol) PEG, and gelatin hydrogels. In this work, hydrogels have been used in the
structure of OECT devices. Hydrogels have been recently been used in OECTSs as
part of functionalization layers as well as completely replacing the liquid electrolyte
layer [83, 94]. The advantage of using hydrogel layers is that they remove the need
for dropping a liquid electrolyte on an OECT device in order to test it. They can also
absorb a large amount of liquid due to their porous nature [93]. On the other hand,
this may also hinder device performance when considering device speed, as ions must
permeate through the entirety of the hydrogel before reaching the channel, lowering

the speed of operation.
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In this work, a gelatin hydrogel was used in combination with ionic solution in
order to remove the need for dropping electrolyte on two devices in a logical inverter
gate based on OECTs. A gelatin hydrogel was also mixed with 1xPBS solution and
used as encpasulation layer in order to immoblize other functionalization layers on an
OECT device. The hydrogel prevents the washing away of enzymes required to detect
specific molecules which are outlined in Chapter 4. In the case of the encapsulation
hydrogel, the layer also improves biocompatibility by acting as a separation layer
between the multiple layers of functionalization materials and the liquid that is being
sensed. In a real-world application, this would ensure that no unexpected transfer of
unwanted materials would occur. For example, functionalization materials would not

permeate into a wound when sensing wound fluid.
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Chapter 3

Aerosol Jet 3D-Printed
Temperature Sensor Based on
Multi-Walled Carbon Nanotubes

3.1 Introduction

In the biosensing industry, there is an increasing need for cheap, flexible temperature
sensors. Flexible electronic sensors have become increasingly popular in recent years
8, 9] with the emergence of wearable electronics [2, 3]. Electronic sensors can also be
integrated with larger Internet of Things (IoT) systems for faster data analysis and
transmission. Flexible sensors allow for easier conformation of the sensing element to
the skin, allowing for more efficient sensing parameter transfer and greater patient
comfort [3, 95]. Skin temperature sensing is important in many contexts, mainly the
medical field. Skin temperature is measured extensively in hospital patients, and can
be indicative of various diseases, illnesses, and general inflammation [11, 96]. To be
useful, temperature sensors used for these purposes should be small, non-invasive,
and comfortable for the patient to wear.

In recent years, carbon nanotubes (CNTs) have been studied extensively by the
scientific community due to their excellent mechanical, thermal, and electronic prop-
erties [97-99]. In particular, CNTs may act as semiconducting or metallic materials

based on their chirality and geometry [100]. CNTs can be either single-walled or
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multi-walled, meaning they consist either of one hollow cylinder or multiple cylin-
ders nested within each other. Multi-walled carbon nanotubes (MWCNTSs) have
been studied as temperature sensors when combined in the form of nanocomposites
with various thermoplastics [101, 102]. MWCNTs intrinsically change their resistance
based on temperature [103, 104], an effect that is compounded by combining them
with a thermoplastic. As these kinds of nanocomposites are heated, they expand and
change the orientation of the network by bringing more CNT's into contact with each
other, lowering the resistance of the material. Percolation theory has been extensively
studied in CNT nanocomposites with low percolation thresholds being achieved due
to the network structure and conductivity of CNTs [105, 106]. As shown in Fig-
ure 3.1, the initial resistance of a CNT nanocomposite device is determined by its
concentration of CNTs in the polymeric matrix. If a device is fabricated with a
CNT concentration at or near the percolation threshold, thermal expansion of the
nanocomposite film could bring the device in and out of the conducting and insu-
lating regimes, triggering a large resistance change with a small temperature change.
Since the percolation threshold is different for each kind of CNT, the optimization of
CNT filler concentration is crucial for the development of a working sensor. Mohi-
uddin and Hoa studied the effect of MWCNT weight ratio in a MWCNT /poly ether
ether ketone (PEEK) composite and observed a conductivity change of 7 orders of
magnitude when changing CNT concentration from 3 to 4 wt%, with a percolation
threshold of approximately 3.54% [107].

Optimization of CNT concentration along with the resistance properties of CNT
nanocomposite films have been studied [108, 109], but few full biosensors or biosensing
systems have been reported using CN'T nanocomposites as the sensing material for
temperature sensing. A temperature sensor based on a MWCNT and poly(styrene-b-
(ethylene-co-butylene)-b-styrene) (SEBS) nanocomposite has been demonstrated by
Salvo et al. which displays high sensitivity (85 ©/°C) and linearity (R* > 0.999)

[78]. However, to the best of our knowledge, these kinds of devices have not yet
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Figure 3.1: Resistivity of a percolating network versus the concentration of the filler
material. As the concentration increases, nodes of the material — in this case carbon
nanotubes — begins to form conductive pathways, resulting in a sharp increase in
conductivity and decrease in resistivity.

been demonstrated for skin measurements. Due to the simplicity of a resistance
measurement, these kinds of sensors can be integrated with larger biosensing systems
with minimal circuit overhead.

In this work, we demonstrate an aerosol jet 3D-printed temperature sensor based on
a MWCNT /SEBS nanocomposite. 3D printing allows for fast prototyping of various
designs as well as the ability to easily print electronic devices on flexible substrates.
The aim of the work is to realize small, economical, reliable and repeatable sensors
that are highly sensitive in the temperature range of 30-40°C for the eventual end

use of skin temperature measurement. We believe that this kind of device could be
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successfully applied for skin sensing for a variety of medical applications.

3.2 Materials and Methods

The sensor was developed on a polyimide (Kapton(®)) substrate to achieve high flex-
ibility. For biosensing, conformability of a sensor to skin is important for biosensing
performance and patient comfort. For these reasons, aerosol jet 3D printing was used
to deposit gold electrodes on polyimide. The nanocomposite dispersion was prepared
and drop casted onto the electrodes. Finally, a flexible printed circuit board (PCB)
was designed as a connector board for interfacing with an external circuit. One side
of the connector board was used to insert the polyimide sensor, while the other was
used to connect a flat-flex cable (FFC) which led to a measurement circuit. Together,
the PCB connector board with the inserted flexible biosensor (Figure 3.2 (a)) provide
a robust platform for skin sensing that can be easily attached to any surface while

maintaining high performance and accurate results.
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Figure 3.2: (a) The finished flexible sensor inserted in the PCB connector board via
ZIF connectors. (b) (Top) 2D view and dimensions of the 3D printed and drop casted
sensor on polyimide substrate. (Bottom) 2D view and dimensions of the connector
board.
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3.2.1 Aerosol Jet Printing

An Optomec Aerosol Jet 5X 3D printer was used to deposit gold tracks onto polyimide
substrate (thickness 1 mil). Gold nanoparticle ink (UTDOTS, UTDAu40 TE) was
loaded into an ultrasonic atomizer and deposited under an Ny sheath gas flow of 30
ccm and an atomizer gas flow of 25 cecm. The electrodes were spaced apart at a pitch
of 1 mm with a trace width of 300 pm (Figure 3.2 (b)). Additionally, the bottom of
the sensor was designed to be insertable into a zero-insertion force (ZIF) connector.
To achieve this, the gold was printed in a land pattern with the appropriate pitch
and length to provide adequate contact with the ZIF connector. The approximate
thickness of the deposited gold was 1 pm. After deposition by printing, the gold
electrodes were annealed on a hot plate at 280°C for 1 hour.

After gold deposition, polyimide (UTDOTS, PI-AJ) was printed at the top of the
sensor in a circular well pattern. Since the nanocomposite dispersion was drop-casted,
the well was used to contain the radial spread of the dispersion and to maintain a
uniform film for accurate characterization. The polyimide was deposited under an Ng
sheath gas flow of 60 ccm and an atomizer gas flow of 27 ccm. The 500 pm wide walls
of the well along with their 6.5 pm thickness contained the nanocomposite effectively
to achieve consistent nanocomposite film area (36 mm?) and thickness measurements
(~0.7 pm). After polyimide deposition, the substrate was annealed once again on a

hot plate at 130°C for 1 hour and 30 minutes.

3.2.2 Nanocomposite Dispersion Preparation

Nanocomposite dispersions were prepared and drop casted onto the substrates with
printed gold and polyimide. The nanocomposite was not printed mainly due to the
difficulty in printing the dispersion. Characterizing an ink for aerosol jet printing and
optimizing its printing parameters is a time-consuming process if not bought as an
ink explicitly made for aerosol-jet printing. There are carbon nanotube inks available

which have been reported in the literature with printing parameters [110, 111], but
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none that have included any sort of thermoplastic in their composition. Additionally,
the multi-walled carbon nanotubes (MWCNT) used had an average length of 10 pm,
which is greater than the average size of an aerosol droplet for our printer (1 pm).
This would result in lower and non-uniform deposition as the carrier gas would not
be able to push enough aerosolized ink through the deposition head.

The nanocomposite dispersion was obtained by dissolving poly(styrene-b-(ethylene-
co-butylene)-b-styrene) (SEBS) bought from Sigma-Aldrich (200565-250G) in toluene
and then adding the MWCNTSs (Sigma-Aldrich, 698849-1G). The MWCNTs had an
average length of 10 pm with an average outer diameter of 12 nm. The mixture was
sonicated for 1 hour under a power of 110W and frequency 40 kHz. The resulting
dispersion was then centrifuged for 30 minutes at 4000 rpm as carbon nanotubes tend
to agglomerate in dispersion if left for prolonged periods of time. To avoid further
agglomeration, non-uniformity and evaporation of the dispersion, drop-casting was
done directly after centrifugation. New dispersion was always created prior to drop-
casting, with old dispersion having been discarded if not immediately used. For each
36 mm? polyimide well, 6 pL. of nanocomposite was drop-casted and left to dry for 1
hour. The substrate was annealed in an oven at 150°C for 4 hours, as this treatment

improves linearity which was reported previously by Calisi et. al [112].

3.2.3 Material and Electrical Characterization

Temperature sensing experiments were carried out using a hot plate with a temper-
ature control of 0.1°C. Devices were inserted into a ZIF connector soldered onto a
flexible connector board and taped down to the hot plate to ensure maximum heat
transfer. A second on-board ZIF connector was used to connect an FFC cable which
led to the measurement device (either a Fluke 289 digital multimeter or a Keithley
4200 Semiconductor Characterization System). Temperature was then swept in incre-
ments of 5°C from room temperature to 55°C and vice versa. Resistance was recorded

3 minutes after each temperature was reached to ensure adequate response time of
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the sensor and to test robustness. The skin temperature testing was done using a
similar test setup, but with resistance measured every 5 minutes over a 30-minute
span while simultaneously taking a reference temperature measurement using an in-
frared thermometer. Scanning electron microscope (SEM) images were taken with
a Hitachi S-4800 FESEM. Nanocomposite film thickness measurements were taken
with an Alpha-Step 1Q Profilometer. UV-vis spectrophotometry scans were taken
using a Hitachi U-3900H Spectrophotometer. Thermogravimetric scans were carried

out using a Discovery Thermogravimetric Analyzer.

3.3 Results and Discussion

The discussion of the results will focus on two aspects: the nanocomposite film prop-
erties and the performance of the final sensor. The aerosol jet printing of the gold

and polyimide layers is already an optimized process and will not be discussed.

3.3.1 Nanocomposite Weight Ratio Optimization

The most crucial optimization parameter for the nanocomposite film was the selection
of the SEBS to MWCNT ratio when mixing and dispersing the nanocomposite in
toluene. The SEBS weight was kept constant at 0.5g in 100 mL of toluene, while the
MWCOCNT concentration was decreased at regular intervals until high sensitivity was
reached. SEM images were taken for 4:1, 5:1, 10:1, and 15:1 SEBS to CNT weight
ratios (Figures 3.3 (a)-(d)). When each nanocomposite was dropped and annealed
on 3D printed devices, initial resistance measurements were taken. Sensitivity was
extracted via heat test method outlined in Section 3.2.3. Figure 3.3 (e) outlines the
average initial resistance and sensitivity for devices made with each weight ratio. It
can be observed that resistance increases with CNT concentration decreases. The
sensitivity also increases as the resistance increases, which is expected as the CNT
concentration approaches the percolation threshold. The optimized weight ratio was

found to be 15:1 which resulted in an average initial resistance of 100 kf2.
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Figure 3.3: FESEM images of the nanocomposite with 10 pgm nanotubes at
SEBS:MWCNT ratios of (a) 4:1 (b) 5:1 (c¢) 10:1 (d) 15:1. (e) The relationship be-
tween nanocomposite weight ratio and initial resistance and sensitivity.
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In Figure 3.3 (e), it can be seen that the variation and error of the average initial
resistance and sensitivity increases dramatically as the ratio of SEBS to MWCNT
increases. This is due to the random nature of the percolation network as the filler
concentration of the matrix approaches the percolation regime. The optimal ratio was
taken to be 15:1 for two main reasons. Firstly, the variation was becoming very large
as shown by the error bars in Figure 3.3 (e) and consistent devices in the middle of the
range were becoming more difficult to achieve. The devices were thus deemed to be
within the percolation regime. Secondly, with less CNT concentration, the nanocom-
posite solution was also becoming more difficult to drop-cast due to lack of viscosity.
Another reason that contributed to the decision that the 15:1 ratio was optimal was
that large resistance values, such as those above 1 Mf), were becoming difficult to
measure with the digital multi-meter that was used for all measurements. Measure-
ments were wildly fluctuating which is a limitation of the measurement method. This
is also the reason negative temperature coefficients take into account initial resistance
- low resistance measurements are less prone to fluctuation and are generally more
accurate.

Although the percolation threshold can be explicitly found by comparing resistance-
frequency plots for different weight percentages of CN'T, this was not done in this work
and only estimated. One reason for this was that some devices made with a 15:1 ratio
included resistances that reached higher than 1 M(2, which can be taken as insulating
for the purposes of a resistive sensor. This can be explained by the random nature of
the orientation of the nanotube network. If the MWCNT ratio is at or very close to
the percolation threshold, these random variations between individual devices may
cause each device to have widely varying initial resistances. Thus, the weight ratio
that results in the nanocomposite closest to the percolation threshold for our specific
MWCNTSs was taken to be 15:1. Furthermore, at lower concentrations of MWCNT,
the drop-casted dispersion was quickly becoming thinner and harder to control. In

future work, this could be improved by 3D printing the nanocomposite in addition
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to the electrodes. A second reason for estimation of the percolation threshold was
that since we are interested purely in the performance of the finalized device, the
weight ratio was deemed to be adequately close to the actual percolation threshold
as it indicated high sensitivity.

Since the percolation threshold depends on the type of MWCNT, the initial re-
sistance and sensitivity of 1.5 pm tubes (NANOCYL®) NC7000™) was studied in
comparison to the 10 pm tubes (Figure 3.4). The average initial resistance was found
to be much lower for a SEBS: MWCNT weight ratio of 5:1 at 418 2 versus 4.12 k)
for 10 pm tubes. The sensitivity was also lower at 0.29 ©/°C versus 3.24 2/°C for
10 pm tubes. Together, these indicate a reduction of 90% for initial resistance and
91% for sensitivity. We speculate the reason for this to be in the improved quality
of the network with the 1.5 pm tubes which leads to more conductive pathways and
lowered resistance. The shorter tubes allow for more individual CNTs per gram of
powder which results in a greater amount of tube terminations. This would lead
to greater interconnectivity and a more intricate network of pathways. Due to the
increased sensitivity of the 10 pm tubes, they were used in all subsequent devices and
measurement.

Figure 3.5 shows the resistance vs temperature calibration curve of an optimized
device taken by the same method outlined in Section 3.2.3. It can be seen that the
sensor exhibits high linearity (R? > 0.99) in both its forward and backwards sweep.
This is due to the annealing treatment which has been reported to increase linearity
but decrease sensitivity [78, 112]. Calisi et al. found that annealing MWCNT /SEBS
nanocomposites at a temperature higher than the melting transition temperature of
the ethylene-co-butene block (44°C) leads to a significant change in the percolation
network [112]. Additionally, the percolation threshold is lowered due to a decrease
in CNTs. In this work, non-annealed samples were not studied as annealing has
been shown to increase linearity significantly [112]. Thus, the original (unoptimized)

procedure already included an annealing step. Another important parameter for
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Figure 3.4: FESEM images of the nanocomposite with 10 pgm nanotubes at a
SEBS:MWCNT ratio of 5:1 at (a) x20k magnification and (c) x45k magnification.
For comparison, 1.5 ym nanotubes at a SEBS:MWCNT ratio of 5:1 are shown at (b)
x20k magnification and (d) x45k magnification.

a temperature sensor is the negative temperature coefficient (NTC), which can be
extracted from the initial and final resistances and temperatures of the calibration

curve, assuming a highly linear curve. This can be shown in Equation 3.1:

Ry — Ry

P Ro(Ty — To) (3.1)

(07

where « is the temperature coefficient (K™) (negative for this material), Rg and Ty are
the original or reference resistance (§2) and temperature (°C), and Rf and Ty are the
final resistance (€2) and temperature (°C) on the curve. Once the NTC is extracted,

temperature can easily be calculated by measuring resistance of the final device at
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any time and using Equation 3.2:

R— Ry

T =
OéRo

+ T (3.2)

Where Ry and Ty are the initial resistance (€2) and temperature (°C) (taken usually
at room temperature), R is the measured resistance (), T is the corresponding
temperature (°C) at the measured R, and « is the negative temperature coefficient of
the material (K1).

The highest NTC of our devices was extracted with a 15:1 SEBS to MWCNT ratio
and was found to be —0.00134 K™'. This corresponds to a sensitivity of 237 /°C,
which is around 2x higher than other reported work for these kinds of nanocomposite
sensors [78, 113]. Although the NTC value is not as high as other commercial tem-
perature sensors such as thermistors, the sensitivity value itself is quite high and is
sufficient for measurement purposes. The NTC value takes into account the initial
resistance, which is inherently high in our sensors due to the operating principle.
However, with modern circuitry, higher resistance values are becoming easier to mea-
sure — this can be done for our sensors by interfacing with an external circuit using
the flexible connector board shown in Figure 3.2. Another advantage of our sensor
is that it displays high linearity, which is more desirable for measurement than the
logarithmic curve of a thermistor.

The sensor also exhibits hysteresis in its resistance response as shown by the back-
ward sweep in Figure 3.5. However, the back swept resistance curve also appears to
be highly linear and deviates from the original forward sweep curve by a maximum
of 0.70 k2 at approximately 47°C. In the desired temperature sensitivity range of
30-40°C, the hysteresis becomes noticeably less pronounced. The hysteresis is likely
due to the intrinsic hysteresis present in the conductivity-temperature curve of carbon
nanotubes. This kind of hysteresis has been observed in different nanocomposites such

as CNT-PEEK [107], CNT-Al,O3 [114], and CNT-polystyrene nanocomposites [115].
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However, Karimov et al. have demonstrated CNT temperature hysteresis in pure
MWCNT films. Whether this is due to intrinsic material properties or the network
of CNTs (outside of a nanocomposite) is still unclear. Furthermore, the hysteresis
observed in multiple studies is inconsistent in that the backward temperature sweep
results in both higher and lower resistance values than the original curve. For exam-
ple, Karimov et al. demonstrate hysteresis in a pure MWCNT film with a return path
that specifies a lower resistance at each temperature than the original curve [103]. In
this work, the resistance increases on the cooling cycle. We speculate this is due to the
expansion of the tubes in the heating cycle, where the tubes are re-oriented randomly
and then agglomerate on the cooling cycle, resulting in less conductive pathways in

the percolation network, leading to an elevated resistance.
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Resistance vs Temperature Sweep (15:1 ratio)
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Figure 3.5: Resistance response of an optimized sensor (15:1 nanocomposite ratio) in
a controlled environment (hot plate, no movement). The grey line indicates the resis-
tance of the device when the temperature was increased, while the red line indicates
the resistance when the temperature was decreased.

3.3.2 Nanocomposite Film Characterization

When drop casting the nanocomposite dispersion, it was critical to create a uni-
form film. Due to the random nature of CNT networks, consistency across multiple
devices is difficult to achieve. CNTs tend to agglomerate because of high van der
Waals forces which causes issues when considering the small area between electrodes
for a temperature sensor. There is also the “coffee ring” effect to consider — when
dispersions of CNTs are drop casted, the drying causes CNTs to accumulate at the
edges of the film. The contact line between the dispersion and the substrate is fixed

— thus, because the CNTs are still moving from the velocity of the drop cast, they
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self-assemble on the perimeter of the film [103]. In this work, the coffee ring effect was
observed. Thickness measurements were made by profilometer. For the final device,
6 nL of dispersion were made to cover 36 mm? of sensor area. Thus, profilometer
measurements were done on circular drop casts of the same amount of dispersion.
There were two film thicknesses observed — one for the coffee ring perimeter and one
for the flat uniform area on the inside of the ring. The thickness of the perimeter was
approximately ~2 pm on average, while the thickness of the flatter inside area was
approximately 0.6 pm. Figure 3.6 (a) shows the coffee ring effect for different drop
casts of varying volume on 5 mil polyimide substrate. It can be seen that there is
a clear dark ring around the outside of the drop cast where the CNTs have concen-
trated. To help mitigate the consequences of this effect, a polyimide well was printed
in a circular pattern at the top of the sensor where the CNT-gold interface is found.
After drop-casting the nanocomposite onto devices with the printed well, the CNT
coffee ring was found to concentrate on the edge of the PI well, leaving a uniform
film inside the enclosed area, and more importantly, in the area between electrodes.
This method resulted in more consistent initial resistance readings. Additionally, it
helped avoid the random spread of the nanocomposite. Raising the SEBS:MWCNT
ratio resulted in a less viscous dispersion which spread over more electrode area than
expected, which led to higher variation in resistance readings. The PI well allowed
us to fix the contact area for consistent testing.

To further confirm the uniformity of the film area inside the well, UV-vis mea-
surements were carried out. Due to the difficulty in applying the UV-vis laser on

2 sensor area, a glass wafer was used instead. After

different locations of the 36 mm
drop casting 5 mL of dispersion on the glass wafer, a similar film was observed with
a uniform inner area with a dark perimeter ring. The UV-Vis spectra was measured
at 4 locations which are shown in Figure 3.6 (b). The corresponding UV-vis spectra

is shown in Figure 3.6 (c¢) and is in line with spectra in other reported work [116].

Originally, consistent results were difficult to achieve due to the non-uniformity of the
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film. After optimizing the measurement procedure with the glass wafer, Figure 3.6 (c)
shows that the curves are virtually identical for each of the four different positions.
The difference in maximum absorbance value can be attributed to different types of
CNTs used and in different concentrations. In general, the film was confirmed to be

quite uniform in the area inside the perimeter and suitable for use in a sensor.
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Figure 3.6: (a) Nanocomposite drop-casts of varying volumes on 5 mil Kapton with a
pronounced coffee ring.(b) UV-vis spectra of nanocomposite dropped on glass wafer
at various positions of the wafer. The area of the glass wafer from which the nanocom-
posite sample was taken is indicated by the inside of the circle in (d). (¢) Thermo-
gravimetric analysis of the nanocomposite dropped on glass wafer was conducted with
the results. (d) The positions (1-4) at which the UV-vis spectra were measured.

To confirm the weight percentage of the CNT's in the nanocomposite, thermogravi-
metric analysis was used. As in the UV-vis measurements, non-uniformity of the film
was an issue for obtaining consistent results. In one sample, TGA measurements

indicated a higher concentration of CNTs when the MWCNT amount was actually
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lowered. This was due to the method of collection - the nanocomposite was drop
casted on glass slide, scraped off, and loaded onto a weighing boat. However, ag-
glomeration of the CNTs allowed larger concentrations of CNT to be included in
the final sample which heavily skewed results. To achieve more consistent samples,
the same nanocomposite from the UV-VIS measurements were used. After UV-VIS
measurements were conducted, the nanocomposite was taken from the circular area
indicated in Figure 3.6 (b). This method resulted in much more consistent and lower
weight percentages in line with the literature [105, 106]. The weight percentage of
CNTs observed from the 15:1 SEBS to MWCNT ratio nanocomposites was approxi-
mately 2.5% on average. Figure 3.6 (d) shows the TGA sweep of one 15:1 sample —
at approximately 400°C the SEBS is evaporated and swept out of the chamber, while
the CNTs remain. The remaining CNTs are purged at 550°C when the purge gas is
switched to air from nitrogen. This is indicated by the color change on the curve.
The flat area between approximately 450 and 550°C indicates 2.5% CNTs. This was

estimated to be the percolation threshold for the specific MWCNTSs used in this work.

3.3.3 Skin Temperature Measurement

A preliminary sensor design (4:1 SEBS to MWCNT ratio) was used to measure the
skin of the author to provide a proof of concept for the working of the temperature
sensor prior to optimization of the design. The results are shown in Figure 3.7 (a).
The temperature was originally taken off skin at room temperature and then secured
on skin, with measurements taken every 5 minutes. At the conclusion of 30 minutes,
the sensor was taken off skin and measured in the air at room temperature after 30
seconds. Fach point had a reference measurement of the skin taken by an infrared
thermometer to correlate temperature changes with resistance response. As indicated
by the initial and final points, the sensor has excellent response to changes in tem-
perature. The average response time for resistance stabilization after the sensor was

switched from ambient room temperature to skin temperature and vice versa was
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approximately 15 seconds, a value which has not been reported in the literature to
the best of our knowledge. This may be due to the thin layer of Kapton substrate (1
mil) which allows for faster heat transfer from the surface to the nanocomposite film.
On the skin, the sensor also demonstrates adequate stabilization, as neither the tem-
perature or resistance fluctuate. Any skin temperature fluctuations are accompanied
by slight resistance fluctuations in the expected direction (as temperature increases,
resistance decreases and vice versa). Overall, there is a clear distinction between the
ambient room and skin temperatures, which confirms the correct operation of our
sensor. The sensor stability over time also makes this an excellent candidate for skin

temperature sensing.
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Figure 3.7: (a) The results of the skin temperature measurement. The first and last
points are taken roughly 30 seconds before and after the 30-minute-long skin test and
indicate the resistance of the device in the ambient room temperature (off-skin). (b)
An encapsulated device with a comparatively opaquer circular area at the top sensing
area of the device.

The repeatability of the sensor was also tested using the same type of skin test.
This is shown in Figure 3.8. The sensor was repeatedly placed on skin and taken off

multipe times in a span of 30 seconds. It can be seen that the sensor features quick
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response time as well as a tendency to return to its correct start and end points which
correspond with the temperature of the ambient air and the temperature of the skin.
As with all measurements with this type of sensor, minor fluctuations are present.
However, these are likely due to fluctuation in the temperature itself, rather than
error present in the measurement method, as even minor temperature fluctuations
are present in the ambient environment surrounding the skin and sensor due to air
movement. It has been observed with these sensors that even slight movement of air

is enough to change the temperature and thus the resistance of the sensor due to high

sensitivity.
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Figure 3.8: The skin temperature repeatability test. The higher points correspond
to the sensor reading in ambient air, while the low points correspond to the reading
when the sensor was placed on skin.

Due to their novelty, the health impacts of carbon nanotubes at human bio-
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interfaces are not yet well understood [117-119]. Signs of carbon nanotube-based
toxicity has been found in different biological systems in the human body [119], which
indicates potential biological incompatibility. Skin sensing provides the potential for
harm to a patient because of proximity to various bio-interfaces. For example, skin
testing near an open wound could provide a direct pathway into the bloodstream
for CNTs. For this reason, we have studied the effects of a polyimide encapsulation
layer aerosol-jet printed over the top of the nanocomposite film in a circular pattern
(approximately 1.5 pm thick). Figure 3.7 (b) shows such a device which shows an
opaquer sensing area with the polyimide encapsulation than a non-encapsulated de-
vice (Figure 3.2 (a)). Resistance-temperature sweeps were taken with encapsulated
devices to compare with non-encapsulated devices (15:1 SEBS to MWCNT ratio). It
was found that out of 7 devices, each device had its initial resistance decreased by
an average of 26.47 k(2. The sensitivities were also decreased by an average of 10.84
/°C. Together, these represent a 25% decrease in initial resistance and 20% de-
crease in sensitivity. This was likely due to the extra annealing time of the polyimide
ink, which is 90 minutes at 130°C. Other studies have found that annealing MWC-
NT/SEBS nanocomposites decreases sensitivity but increases linearity and stability
[78, 112]. Although the polyimide encapsulation decreases sensitivity, the sensors are
still highly sensitive in the 30-40°C range for measurement purposes, while protecting
the user or patient from potential harmful effects of carbon nanotubes. An example
of a device that has had its sensitivity and initial resistance reduced by an encapsu-
lation layer is shown in Figure 3.9. It is also worth noting that the Kapton substrate
our devices are printed on has high thermal conductivity - this allows us to place the
sensor on skin with the side with the sensing layer facing upwards and away from the

skin. This adds an extra layer of protection against any potential harmful effects.
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Resistance vs Temperature Sweeps -
Encapsulation Effect
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Figure 3.9: Resistance response of a sensor pre and post-encapsulation. The sensitiv-

ity has dropped from 237 €2/°C to 72 2/°C, corresponding with a decrease in initial,
room-temperature resistance.

3.3.4 Mouse Testing

As part of a larger project that aims to incorporate multiple sensors on one biosens-
ing platform, the sensors outlined in this chapter were tested on live animal models -
specifically, healthy and diabetic mice. The ethics approvals of the larger project in-
cluded the sensors present in this chapter. The work aims to analyze various biomark-
ers in diabetic wound fluid in order to detect infections in the wounds and prevent
amputations. Temperature of the skin surrounding the wound can also be used as a
correlation marker for other analytes such as glucose, lactate, and pH levels. Thus,
the skin of both healthy and diabetic mice was monitored in a similar fashion to the

author’s skin temperature measurement in Section 3.3.3. A mouse skin temperature
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test for both a healthy and a diabetic mouse is shown in Figure 3.10. It can be seen
that the diabetic mouse displayed a lower average skin temperature than the diabetic

mouse at approximately 27°C compared to the healthy mouse at approximately 32°C.
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Figure 3.10: Skin temperature measurements for both a (a) healthy and (b) diabetic
mouse. The first and last points are taken roughly 30 seconds before and after the
30-minute-long test and indicate the resistance of the device in the ambient room
temperature (off-mouse).

As evidenced by the skin testing experiments in this section and the previous
section, the temperature sensor performs as expected in a variety of contexts - as
temperature of the sensor material increases, the resistance decreases and vice versa.
The resistance change is also highly sensitive. Earlier in the chapter, sensors were
tested only on hot plates in a lab setting. The results in this section and the previous
section confirm that the sensor can be used in real-world applications for analysis. For
example, the data extracted in this chapter will be used for diabetic wound analysis

as part of the larger project mentioned previously.

3.4 Conclusion

Temperature sensor devices were fabricated using a combination of aerosol jet 3D
printing and drop-casting. Nanocomposite dispersion weight ratio and procedure was

optimized, resulting in a ~2.5% weight ratio, confirmed by thermogravimetric analy-
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sis, which was estimated to be the percolation threshold (at a SEBS:MWCNT ratio
of 15:1). Devices made from optimized nanocomposite demonstrated high linearity
in the range of 20-55°C (R? > 0.99) with a maximum sensitivity of 237 /°C, which
corresponds to a negative temperature coefficient of —0.00134 K-!. High linearity and
sensitivity were demonstrated in both forwards and backwards temperature sweeps
of the same device with minimal hysteresis shown in the range of 30-40°C. Effects of
using shorter MWCNT's were also explored — reducing the average nanotube length
from ~10 pm to ~1.5 pm resulted in a 90% reduction in initial resistance and 91% in
sensitivity due to the enhanced percolation network which likely lowered the percola-
tion threshold. Characterization of the film revealed that uniformity of the film was
an issue due to the “coffee ring” effect. Polyimide drop-casting wells were 3D printed
onto the sensor to mitigate this effect and achieve a film with higher uniformity as
confirmed by UV-vis measurements. Skin temperature measurements were also suc-
cessfully demonstrated with a response time of ~15 seconds and minimal resistance
fluctuations at a stable temperature over the course of a 30-minute-long test. In or-
der to mitigate the risk of potential harmful effects of CN'T's on the human body, the
effect of a polyimide encapsulation layer 3D printed over the nanocomposite film on
the performance of the devices was studied. It was found the encapsulation layer led
to a decrease in initial resistance for all devices, resulting in an average sensitivity
decrease of 20%. Finally, testing of the sensor was carried out on live animal models
in order to gain insight into temperature changes of healthy and diabetic mice. The
results confirmed that the sensor could be used as a sensor on live animal models.
The ease of fabrication of these flexible devices, coupled with the demonstrated lab
and skin temperature testing results, indicate CNT /thermoplastic nanocomposites as
excellent candidates for non-invasive skin temperature sensing. Future work will focus
on 3D printing the nanocomposite itself as a means to achieve greater uniformity in

film thickness as well as distribution of nanotubes.
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Chapter 4

Aerosol Jet 3D-Printed Depletion
Mode Logic Gates for Ion Sensing

4.1 Introduction

In recent years, logic gates built using organic semiconductor devices have gained
significant attention [120-122]. Specifically, logic gates built using organic electro-
chemical transistors (OECTSs) have been studied extensively mainly due to their low
operating voltages [18, 83, 123]. The operating principle of an OECT is described in
the background chapter. Logic gates have rarely been used as biosensor devices, how-
ever [18]. Because OECTSs change their threshold voltage based on the concentration
of ion or analyte in the electrolyte solution, their switching behavior changes based
on this concentration as well. This can be exploited in the design for a logic gate
biosensor. The advantage of a logic gate based sensor is mainly in the measurement
method. The operating principle of a logic gate, as described in the background chap-
ter, results in the output of a voltage level of 71”7 or ”70”. Due to the measurement
of a voltage rather than a current, measurement is simplified and less prone to noise
because of the intrinsic amplification in a transistor device. Most OECT-based sen-
sors are current-sensing devices, which require more sophisticated circuitry. Another
advantage of a logic gate based sensor is the inclusion of a reference level. In a NOT
gate, two transistors are used - thus, in an OECT logic gate-based sensor, electrolyte

must be included or dropped on two devices. Because of this, one OECT may be used
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as a "sensing” device with a varying concentration in its electrolyte, while the other
electrolyte is maintained at a known reference concentration. This simplifies data
processing and can be used to create larger systems where a concentration can be
isolated by analyzing the voltage output of multiple logic gates, each with a different
reference concentration.

In this chapter, NOT gates based on OECT devices are built using aerosol jet
printing and analyzed. Due to the difficulty of finding suitable n-type organic semi-
conductors, this chapter focuses on logic gates built only with a p-type semiconductor,
PEDOT:PSS, as its channel material. These OECT devices operate in the depletion
mode and require a modification of the traditional design to operate in a NOT gate
configuration. Individual characterization of the devices is shown as well as the in-
put/output behavior of the NOT gate circuit. Additionally, the effect of different
concentrations of ions in the electrolyte solutions is shown (with different types of so-
lutions as well). This is done to showcase the performance of the NOT gate circuit as
a biosensor. To further improve upon the feasability of this type of device as a biosen-
sor, the effect of a hydrogel dropped instead of liquid solution on the performance of
the OECTs is explored. In a pure laboratory test setting, liquid solution is dropped
and is regularly replaced as the liquid evaporates. Since there are two transistors used
in the NOT gate, this removes the need for dropping the electrolyte on the reference
transistor, simplifying the measurement and paving the way for easier integration of
the device in a biosensor system for real-world testing. The hydrogel can be included
on the reference transistor during fabrication, while the sensing transistor would use
the electrolyte from whichever medium that is to be used for sensing (i.e blood, saliva,
or sweat).

Preliminary results are also shown for the NOT gate device with the application
of selective glucose sensing. Because OECTSs are sensitive to any ion in solution due
to the voltage pushing positively-charged ions, selectively is an issue for any device

like this in a biosensing application. For example, if a solution were to contain both a
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high concentration of sodium ions and low concentration of calcium ions, the device
would only be able to detect the high concentration of sodium. This is an issue
if the intended sensing target is the calcium. Thus, for a real-world application,
selectivity is crucial. Glucose sensing has been demonstrated in OECT device, but
has not been demonstrated in logic gate sensors. In this chapter, NOT gate devices
are functionalized to target glucose molecules and preliminary sensing results are

outlined.

4.2 Materials and Methods

4.2.1 Material Preparation

For the purposes of aerosol jet printing, multiple inks were used to print various
layers of OECT devices. Gold (Au) ink (UTDOTS, UTDAu40 TE) was ordered
and used as-is, as was polyimide (PI) ink (UTDOTS, PI-AJ) and platinum (Pt) ink
(UTDOTS, UTDPt). PEDOT:PSS ink was prepared as a solution of the following
ingredients: PEDOT:PSS solution dispersed in water (Clevious PH-1000, 5 mL),
ethylene glycol (EG) (Sigma Aldrich, 1.25 mL), dodecylbenzene sulfonic acid (DBSA)
(Sigma Aldrich, 12.5 pL) and (3-glycidyloxypropyl) trimethoxysilane (GOPS) (Sigma
Aldrich, 60 pL). The ethylene glycol was added to improve the conductivity of the
printed film. DBSA is added to adjust the surface tension, while GOPS is a crosslinker
that is used to prevent the film from dissolving in electrolyte. The ingredients are
stirred under an N, environment at 700 rpm for 15 minutes, then transferred to a
clean bottle and ultrasonicated for an additional 15 minutes. The resulting solution
is then filtered twice - once with a 1.5 pm filter, and once with a 0.45 pm filter. 1.5
mL of the final solution is then used for aerosol jet printing.

To test the effects of hydrogel on ion sensing, a hydrogel was created with a mix-
ture of gelatin powder (Sigma Aldrich, Gelatin B) and 100 mM NaCl solution. The

ingredients were mixed at a ratio of 5% w/v of gelatin to solution and stirred at 1200
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rpm overnight at a temperature of 60°C. 15 uL of the resulting mixture was drop
casted on the devices and left to evaporate overnight in a refrigerator at 4°C.

To functionalize the OECT devices for glucose sensing, various materials are re-
quired. The procedure involves drop-casting various layers one after the other. First,
a 1% w/v chitosan (CHIT) (Sigma Aldrich, low molecular weight) solution was pre-
pared, mixed with 1% v/v acetic acid (Sigma Aldrich). Glucose oxidase (GOx) (Sigma
Aldrich, from aspergillus niger), the primary sensing enzyme, was dissolved in phos-
phate buffer solution (PBS) (Fisher Scientific, IxPBS) at a concentration of 50 mg/mL
and ultrasonicated for 10 minutes. The CHIT and GOx solutions were mixed together
at a 1:1 ratio to achieve a final GOx concentration of 25 mg/mL. 7.5 uL of the result-
ing solution was drop-casted onto devices and left to dry at 4°C overnight. 0.5 uL of
Nafion solution (Sigma Aldrich, 2.5%) was then drop-casted and left to dry at 4°C.
A hydrogel was then created from PBS and gelatin in order to prevent the previous
layers from washing away, in the same manner as the NaCl hydrogel (5% w/v). To
prevent the melting of the hydrogel at elevated temperatures, the crosslinker gluter-
aldehyde (GA) (Sigma Aldrich, grade II) was added to the hydrogel mixture and
immediately drop-casted before the crosslinking occurred. 4 puL of the mixture was
drop casted with a GA weight of 1%. The final films are left to dry at 4°C overnight,

and then washed with DI water before use.

4.2.2 Aerosol Jet Printing

Similar to the temperature sensor in Chapter 3, the device electrodes and traces were
printed using an Optomec Aerosol Jet 5X 3D printer onto polyimide (Kapton®))
substrate of thickness either 1 or 2 mil. The Au nanoparticle ink was deposited under
a sheath gas flow of 30 ccm and atomizer gas flow of 25 ccm. The trace widths were
300 pm, with landing pads for testing measuring 1 mm x 1 mm. The OECT gates
are 3 mm x 3 mm. This was optimized based on balancing the need for a lower

threshold with preserving ink and lowering printing time (as a gate size increases, the
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threshold decreases, as discussed in the background chapter). The gold electrodes
were annealed on a hot plate at 280°C for 1 hour.

After gold deposition, the PEDOT:PSS channel was printed with a W/L ratio of
approximately 4 (W = 750 pm, L. ~ 180 pum). Depending on the application, either
2 or 10 layers of PEDOT:PSS were deposited under a sheath and atomizer flow of 35
and 20 ccm, respectively. The effect of varying layers of PEDOT:PSS on thickness
and resistivity was studied and is outlined in Appendix B.1. The PEDOT:PSS layer
was annealed at 130°C for 20 minutes. A final mask layer was then printed with PI
ink to prevent shorting of traces due to electrolyte (sheath and atomizer flow of 60
and 27 ccm, respectively). 4 layers of PI were used for this purpose (~ 1 pm). The
final device was annealed at 130°C for 1 hour and 30 minutes.

In addition to these 3 inks, devices that would later be functionalized with GOx
had their gold gates covered by an additional layer of Pt nanoparticle ink. This is to
help facilitate the reaction outlined in Section 4.3. The Pt ink was deposited under a
sheath and gas flow of 30 and 18 ccm, respectively. The layer was not annealed but

sintered by the 3D printer’s built-in laser system.

4.2.3 Material and Electrical Characterization

Square films of both PEDOT:PSS and PI were printed and their thickness was mea-
sured with an Alpha-step 1Q profilometer. The resistivity of PEDOT:PSS was mea-
sured by a Lucus Pro4 4000 4-point probe. The annealing temperature and time
of the PI ink was optimized using Fourier Transform Infrared (FTIR) spectroscopy
using a Thermo Nicolet iS50 FTIR system. These results are not the main focus of
this chapter and are thus shown in the Appendix B.1 and B.2. The optimal annealing
temperature and time were found to be 130°C for 90 minutes.

All electrical characterization of OECT devices and NOT gates were done with a
Keithley 2612B sourcemeter using custom Labview programs. For individual charac-

terization, individual Ip-Vp curves were collected, with Ip-V, transconductance, and
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VIp-Vg curves extracted from these. Peak transconductance and voltage threshold
values were extracted from these curves. For individual devices, the drain voltage
is swept from 0 to -1V in steps of 0.02V due to the OECTSs being p-type, depletion
mode devices. The gate voltage is swept from 0 to 1.6V in steps of 0.1V.

For the OECT NOT gate circuit, a function generator (model ) was used in con-
junction with the Keithley sourcemeter to generate Vo, vs Vi, curves. To maximize
sensitivity, 0.3V is taken to be the power supply voltage, Vqq. The input voltage
is swept from 0 to approximately 2V in steps of 0.02V, depending on the device
and concentration of electrolyte. To extract the sensitivity of the NOT gate devices,
the input voltage was measured at a fixed output voltage (i.e 1 mV) for each con-
centration of electrolyte dropped on the channel. This is known as the switching
voltage, Vin switching- Lhe sensitivity (mvV/dec) is then extracted as the difference in

Vinswitching Plotted against the concentration of electrolyte in a logarithmic scale.

4.3 Logic Gate Theory, Circuit, and Design

4.3.1 Depletion-mode NOT Gate Operating Principle

The NOT gate circuit in this chapter functions similarly to a standard NOT gate
as outlined in the background Section 2.4.1. The key difference is that only the
p-type, depletion mode material, PEDOT:PSS, is used as the channel material in
both transistors due to the difficulty in finding suitable and stable n-type OMIECs.
Because of this, the circuit found in this chapter is not a complementary circuit and
requires modification from the traditional pull-up/pull-down network configuration.
The modified circuit is shown in Figure 4.1 (a). The top transistor, Q1, acts as the
sensing transistor, while the bottom transistor Q2 acts as the reference transistor.
Because the two OECT devices in the circuit have the same switching behavior, the
bottom transistor has its gate shorted to its source. This results in the device’s Vg

value always being equal to 0.
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Figure 4.1: (a) Circuit schematic of the depletion mode NOT gate. (b) Cross section
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Because the device is a p-type depletion mode device (due to PEDOT:PSS), this
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down view of the layout of the NOT gate circuit.

e cross section of a 3D printed OECT is shown in Figure 4.1 (b). As
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discussed in Section 4.2.2, the Au electrodes are first deposited on polyimide substrate,
followed by PEDOT:PSS and then PI. Electrolyte is then dropped manually, unless
hydrogel is deposited as outlined in the subsequent section 4.4.3. The top-down 2D
view of the full layout of the circuit is pictured in Figure 4.1 (¢). Each layer which
would be drawn in Autodesk AutoCAD and converted to a text script to be sent to
the 3D printer, allowing multiple iterations of circuit layouts to be easily created. As
shown in the layout, each device has an in-plane gate, allowing measurement without
immersing a probe in the electrolyte itself. This was done due to the intention of
eventually using these kinds of devices for real-life sensing. The second transistor,
Q2, has its gate physically shorted to the trace that connects to the GND probe.
For characterization of Q2, a second gate was included in the design. Since the
gate voltage must be swept to characterize each device, this is only possible if the
Vas value can be modified. For this reason, electrolyte is dropped over the extra
characterization gate for individual characterization of Q2. In NOT gate performance
tests, the electrolyte is dropped over the shorted gate.

The shorting of the gate of Q2 results in a modified NOT gate transfer curve.
Because Q2 is always in an ON state, it acts as a fixed resistance in the circuit.
Thus, depending on the input to the single sensing transistor Q1, the NOT gate can
be represented by a voltage-division circuit, shown in Figure 4.2. In the first case
(Figure 4.2 (a)), the input to Q1 is low, or 0 V. Both devices are on with roughly the
same ON resistance (assuming matched devices), causing the output to be divided
evenly between Vg4q and GND. In the second case (Figure 4.2 (b)), the input to Q2
is high, with the voltage level corresponding to however much is required to fully
turn off Q1. This causes the resistance of Q1 to be very large in comparison to 2,

allowing Q2 to pull the output low to GND, or 0 V.
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Figure 4.2: (a) Resistance representation of the depletion-mode NOT gate with Vy, of
logical 0. (b) Resistance representation of the depletion-mode gate with Vy, of logical
1. (c) The transfer curve of the depletion-mode NOT Gate.
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In an ideal gate, the channels would be made of complementary materials (p and
n-type). In this configuration, the output is degraded to a maximum of half of the
power supply level. This is not ideal for circuit applications, as the degraded output
level may not be enough to fully turn off the p-type devices in the next stage of logic,
if one exists. This is why in complex systems such as larger digital arithmetic circuits,
complementary MOS (CMOS) devices are used. However, since this work focuses on
devices for the purposes of biosensing, one stage of logic is sufficient and the degraded

output logic level is irrelevant.

4.3.2 Glucose Sensing Mechanism

As discussed in Section 2.2.1, OECTSs operate based on the assumption that ions in
the electrolyte can dope or de-dope the OMIEC that acts as the channel material. In
this chapter, some logic gates were functionalized to target glucose molecules. Since
these molecules are not charged, they must undergo a reaction to help facilitate proper
OECT operation. In the functionalization scheme outlined in Section 4.2.1, glucose
oxidase (GOx) is dropped in order to help set the condition for a reaction that can

generate hydrogen peroxide (H2O3). This reaction is shown below:

D-glucose + O, GOz, D-glucono-1, 5-lactone + HyOo (4.1)

where the symbols have their usual meanings. In the presence of GOx, glucose forms
hydrogen peroxide in an amount that is directly proportional to the amount of glucose.
Hydrogen peroxide is important due to its decomposition into oxygen, hydrogen ions
and electrons. This reaction is catalyzed by platinum, which is why the golden gates
shown in Figure 4.1 (¢) had an extra layer of platinum ink printed over them for

certain devices in this chapter. The dissociation reaction is shown below:

H202 — 2H+ + 02 + 2e” (42)
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where € is an electron that is transferred to the Pt gate electrode. This electron trans-
fer current increases the effective gate voltage of the device, decreasing its threshold.
Thus, an increase in either glucose molecules or gate voltage is sufficient to drive the
hydrogen ions into the channel to de-dope it, turning it off. This functionalization
scheme has been used for OECT devices for glucose sensing in the past, but to the
best of our knowledge has not been used for biosensor devices in the form of logic

gates [58]. An image of a device with the glucose functionalization is illustrated in

Figure 4.3 (b).
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(¢) (d)

Figure 4.3: (a) A hydrogel-treated Q1 of a NOT gate device under test. (b) Q1
of a NOT gate device functionalized with GOx, nafion, and a protective hydrogel
of 1xPBS. (c) Fabricated NOT gates printed on 2 mil polyimide substrate without
hydrogel treatment or glucose functionalization. (d) Standard testing setup of printed
NOT gates with liquid electrolyte dropped on the channels.
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4.4 Results and Discussion

In this chapter, 3 variants of device are tested. First are devices that have no hy-
drogel or functionalization scheme - these are used purely for ion sensing and require
electrolyte dropped over the channel and gate before each test. These are illustrated
in Figure 4.3 (c) and (d).

Secondly, there are devices that have been treated with an ionic hydrogel based
on gelatin as outlined in Section 4.2.1. The ion sensing performance of these devices
was assessed in order to eliminate the need for dropping liquid electrolyte before each
test, which would simplify real-world testing. This type of device is illustrated under
test in Figure 4.3 (a).

Finally, glucose-functionalized devices were developed with an additional platinum
gate layer and functionalization scheme outlined in Section 4.2.1. This was done in
order to assess the glucose sensing performance and selectivity. All types of devices

were first tested individually as well as in the NOT gate circuit configuration.

4.4.1 Individual OECT Characterization

In order to gain insight into circuit behavior, the OECT devices must be first indi-
vidually characterized. The Ip-Vp curves of the most sensitive devices in this work
are shown in Figure 4.4. Two devices from a single NOT gate are demonstrated side-
by-side (Q1 and Q2, as explained in Section 4.3.1). The drain voltage of the devices
is swept from 0 to -1V while the gate voltage is swept from 0 to 1.6V. The drain
voltage range was chosen in order to avoid electrolysis of the water, even though it
can be seen in Figure 4.4 that neither device saturates at the lower gate voltages. The
gate voltage was chosen based on past device performance (the threshold voltage is
calculated to be below 1.6V as outlined later in the section). Because the OECTSs are
p-type, depletion mode devices, they require a negative voltage between drain and

source. This results in the current being drawn from source to drain, or from ground
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to power supply, which is the opposite of the conventional current flow in transistors.

Hence, the current is shown as negative in all graphs.

Inverter Device Q1, Id-Vd Curve Inverter Device Q2, Id-Vd Curve
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Id (uA)
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100000

-100000

vd (V)

(a) (b)

Figure 4.4: (a) Ip-Vp curves of Q1 of a NOT gate. (b) Ip-Vp curves of Q2 of a NOT
gate.

From the Ip-Vp curves, Ip-Vg curves may be extracted which are shown in Fig-
ure 4.5. Because the gate voltage is swept in increments of 0.1V in Figure 4.4, the
transconductance may be extracted by taking the difference in current level between
Vg increments and dividing it by 0.1 (according to the definition of gy,). As demon-
strated in Figures 4.4 and 4.5, the devices are well matched, with the current level at
0V reaching 92.8 mA and 91.1 mA for devices Q1 and Q2, respectively. The maximum
transconductance is also 116.96 mS and 117.39 mS, which are currently the highest
in the world for a planar OECT, to the author’s best knowledge, with another high
transconductance planar OECT reported by Markova et al., with a value of 108 mS
[124]. Other high transconductance OECTs have very recently been reported, but
have used techniques such as ultra-thin vertical channel stacking and coaxial channels
to achieve tiny channel lengths [125, 126]. In one work, the geometry of the OECT
device was exploited to use the thickness of the film as the channel length, which
resulted in a channel length of 60 nm and transconductance of 275 mS [126]. The
channel length for the devices in this work is approximately 180 pum, which results

in a relatively small W/L, with room for even more improvement of the g, value.
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Additionally, the planar OECTs have the advantage of exposing their channel to the
electrolyte effectively in order to be useful for biosensing. It is speculated the de-
vices in this work have such high values owing to the quality and high crystallinity
of the film achieved through aerosol jet printing. It should be noted that achiev-
ing extremely high transconductance is not a focus of this work and can easily be
improved even more by a variety of techniques: printing a higher number of layers
(the highest number of layers printed in this work was 10, resulting in a thickness of
approximately 1.25 pm), shrinking the channel length (the PEDOT devices in this
work have a channel length of 180 um while the shortest channel length printed for
other devices was 22 pum as shown in Appendix A.5), and running the devices at a
higher drain voltage than -1V to achieve a higher current spread at saturation (-1V

was arbitrarily chosen to avoid risk of water electrolysis).

Inverter Device Q1, Id-Vg and Transconductance Curves Inverter Device Q2, Id-Vg and Transconductance Curves
T 150000 T T T T 150000
—a— Vd = -1V| —=— Vvd =-1V
—=— Gm [ = Gm
0 04
100000 I 100000
_ g 5
S -50000 § 3 / E
o f 50000 T -50000 4 ’// | 50000
~100000 0 0
T T T T -100000 T T T T
0 500 1000 1500 0 500 1000 1500
Vg (mV) Vg (mV)

(a) (b)
Figure 4.5: (a) Ip-Vg and gy, curves of Q1 of a NOT gate. (b) Ip-Vg and g, curves
of Q2 of a NOT gate.

Using the extracted Ip-V ¢ curves, the voltage threshold can also be extracted based
on taking the square root of the current as outlined in Section 2.2.1 and Equation 2.4.
The matched characteristics of the two printed devices is further confirmed by their
threshold voltages, which are 1.485V and 1.490V for devices Q1 and Q2, respectively.
In Figure 4.6, the linear equations used to extract these values are shown on the most

linear part of the /Ip-Vg curve (in blue).
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Inverter Device Q1, Id-Vg and Threshold Extraction Inverter Device Q2, I1d-Vg and Threshold Extraction
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Figure 4.6: \/Ip-V¢ curves indicating the equations for voltage threshold extraction
(in blue) for (a) Q1 and (b) Q2 of a NOT gate.

4.4.2 Ton Sensing Results

The devices from the previous section were connected in an inverter configuration as
illustrated in Figure 4.1 and tested for NOT gate performance. As shown in Figure
4.7, input voltage sweeps were applied with varying concentrations of electrolyte (in
this case, NaCl solution) on device Q1, while the bottom device Q2 had a constant
reference electrolyte concentration of 100 mM. The devices exhibit classic inverter
switching behavior - as the input voltage is swept from input logic level low to high
(in this case, OV to approximately 2V), the device output logic level switches from
logic level high to low. As the power supply level Vpp is 0.3V (chosen in order to
optimize device threshold and sensitivity), the output level high should theoretically
be 0.15V or 150mV as shown in Figure 4.7 (a). However, as a thicker device with
more printed channel layers and higher transconductance is used, the output level
becomes much more degraded as shown in Figure 4.7 (b) where the output level is
only approximately 40 mV.

Figure 4.8 shows the difference in Ip-Vp curves between these two kinds of devices.
The thicker device is capable of running approximately 10x the amount of current

than the thinner device, but results in a smaller voltage swing in the NOT gate
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Figure 4.7: NOT gate sweeps with a varying NaCl concentration for devices with (a)
2 printed PEDOT layers (~250nm) and (b) 10 printed PEDOT layers (~1.25um).

transfer curve (Figure 4.7 (b)). This may be due to the thickness of the device not

allowing a fast response due to the inability of the ions to permeate into the film at

the start of the voltage sweep. Regardless of the output level, however, the thicker

device exhibits a higher sensitivity to the Na+ ions as shown in Figure 4.9 (a) and

(b).
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Figure 4.8: Ip-Vp curves for (a) thinner (~250nm) channel devices and (b) thicker

(~1.25pm) channel devices.

Due to the varying concentration of NaCl in the electrolyte, varying amounts of

ions are available to be driven into the channel at a certain gate voltage. With more
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ions in the solution, less voltage is required to de-dope the channel, lowering the
threshold voltage. This is reflected in the NOT gate transfer curves in Figure 4.7.
As the NaCl concentration increases, the NOT gate transfer curve shifts to the left.
This can be used to detect the ion concentration in the solution, as shown in Figure
4.9. The sensitivity was extracted by evaluating the input voltage required to output
a voltage of 1mV. This was chosen due to the highest sensitivity at this point and

was called the switching voltage, Vi switching-

Inverter Device Sensitivity to NaCl (Thin Device) Inverter Device Sensitivity to NaCl (Thick Device)
| = (AtVout=1mvV) = (At Vout = 1mV)
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Figure 4.9: Switching voltage vs NaCl concentration curves for (a) thinner (~250nm)
channel devices and (b) thicker (~1.25um) channel devices.

As shown in Figure 4.9, the thicker device with higher transconductance exhibits
a significantly higher sensitivity to NaCl, particularly in the 1-10 mM range. This is
due to the higher device g,, value as well as the thickness, which requires more ions
to be driven into the channel and thus a wider spread between gate voltages required
to achieve this.

Although the highest sensitivity was exhibited for Na+ ions, different ions were
also tested. The results are shown in Figure 4.10, with Na+, Ca+, Mg+, and K+
ions tested in electrolyte solutions at the same concentrations.

The sensitivities for these devices were extracted and are illustrated in sensitivity
curves in Figure 4.11 for each ion type. It can be seen that the highest sensitivity

is demonstrated by NaCl, followed by MgCl,l, KCI, and finally CaCl,. This can be
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Figure 4.10: NOT gate sweeps with varying concentrations of (a) NaCl, (b) CaCls,
(c) KCI, and (d) MgCl,
explained by the fact that heavier ions experience lower ionic mobility, which impacts
the performance of the device. Thus, lower concentrations require more gate voltage
to effectively turn off the device, and this relationship appears to be non-linear due
to the higher concentrations requiring approximately the same gate voltage. This
results in less of a spread of gate voltage to turn off the device for each concentration,
lowering the sensitivity. Other work has also verified this same relationship between
ion type and sensitivity.

It can be noted that all of the sensitivities extracted are higher than the theoretical
Nernst limit, which is 59.2 mV /dec [127]. This limit is a theoretical value that was first

extracted for ion-selective FETS (ISFETS) in order to determine the maximum rate
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Figure 4.11: Sensitivity curves for devices tested with (a) NaCl, (b) CaCl,, (c) KCI,
and (d) MgCl,

of change of the surface potential of their gate when detecting pH. The Nernst limit is
achieved by taking an equation first derived by a combination of the Guoy-Chapman-

Stern model and surface binding theory. The following describes the equation:

kT

Ao _ 2.3030—
q

dpH

(4.3)

where 1y represents the surface potential of the gate (V), « is a dimensionless unit
describing the capacitance of the gate dielectric and ionic solution present (from 0 to
1), k is Boltzmann’s constant, T is the absolute temperature (in K or °C depending
on the units of Boltzmann’s constant), and q is the elementary charge (C). As «

tends to unity, the absolute limit approached by this equation is 59.2 mV/dec. In
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the literature this has been used as a standard for pH and ion sensing, but has been
surpassed in this work and other work [18, 127]. Since this relationship relies on the
geometry and physics of ISFET devices, other configurations such as OECTSs in this

work have been shown to surpass this limit.

4.4.3 Hydrogel Treatment Results

In order to make the device useful as a biosensor, the effect of dropping a hydrogel
rather than liquid solution on the channel of the device was explored. In a biosensor
device, ideally the reference electrode would be covered in hydrogel because the ref-
erence electrolyte remains fixed. Thus, the top transistor can have a varying analyte
concentration. A biosensor of this kind can focus on directing solution to only one
device rather than two, allowing for a simpler system, such as a microfluidics system
that directs flow only to one transistor (the top transistor, Q1). This would also be
useful in a lab setting where electrolyte would not have to keep getting dropped on
the device due to evaporation.

Because of the fact that only Q2, the always-on transistor, is the device that needs
to have electrolyte dropped on it, the traditional performance of the device is not as
important as the performance of the device in the always-on state. However, for the
sake of thoroughness, the effects of the hydrogel on regular performance are studied.
A hydrogel of 100 mM NaCl was dropped on the channel of an OECT device according
to the procedure outlined in Section 4.2.1 and tested individually. The results are
shown in Figure 4.12.

As shown in Figure 4.12, the dropping of a hydrogel reduces the maximum current
level of the device as well as its peak transconductance. The maximum current level
at gate voltage of 0V and drain voltage of -1V was reduced from 81.9 mA to 59.2
mA. The peak transconductance was also reduced from 109 mS to 56.2 mS. This is
likely due to the permeability of the hydrogel itself - the hydrogel is gelatin based and

highly viscous, which makes ion movement through the hydrogel difficult. The current
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Figure 4.12: Ip-Vp curves for devices (a) pre-hydrogel treatment and (b) post-
hydrogel treatment. Ip-Vg and transconductance curves for devices (c¢) pre-hydrogel
treatment and (d) post-hydrogel treatment.

decrease is due to lack of ionic charge in the channel at OV (due to the permeability)
which would usually contribute to the current between source and drain. Additionally,
the device cannot fully turn off at a reasonable voltage (Figure 4.12 (b) shows the
device is not close to turning off even at a gate voltage of 1.6V). Due to the lowered
effect each gate voltage step has in driving in more ions, the peak transconductance
has also been reduced.

Although the performance of a single device is degraded with a hydrogel layer, the
hydrogel may still be incorporated in device Q2 of a OECT inverter. A hydrogel
was dropped over Q2 while NaCl solution was dropped in varying concentrations

over Q1. The results with and without a hydrogel on Q2 are illustrated in Figure
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4.13. For the detection range of 1-10 mM NaCl, the sensitivity dropped from 570
mV/dec to 300 mV/dec. However, in the 10-100 mM range, the detection range
stayed approximately the same, rising slightly from 190 mV/dec to 210 mV /dec.
This confirms the operation of a hydrogel-based inverter ion sensor, although further
work is needed to improve the sensitivity in the 1-10 mM range. The transfer curves
for post-hydrogel treatment seem to follow the same trend as the transfer curves for
heavier ions, where the 1 mM graph shifts to the left while the 10, 100, and 1000
mM remain relatively the same, reducing the sensitivity for only the 1-10 mM range.

Further work can focus on isolating the reason for this to improve the sensitivity.
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Figure 4.13: NOT gate sweeps of an inverter device with NaCl (a) pre-hydrogel
treatment and (b) post-hydrogel treatment. Sensitivity curves for NaCl solution for
an inverter device (c) pre-hydrogel treatment and (d) post-hydrogel treamtent.

4.4.4 Glucose Sensing Results

OECT devices were functionalized according to the GOx functionalization scheme
outlined in Section 2.4.1 in order to create a glucose-sensitive inverter biosensor.
Using both glucose and NaCl solution (both 100 mM) as the electrolyte, Q1 was indi-
vidually characterized to gain insight into shifts in current levels, transconductance,
and voltage threshold. Q2 was not individually functionalized due to its shorted gate
not allowing individual characterization. The results are shown in Figure 4.14.

As indicated by the Ip-Vp curves, it can be seen that the maximum current level

drops when glucose is dropped rather than another electrolyte such as NaCl. This is
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Figure 4.14: Ip-Vp curves for device Q1 with (a) 100 mM glucose and (b) 100 mM
NaCl. Ip-Vg and gy, curves for device Q1 with (¢) 100 mM glucose and (d) 100 mM
NaCl. Voltage extraction demonstrated for device Q1 with (e) 100 mM glucose and
(f) 100 mM NaCl.
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most likely due to the lower ionic mobility of the glucose molecules due to their greater
weight. The transconductance is also higher at 47.2 mS for glucose compared to 42.3
mS for NaCl. This is due to the targetted reaction that occurs at the functionalized
gate in the presence of glucose. The voltage threshold is also drastically different
for the device tested with glucose - the threshold is 0.78V compared to the device
tested with NaCl, which is 1.11V. This is due to the faradaic current that is induced
at the platinum gate due to the dissociation of hydrogen peroxide. The current
increases the effective gate voltage of the device and decreases its threshold. This
threshold difference can be used to selectively detect glucose rather than ions such
as NaCl, as shown in Figure 4.14. However, this would assume hydrogen peroxide
is not already present in the solution, as the hydrogen peroxide is ultimately what
determines the change in threshold. Future work could focus on an even more selective
functionalization scheme.

NOT gate sweeps were performed on the finished inverter with functionalizations
both on Q1 and Q2 (with shorted gate). The results are illustrated in Figure 4.15. It
can be seen in Figure 4.15 (a) that the glucose does have the expected effect on the
output voltage curve - as glucose concentration increases, the curve shifts to the left
to lower input voltages. However, as shown in Figure 4.15 (b), the sensitivity is not
close to the sensitivities of the ion sensing curves shown previously in the chapter due
to time limitations. Future work can focus on optimizing the sensitivity of the glucose
inverter devices in order to create a more useful biosensor. It should be noted that
these are preliminary results, and the devices used for this glucose functionalization
were not as sensitive as the devices used for ion sensing shown previously in the
chapter. This is demonstrated by the difference in the voltage output level at a gate
voltage of OV for the inverter shown in Figure 4.15 (a) (glucose) versus the inverter
shown in Figure 4.10 (a) (NaCl). The output level is 80 mV for the glucose compared
to 40 mV, indicating a lower sensitivity. As discussed previously, the trend with these

inverters indicates a lower and more degraded output voltage for thicker and more
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sensitive OECT devices.
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Figure 4.15: (a) NOT gate sweeps of a glucose-functionalized inverter device with
varying glucose concentration. (b) Sensitivity curve of a glucose-functionalized in-
verter device.

4.5 Conclusion

In this chapter, logical NOT gates were built using OECTs. The gates were used for
the sensing of 4 different ion types as well as glucose. To make the devices more useful
as biosensing devices, the effects of using hydrogel rather than electrolyte solution on
the channel of the sensing transistor were explored. It was found that the devices built
had extremely high transconductance (as high as 117 mS) that directly translated to
high sensing performance. The NOT gates operated according to the logical theory
outlined in Section 4.3.1 and had a maximum sensitivity of 570 mV /dec when sensing
NaCl in the 1-10 mM range. It was found that hydrogel had an adverse effect on the
sensitivity and performance of the devices, with the trade-off of convenience and ease
of use in biosensing application. Finally, the devices were found to be sensitive to
glucose when functionalized with GOx. The maximum sensitivity was found to be
35 mV/dec in the 1-10 mM range. Future work will focus on optimizing hydrogel
performance by increasing permeability of the gel in order to increase ionic mobility,

while maintaining structural integrity. For ion sensing, selectivity can be improved
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upon by incorporation of an ion-selective membrane.

Preliminary results for this

are shown in the Appendix C. Finally, glucose sensitivity can be improved upon by

improving the sensitivity of the OECT device itself as well as optimization of the

functionalization scheme for these devices. Additionally, in order to make the devices

more selective, an alternate functionalization scheme may be used that doesn’t rely

on hydrogen peroxide generation since in real-world applications, the compound may

be present in the analyte solution.

Table 4.1: Summary of sensitivity results for various sensing

PEDOT:PSS based depletion mode logic inverter.

parameters using a

Sensing Parameter

(detected with logic gate

Detection Range (mM)

Sensitivity (mV /dec)

configuration)
Na—+ ion 1-10 550
10-1000 185
Ca2+ ion 1-10 370
10-1000 115
K+ ion 1-10 360
10-1000 75
Mg2+ ion 1-10 210
10-1000 135
Na+ ion (pre-hydrogel treatment) | 1-10 570
10-1000 190
Na+ ion (post-hydrogel treatment) | 1-10 300
10-1000 210
Glucose Molecule 1-100 35
100-1000 20

97




Chapter 5

Complementary NOT (ate Based
on Aerosol Jet 3D-Printed Organic
Electrochemical Transistors

5.1 Introduction

In the area of organic electronics, complementary logic gates have historically proved
to be difficult to implement due to the stability issues present in n-type organic
semiconductors [128]. The advantage of complementary logic gates is in the fact
that a full output voltage swing from the power supply voltage to ground (0V) is
possible over the same input voltage range. This makes binary digital logic possi-
ble with input and output logic levels roughly equal to each other. The operating
principle of a traditional complementary logical NOT gate is outlined in the back-
ground section 2.4. Ideally, logic gates will include p-type devices in the pull-up
network (PUN) and an n-type device in the pull-down network (PDN). This has
been implemented and demonstrated in the literature to varying degrees of success.
Kwon et al demonstrated 3D complementary organic TFTs using inkjet printing on
PET substrate using dithieno[2,3-d;2’,3’-d’|benzol[1,2-b;4,5-b’|dithiophene (DTBDT-
Cg) as the p-type material and an n-type benzo-bis(thiadiazole) derivative (TU-3)
as the n-type material [129]. Casula et al. have also inkjet-printed complementary

circuits on paper substrate [130]. Additionally, a single channel material may be
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used for such applications if the material is ambipolar; an ambipolar material is one
that exhibits both n-type and p-type conduction based on the polarity of voltages
applied. Yoo et al. achieved complementary circuits by spin coating poly[2,5-bis(2-
hexyldecyl)-2,3,5,6-tetrahydro-3,6-dioxopyrrolo[3,4-c|pyrrole-1,4-diyl- alt -[2,2":572”-
terthiophenel-5,5"-diyl] (PDPP3T), an ambipolar organic material, as the channel
material for organic TFTs [131]. However, the need for a wide voltage range com-
plicates the circuits involved in implementing these kinds of logic gates. Organic
electrochemical transistors have also been used in complementary logic gates due to
their low operating voltages [84, 132] using a combination of different fabrication
techniques. However, fully aerosol-jet printed complementary logic gates have not
yet been realized.

In the previous chapter, one single channel material was used to implement depletion-
mode logic gates. However, because of the need for circuit modification, the voltage
swing did not range from the power supply voltage to 0V. This chapter focuses on
achieving fully aerosol-jet printing a complementary NOT gate with output charac-
teristics that can be useful for pure digital logic operations rather than biosensing.
The NOT gate is fabricated using PEDOT:PSS as the p-type material and gNDI-
Bry as the n-type material. The operating principle of these two OMIECs has been
outlined in the background section 2.2. Individual characterization of each type of
device is shown as well as efforts to match their current driving capabilities. Because
the p-type and n-type materials are different kinds of organic materials, matching
the individual characteristics such as saturation current and voltage threshold are
crucial to obtaining a circuit with proper input and output voltage behavior. Final
NOT gate sweeps are shown as well as optimizations of individual characterizations

for each device.
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5.2 Materials and Methods

5.2.1 Material Preparation

The complementary NOT gates were prepared similarly to the depletion-mode NOT
gates in Chapter 4, with the addition of the gNDI-Bry, channel which added another
step to the fabrication. Gold (Au) and polyimide (PI) inks were used as prepared and
outlined in Section 4.2.1. The PEDOT:PSS ink recipe, however, was slightly modified
to degrade the characteristics of the PEDOT:PSS in order to match the characteristics
of the p-type device closely with the n-type device. For this reason, the ratios of the
4 ingredients outlined in Section 4.2.1 were modified to lower the conductivity of the
PEDOT:PSS. In the PEDOT:PSS ink solution for this work, the quantities of ethy-
lene glycol (EG), dodecylbenzene sulfonic acid (DBSA), and (3-glycidyloxypropyl)
trimethoxysilane (GOPS) were 0.265 mL, 5 uL, and 50 uL, respectively, when added
to 5 mL of PEDOT:PSS. The rest of the preparation procedure remained the same
and 1.5 mL of the remaining solution was used for aerosol jet printing.

The NDI ink was prepared in a similar fashion to the PEDOT:PSS ink with a final
volume of 1.5 mL. 75 mg of synthesized NDI was taken and mixed at a 9:1 ratio of
oxylene to chloroform, for a volume of 1.35 mL of oxylene and 0.15 mL of chloroform.
The mixture was manually stirred until the NDI was dissolved in solution, and then
ultrasonicated for 30 minutes. The resulting ink was then directly transferred to the

aerosol jet printing vial.

5.2.2 Aerosol Jet Printing

The complementary NOT gates were printed in the same manner as the depletion-
mode NOT gates in Chapter 4. Au electrodes, PEDOT:PSS channel, and polyimide
ink was deposited under the same parameters outlined in Section 4.2.2. However,
the PEDOT:PSS channel was only deposited with one layer of printing in order to

achieve a less conductive film. The channel was once again printed with a W/L ratio
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of approximately 4 (W = 750 pm, L ~ 180 pm). The NDI channel was printed with
4 layers under a sheath and atomizer flow of 40 and 20 ccm, respectively. The NDI
was printed and annealed directly with the PI film at the same time, meaning it was
annealed for 1 hour and 30 minutes total. Due to issues with the performance of the
film, the printed channel length was optimized and shrunk down to approximately 22
pm while the length remained the same as for the PEDOT:PSS channel at 750 pm,
for a W/L ratio of approximately 34. The details of the optimization of the small

feature size printing are outlined in Appendix A.5.

5.2.3 Electrical Characterization

Similar to the depletion-mode logic gates, the complementary NOT gates were charac-
terized exclusively with a Keithley 2612B sourcemeter controlled by custom Labview
programs. In order to gain insight into the performance of both the PEDOT:PSS and
NDI-based devices, individual characterization was performed through measurement
of Ip-Vp and Ip-Vg curves, with saturation current, transconductance, and voltage
threshold values extracted. In contrast to the PEDOT:PSS devices, the drain of the
NDI-based devices were swept from 0 to a positive voltage of 1V in steps of 0.02V,
with the gate voltage being swept from 0 to 1.2V. The NDI devices are more prone to
instability than the PEDOT:PSS devices; for this reason, the gate voltage was swept
from OV to a maximum of 1.2V in steps of 0.1V to avoid damaging the channel.

For the NOT gate sweeps, the setup was identical to the setup outlined in Chap-
ter 4, with some variation in both power supply and input voltage ranges. These

variations are further explored in the results section of this chapter.

5.3 Logic Gate Theory, Circuit, and Design

In contrast to the previous chapter’s NOT gates, the NOT gate in this chapter has the
same circuit configuration as a traditional complementary MOS inverter pair. When

the input voltage is low, the top p-type device conducts, connecting the output to
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the power supply voltage. When the input is high, the top transistor turns off and
the n-type transistor turns on, pulling the output to ground, or the low level. The
schematic is pictured in Figure 5.1 (a), along with the cross-section and layout in
Figures 5.1 (b) and (c). It can be seen in the cross-section and layout that the
NDI channel is shorter in length than the PEDOT:PSS channel. This is due to the
instability of the small-molecule-based film. It was observed through experiments
that a channel length comparable to the PEDOT:PSS channel did not result in a
working device. This is likely due to the higher probability of defects in a longer
channel for the small-molecule film than for a shorter channel, because devices with

a longer channels would not exhibit turn-on behavior, implying conductivity issues.

PEDOT-PSS
Device \ vdd
Vin | o Vout
[ Electrolyte
Pl Mask
PEDOT:PSS gNDI-Br,
gNDI-Br, = Au Contact (Vou)
Device Polyimide Substrate
(a) (b)
Vout
Q1 l Q2
Vdd —— «—— GND
Vin

(c)

Figure 5.1: (a) Circuit schematic of the complementary organic NOT gate. (b) Cross
section of the 3D printed inverter. Not pictured: the in-plane gold gates that would
be found in plane with the Au contact but behind the cross section (looking into the
page). (c) 2D top-down view of the layout of the complementary organic NOT gate
circuit.
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Figure 5.2 (a) shows a photograph of a printed complementary inverter with the
NDI device under test. It can be seen that the NDI channel is noticeably shorter in
length than the PEDOT:PSS channel above it. The difference is illustrated in Figures
5.2 (b) and (c), where microscope images of each channel are shown in more detail.
Images were taken with a Zeiss Axio microscope with Zeiss Axiocam and Zen software.
Figure 5.2 (b) shows an image of a PEDOT:PSS channel under 2.5x magnification
with a measurement of the channel width, which is approximately 750 pm as designed.
Figure 5.2 (c¢) shows an image of an NDI channel under 10x magnification with a
measurement of the channel length, which is noticeably shorter than the channel

length of the PEDOT:PSS in Figure 5.2 (b), and is measured to be approximately 22

.

(b) | ©

Figure 5.2: (a) Photograph of the printed complementary inverter with NDI channel
under test. (b) Microscope image of PEDOT:PSS channel with width measured. (c)
Microscope image of gNDI-Bry channel with length measured.
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5.4 Results and Discussion

5.4.1 Individual OECT Characterization

Both the p-type and n-type devices in the printed inverter were characterized indi-
vidually/separately to gain insight into the crucial characteristics needed to match
them. The Ip-Vp curves are shown in Figure 5.3. As expected, the p-type depletion
mode device’s current decreases with an increase in gate voltage while the n-type
enhancement mode device’s current increases. This is ideal for the proper function
of a complementary gate. However, it can be seen that even with optimizations, the
currents of the devices are quite mismatched. The PEDOT:PSS was purposefully
degraded as mentioned in Section 5.2.1 - the ingredient ratios were modified and only
one layer was printed in order to worsen the performance of the device.

PEDOT:PSS Device |-V, Curve - 100 mM NaCl gNDI-Br, Device 13-V Curve - 100 mM NaCl

10

10

04 Fo

-1000 F—1000

Id (uA)

-2000 I —2000

-3000 -3000

Figure 5.3: Ip-Vp curves of printed (a) PEDOT:PSS and (b) gNDI-Bry devices.

As can be seen in Figures 5.3 (a) and 5.4 (a), even with the performance degra-
dation, the PEDOT:PSS OECT still outperforms the NDI OECT by a wide margin.
The maximum current level through the PEDOT:PSS device was lowered to ~ 3 mA,
as opposed to ~ 90 mA as demonstrated in the previous chapter. The transcon-
ductance was lowered to 2.99 mS as a result, down from a maximum of 117 mS as
demonstrated in the previous chapter. However, the performances of the p and n-

type devices are still mismatched due to the low performance of the n-type device.

104



The NDI device exhibits a maximum current of 8.46 pA, which is nearly an order of
magnitude less than the maximum current of the PEDOT:PSS. The peak transcon-
ductance was found to be 38 uS. The low performance of the NDI can be attributed
to the conductivity of the film, which is based on an n-type small molecule. Intrinsi-
cally, these types of materials do not exhibit conductivity as high as polymeric p-type
materials. Additionally, the NDI device exhibits a phenomena where it begins to turn
off again after a certain gate voltage. As can be seen in Figure 5.3 (b), the maximum
current level is at a gate voltage of 1.2V, and then decreases again at 1.3V (the curve

indicated in red). This complicates circuit behavior and is explored further in Section

5.4.2.
PEDOT:PSS Device |5-Vg Curve - 100 mM NaCl gNDI-Br, Device I5-V Curve - 100 mM NaCl
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Figure 5.4: Ip-Vg and transconductance curves of printed (a) PEDOT:PSS and (b)
gNDI-Br, devices.

The threshold voltages of each device were also extracted from the Ip-Vg curves as
demonstrated in Figures 5.5 (a) and (b). For the PEDOT:PSS device, the threshold
was slightly lowered to 1.29V compared to the previous chapter where the threshold
was found to be approximately 1.49V. This is due to the number of layers printed (1
layer for the devices in this chapter vs. 10 in the previous chapter). With fewer layers,
the thickness of the film decreases, and thus less material is required to be de-doped
to turn the device off. As a result, a lower amount of ions is required to fully turn

off the device, which translates to a lower threshold voltage. For the NDI device, the
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threshold was calculated to be approximately 0.86V. Although not perfectly matched,
for the purposes of an inverter, the thresholds are close enough to trigger switching

in the ~ 1V range of input voltage.

PEDOT:PSS Device I5-V Threshold gNDI-Br, Device Voltage Extraction -
ExlracEion - 100 ml‘:fl NaCl . 60 10 . 10q mM NaCl . 32
vd=-1v| | Vd = 1V]
1 50 84 |
{24
40
I3 6 20
—~_ ] 3 —_ 3
< 1000 3= < y=0013¢-11.15 165
T £ T 41 LE
©§ 3
-2000 4 24 0.8
110
. 0.4
0 0 ——
~3000 : 0.0

Figure 5.5: Ip-V¢ curves and voltage extraction of printed (a) PEDOT:PSS and (b)
gNDI-Bry devices.

5.4.2 NOT Gate Performance

After individual characterization, NOT gate sweeps were carried out in a fashion
similar to the sweeps carried out in the previous chapter, with 100 mM NaCl solution
dropped on both channels as the electrolyte. For the sake of consistency, a drain
voltage of 300 mV was again used as the power supply voltage and the input voltage
was swept from 0V to 1.4V in increments of 0.1V. The output behavior is shown in
Figure 5.6. As shown by the output curve, the output high level is now 300 mV, as
opposed to the degraded output level in the previous chapter. Other experimental
sweeps showed that different drain voltages and thus output high levels as high as 1V
are also possible with this configuration. As the input voltage value becomes closer
to the switching threshold of both devices, the curve tends towards the low voltage
level, but is not lowered completely to O0V. At approximately 1.3V, the curve begins to
switch back towards the high level. This is due to the behavior of the NDI device - at

1.3V, the device current begins to decrease, turning the device off again. Additionally,
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the output level only is able to decrease to approximately 293 mV before increasing
to 300 mV again. This is because of the mismatch in current levels between both
devices. Since the NDI channel can only support a small amount of current in its
on state, the drain-to-source on resistance, Rpg, on, is still higher than the off-state
resistance of the PEDOT:PSS device due to its off-current. As a result, Ohm’s law
and the voltage divider effect dictate that the output voltage will still be closer to
the supply voltage than to 0V. Further optimizations are needed to adjust voltage
levels, but Figure 5.6 does demonstrate successful theoretical switching behavior for

two complementary devices, as both n and p-type devices are shown to affect the final

output.
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Figure 5.6: NOT gate sweep of the printed complementary gate.
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5.4.3 Future Optimizations

As discussed in the previous section, the correct operation of a complimentary printed
OECT inverter was confirmed; however, the output voltage levels are not yet useful
for logical operation. In order to have the entire range of voltage available at the
output, either the performance of the PEDOT:PSS must be further worsened or the
performance of the NDI must be enhanced. Additionally, another p-type material
may be used. In order to degrade the PEDOT:PSS, multiple strategies may be
employed, such as over-oxidation of PEDOT:PSS, increasing of the W /L ratio, and
further modification of the PEDOT:PSS recipe. Over-oxidation of PEDOT:PSS has
been demonstrated and has even resulted in PEDOT OECT devices operating in the
accumulation mode [133]. Increasing the W/L ratio is also a viable and preferred
strategy, especially with the quick prototyping capabilities of aerosol jet printing.
The width and length were arbitrarily chosen to be 750 pym and pm due to the ease
of printing and imaging of the channel. The width can easily be modified to be
shorter than the length, and the length can be elongated indefinitely to increase the
resistance of the channel significantly, which would result in a smaller current. The
PEDOT:PSS recipe can also be modified to decrease or remove the concentration of
ethylene glycol in the solution to decrease the conductivity, but this is not preferred
due to the possibility of the need for reoptimization of printing parameters. In order
to enhance the performance of the NDI device, more layers of channel can be printed
in order to increase the thickness of the channel and increase the current-carrying
capability. Further shrinking of the channel length is also a possibility, but is not
preferred due to the challenge in achieving the length that has already been printed
for the NDI devices in this chapter. Because of this, increasing the width of the
channel is preferred in order to increase the W/L, but may be an issue if the devices
need to be miniaturized for the final application.

Another consideration in achieving optimal logical operation for these devices is in
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the threshold optimization. Ideally, the thresholds of both devices are the same in
order to create a clean transition from high to low, or low to high. For example, if
one were to use a power supply voltage of 1V, sweeping the input voltage from 0 to
1V should result in a transition from high to low that would cover the entire range
roughly symmetrically, i.e, the transition would happen roughly at 0.5V and the graph
would be symmetrical around this point. For this kind of device, both thresholds of p
and n-type devices would be around 0.5V. The output voltage could then be passed
to the next stage of logic and is enough for the devices in the next stage to turn on
or off. In this work, the thresholds are close but do not match exactly (1.29V for the
p-type and 0.86V for the n-type device). To decrease or increase a threshold voltage,
a larger or smaller gate size area could be used [1]. Additionally, using OECTSs allows
the editing of threshold levels based on the electrolyte dropped on the channel. With
a higher concentration of ions in electrolyte, the threshold voltage would be lower and
vice versa. This provides a simple way of matching threshold levels since electrolyte

can easily be removed from and added to the structure.

5.5 Conclusion

In this chapter, complimentary logical NOT gates were built using p-type and n-
type OECTs. In addition to the same kinds of p-type devices demonstrated in the
previous chapter, gNDI-Bry-based OECTSs were fully printed using aerosol jet printed
and successfully demonstrated with a minimum channel length of 22 pym in order
to enhance their performance. Both p and n-type devices were included in a NOT
gate design and tested in a circuit configuration. Correct switching behavior was
observed, but was limited in terms of the logical levels that were outputted as well as
the voltage threshold matching. Future work can focus on optimizing and matching
the device characteristics as described in Section 5.4.3. Once this is achieved, larger
complimentary gates can easily be designed such as NAND and NOR gates. From

these, larger circuits such as multiplexers and ring oscillators can be built. Finally,
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these devices can be included in larger biosensing circuits by moving digital processing
on-board without the need for external circuits. For this, the circuits built can be
printed with contact pads to be interfaced with flexible connector boards as already

demonstrated in Chapter 3.
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Chapter 6

Conclusion

6.1 Summary

In this thesis, various electronic devices were 3D-printed using aerosol jet printing.
The purpose of this fabrication method is to realize economical, reliable, and re-
peatable devices that can be used for a variety of applications, such as biosensing
and digital logic, both of which are demonstrated in this thesis. The work focuses
mainly on organic semiconductors, namely the development of printed organic elec-
trochemical transistors, but also includes a passive resistive sensor. This aimed to
demonstrate the versatility of aerosol jet printing as a fabrication method for different
kinds of devices. In addition, results are shown that demonstrate the viability of 3D
printed devices as wearable biosensors. Overall, aerosol jet printing was shown to be
an effective method that can be used to prototype devices at a much faster rate than
traditional fabrication methods such as photolithography:.

In Chapter 3, the passive resistive temperature sensor was designed, fabricated
and tested. Aerosol jet printing was used to print gold electrodes/contacts and a
polyimide well to contain the drop-casted sensing material, a nanocomposite of multi-
walled carbon nanotubes and a thermoplastic. Optimizations for the weight ratio
of the nanocomposite mixture were carried out extensively and the final mixtures
were characterized with thermogravimetric analysis, UV-Vis spectrophotometry, and

scanning electron microscopy. It was found that the devices exhibited high linearity
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and a maximum sensitivity of 237 Q/°C, with a negative temperature coefficient of
-0.00134 K-!. This optimized sensor was also printed with a connector land pattern
with the goal of interfacing with a flexible connector board, which was also designed as
a part of this work. In addition to heating tests performed on a hot plate, the sensor
was tested on the author’s skin temperature as a means of verifiying the sensor’s
performance as a flexible biosensor. The results demonstrate that the sensor is an
excellent candidate for a cheap, disposable, and biocompatible biosensor that may be
fabricated quickly via aerosol jet printing.

In Chapter 4, logic gates based on organic electrochemical transistors were fabri-
cated using aerosol jet printing. In contrast to the previous chapter, the devices were
fully 3D printed, including the channel sensing material. First, OECT devices with
PEDOT:PSS as the channel material were individually fabricated and optimized in
order to gain insight into their individual parameters. It was found that using aerosol
jet printing, devices exhibited extremely high transconductance for planar devices
(up to 117 mS) which led to high sensing performance. In order to create useful
biosensors, NOT gates were built using these OECTs with one channel material. The
NOT gates provided a voltage rather than a current output, simplifying data pro-
cessing requirements. Ion sensitivity tests were conducted with 4 different ion types.
The highest sensitivity reported was 570 mV /dec when sensing NaCl in the 1-10 mM
range. To minimize the need for dropping electrolyte on one of the two transistors
during real-world testing, the effect of dropping a hydrogel on one of the two transis-
tors in the circuit was explored and was found to lower the sensitivity of the device.
Devices were also built to be sensitive to glucose, providing a useful biosensing appli-
cation. The maximum sensitivity was found to be 35 mV /dec in the 1-10 mM range.
This work builds on the work in the previous chapter in terms of demonstrating viable
biosensors using aerosol jet printing. It also confirms aerosol jet printing as a premier
method of fabrication for OECTSs, as it features the highest transconductance for a

planar OECT at the time of writing.
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In Chapter 5, logic gates were built using two channel materials, resulting in a
complementary NOT gate. In contrast to the previous chapter, the pull-down tran-
sistor device was fabricated with an n-type small molecule semiconductor, gNDI-Brs.
Both n-type and p-type devices were individually characterized due to the need for
proper transistor matching in order to create a useful logic gate. A successful fully
3D printed NDI was demonstrated after shrinking the channel size to a minimum of
22 pm, due to the poor performance of the small-molecule organic semiconductor.
After building an inverter using OECTs with both materials, it was found that the
mismatch between the two devices was too great for the NOT gate to perform use-
ful logical operation, but the correct switching behavior was confirmed using NOT
sweeps. This work builds upon the previous chapter by focusing on building 3D
printed NOT gates purely for digital logic applications, since the devices in the pre-
vious chapter were useful for biosensing but not for logical operation. The chapter
also emphasizes the difficulty of building organic complementary logic circuits and
specifically the non-trivial nature of increasing the performance of n-type organic
semiconductors.

Overall, the devices in the separate chapters have slightly different applications
but can be interfaced together. Since aerosol jet printing was confirmed as a viable
fabrication method for these kinds of devices, it can be used to create larger platforms

that include all these devices.
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6.2 Future Work

6.2.1 Temperature Sensor

The greatest difficulty in the development of this device was the consistency of results.
Due to the random nature of the orientation of the carbon nanotubes in the matrix,
this factor will always be present, however, drop-casting of the dispersion onto the
printed device creates more inconsistency in results due to the inconsistent spread of
the dispersion as well as the coffee ring effect. This was minimized in the work by
the printing of the polyimide well, but can be reduced even further by 3D printing of
the nanocomposite dispersion itself. This was not done in this work due to the time-
consuming nature of optimizing printing parameters for a new aerosol. In addition,
the average length of the nanotubes in this work was approximately 10 pm, which
is larger than the size of the aerosol particles (1 pm). This would result in non-
uniform printing, or even a complete lack of printing deposition. Future work could
focus on obtaining a nanocomposite dispersion using shorter nanotubes as well as
optimizing printing parameters for this dispersion. This would result in a fully 3D
printed temperature sensor which would minimize the effects of overspread of drop-

casting and create more consistency in both measurement and repeatability.

6.2.2 Depletion-mode Logic Gates

The devices demonstrated in this work exhibited high sensitivity due to the use of
PEDOT:PSS in both channel materials with an extremely high transconductance.
This can be exploited to sense a variety of analytes. This work has already shown the
devices can be functionalized to sense glucose molecules, but these are preliminary
results without optimized sensitivity. Future work can focus on increasing the sensi-
tivity of glucose sensing, as well as developing functionalization schemes for different
analytes. The hydrogel that was included in the structure of some of the devices

also proved to be useful in simplifying measurement for real-world applications, but
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decreased sensitivity. Future work could focus on optimizing hydrogel recipes to
increase both stability and permeability of the gel. This would help in avoiding evap-
oration/deydration of the gel as well as allowing ions to easily penetrate the film,
maintaining the same sensitivity and device characteristics as the device would have

pre-hydrogel treatment.

6.2.3 Complimentary Logic Gates

As evidenced in Chapter 5, the process of matching the characteristics of two separate
n and p-type organic materials is not trivial. Since the printing of an NDI OECT
was already optimized, future work would most likely focus on further degrading
the performance of PEDOT:PSS. In the event that the mismatch between devices
is still too great, replacing one of the materials would be the next course of action,
which is not preferrable due to the optimization of printing parameters for a new
ink. Since it is unlikely that any other n-type material could achieve the performance
of the degraded PEDOT:PSS (PEDOT:PSS is one of, if not the highest performing
p-type polymers demonstrated throughout the literature), it would be preferrable to
replace the PEDOT:PSS and optimize a new p-type material. Once this is done and
complementary devices are optimized for logical operation, it would be much easier
to build more complex circuits such as NAND and NOR gates, multiplexers and
decoders, since the only difference would be in the amount of transistors per circuit
and how they are connected/configured. Printing logical circuits on flexible substrate

could open the way to simpler on-board processing of biosensor devices.

6.2.4 Biosensing Platform

As discussed previously, the different devices built in this thesis could be included in a
larger platform. Wearable devices have already been demonstrated to sense multiple
analytes in the literature as well as in commercial devices [2, 3]. A potential biosensor

platform built with the devices in this work could include temperature sensing, ion
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sensing, and glucose sensing, as well as a complimentary logic-based multiplexer to
switch between each signal. The voltage output of each of these devices would make
it easy to multiplex each signal and read it using digital processing circuitry. A
device like this would make it simple to collect data, such as medical information,
at a continuous rate. However, this kind of platform would require each sensor to
be fully optimized and robust in order to accurately collect and predict information.
The optimizations listed in the previous sections would greatly aid this. Future work
would focus on optimizing printing of all sensors on one substrate and minimizing
the footprint of each one. This may not be a trivial process as printing multiple
devices would take more time and would thus be more tedious to prototype, with

more potential for defects that can render entire devices useless.
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Appendix A: Recipes and
Procudures

A.1 Nanocomposite Recipe and Preparation Pro-
cedure

1) Dissolve 0.5g SEBS (Sigma-Aldrich 200565-250G) in 100 mL of toluene in large
jar.

2) Measure out 4 mg of CNT powder and place into clean vial.

3) Pipette 12 mL of toluene-SEBS solution out of jar and put into CNT powder
vial. This yields a 15:1 ratio. To edit ratio, measure out a different amount of CNT
rather than SEBS.

4) Sonicate for 60 minutes at full power - 110W /40 kHz.

5) Pour solution into 2, 1.5 mL eppendorf tubes (the centrifuge must be balanced).
Centrifuge at 4000 rpm for 30 minutes.

6) Immediately drop centrifuged solution onto printed device. For a well size of 36
mm?, 6 uL works best. When extracting, pipette from the top or middle of the tube
as the agglomerates are found at the bottom.

7) Whenever creating a new device it is always best to repeat this procedure as
reagglomeration can occur. The most time consuming part of the process is the
sonication/centrifugation which must be done anyway when creating a new dispersion,

thus is it best to just start over again.
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A.2 PEDOT:PSS Ink Recipe and Preparation Pro-
cedure

1) Preparation: retrieve 25 mL Erlenmeyer flask, aluminum foil, and stir bar.
Cover flask with aluminum and drop stir bar. Clamp flask to the middle of the hot
plate/stir station. Cover the top of the flask with parafilm.

2) Connect a 20G needle to a nitrogen source and turn the flow to a minimum.
Verify flow of nitrogen by placing needle tip above a container filled with water.

3) Clamp the needle near the Erlenmeyer flask and penetrate the parafilm to set
the conditions for an inert Ny environment.

4) Extract GOPS using the balloon method - fill balloon/syringe contraption with
nitrogen 3 times, then attach needle to it (23G) and puncture the seal. Using another
needle connected to a ~ 1 mL syringe, draw 0.1 mL and put into a small eppendorf
tube.

5) Gather the ingredients PEDOT:PSS (Clevious PH-1000), ethylene glycol (Sigma
Aldrich), DBSA (Sigma Aldrich), and GOPS (Sigma Aldrich). The exact amounts
depend on the recipe and are outlined in the table below. Turn on the stir at 350
rpm.

6) Draw each ingredient using a pipette and drop them into the vial after slightly
lifting parafilm wrapping. When dropping, ensure that ingredient doesn’t catch on
the walls of the flask, especially for ingredients with quantities in the uL range.

7) When all ingredients are added, remove Ny needle from the vial and replace
parafilm covering with a fresh one.

8) Switch stir to 700 rpm and wait 20 minutes.

9) Transfer solution to a clean vial and sonicate for 30 minutes. If PEDOT:PSS
solution is older than 1 month, sonicate for 1 hour.

10) Use a large nylon filter (1.5 um) and syringe to filter the solution into a new

clean vial.

132



11) Use a second smaller nylon filter (0.45 pum) and syringe to filter the solution
into a new clean vial.

12) Transfer 1.5 mL of this solution to the aerosol jet printing vial. This can be
directly printed.

13) Clean all vials and wrap remaining solution vial in aluminum foil. Store in
4°C.

Table A.1: Ingredient ratios for the two recipes A and B found in chapters 4 and 5,
respectively. Recipe A results in a PEDOT:PSS film with a higher conductivity while
recipe B results in a film with lower conductivity.

_ Ingredient
Recipe
PEDOT:PSS | Ethylene Glycol | DBSA | GOPS
Recipe A 5 mL 1.25 mL 12.5 pli | 60 pL
Recipe B 5 mL 0.265 mL 5 plL 50 plL

A.3 gNDI-Br; Ink Recipe and Preparation Proce-
dure

1) Prepare a small 1.5 mL eppendorf tube. Fill it with 75 mg of synthesized NDI
compound taken from the flask under vacuum. Weigh it directly in the eppendorf
tube.

2) Gather ingredients: oxylene (Sigma Aldrich) and chloroform (Sigma Aldrich).

3) Extract 0.15 mL of chloroform using the balloon method outlined in A.2.

4) Pour 1.35 mL of oxylene and 0.15 mL of chloroform into the eppendorf tube
containing NDI. This results in an oxylene to chloroform ratio of 9:1, which can be
edited, but this is the most optimized ratio as of right now. Mix well.

5) Sonicate the mixture for 30 minutes.

6) The resulting 1.5 mL of ink can be directly poured into the aerosol jet printing

vial.
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7) Any remaining ink can be poured back into the flask under vacuum containing
the synthesized NDI compound. The vacuum will evaporate the oxylene/chloroform
and the compound should be dry enough to repeat the procedure if necessary after

~ 2-3 days.

A.4 GOx Functionalization Procedure

1) Preparation: Dissolve 1 w/v% CHIT solution (Sigma Aldrich, low molecular
weight) in 1 v/v% acetic acid (Sigma Aldrich). Heat solution on hot plate at 60°C
overnight, and store at 4°C. Also prepare 5 w/v% gelatin B (Sigma Aldrich) to PBS
hydrogel and mix in the same fashion.

2) Mix GOx (Sigma Aldrich, from aspergillus niger) with 1xPBS solution in a
concentration of 50 mg/mL in a small eppendorf tube. Sonicate for 10 minutes to
fully dissolve.

3) Mix the GOx solution with CHIT solution at a 1:1 ratio to achieve a final
concentration of 25 mg/mL.

4) Wrap the solution in aluminum foil and store overnight at 4°C.

5) First day of functionalization: drop cast 7 ul. of the GOx solution onto the
3mm x 3mm gate area. Do not allow any spread to the channel to avoid performance
deterioration. Store device at 4°C overnight.

6) Second day of functionalization: drop cast 0.5 puL of Nafion solution (Sigma
Aldrich, 2.5%) on the functionalized area. Store the device at 4°C overnight.

7) Third day of functionalization: retrieve, reheat and stir the gelatin B hydrogel.
Prepare eppendorf tube with gluteraldehyde (Sigma Aldrich, grade II), and prepare
to drop gelatin B hydrogel into the tube to create a 1% gluteraldehyde mixture. Since
cross linking happens within approximately 20 seconds, gelatin B must be mixed and
immediately pipetted to be dropped onto the gate area. 4 L. of hydrogel cross linked
with GA to cover the gate area. The remaining hydrogel in the tube at this point is

likely cross-linked - multiple devices will require multiple mixtures, or inhumanly fast
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reflexes. Store devices at 4°C overnight.

8) Fourth day of functionalization: retrieve the devices and stick them to a piece
of gel-pack. Stick the gel-pack to the bottom of a small petri dish. Fill the dish with
PBS until the devices are fully covered. Store the devices at 4°C overnight.

9) Fifth day: the devices are ready to be tested. Take them out of the solution and
wash them with DI water. Once tested, sink them in PBS solution and store them
at 4°C until they are to be tested again. These devices can keep for approximately 3

weeks.

A.5 Short Channel Printing Procedure

1) Preparation: firstly and most importantly, ensure there is exactly 1.5 mL of
gold nanoparticle ink (UTDOTS, UTDAu40 TE) in the printing vial. Small amounts
over or under this number result in unpredictable printing which complicates the
procedure in step 5.

2) Printing design: ensure that the channel is being printed parallel to the width
parameter of the channel, as shown in Figure A.1.

3) Design a short channel in the AutoCad program. The smallest channel length
printed in this work resulted from a designed channel length of 60 pm, which resulted
in a final designed length of 50 ym when the infill function was applied (with an infill
of 10 pm, optimized for the gold ink). This resulted in an actual channel length with
a minimum feature size of 22 pm, as shown in Figure 5.2 (c¢) in Chapter 5. With
careful optimization, this may be shrunk further, as the advertised minimum feature
size of the Optomec Aerosol Jet 5X 3D printer is allegedly 10 pm.

4) When printing the design, make sure the first features printed are the two
squares that make up the channel. This ensures a level of control of printing the ink
at a certain wetness as outlined in step 5. To do this, fill in these squares first when
using the infill function in AutoCad. This ensures the program will put these features

first in the order of printing in the final script.
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5) Before clicking "Run” after loading the printing file, ensure that the gold depo-
sition is at the "sweet spot” between non-continuous and wet. This means that the
line has just started to continuously print, but has not gotten too wet yet (i.e, when
the line becomes very dark). This is the most difficult step and may take multiple
attempts to perfect. It is recommended to also print the test lines on a throw-away
substrate that is very close to the side of the substrate where the electrodes are to
be printed. This minimizes the time between clicking "Run” and the printing of the
electrodes, ensuring the deposition does not get too wet before then.

6) Clean the deposition tube between each print. This ensures consistent results
when the process is restarted from step 5.

7) When printing is done, do not add more ink to the vial than absolutely necessary.
Only add ink to the vial when the deposition becomes noticeably sparse. Too much

ink in the vial complicates the procedure in step 5.
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Polar: 0.0506 < 0°

Figure A.1: Printing design for a channel with gold electrodes. The design has
resulted in a printed channel with minimum feature size of 22 ym. The channel
length measured in the middle indicates 50 pm.
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Appendix B: Ink Characterization

B.1 PEDOT:PSS Ink Characterization

Table B.1: The relationship between number of printed layers, thickness, and resis-
tance of printed PEDOT:PSS films.

Number of layers | Average thickness (nm) | Sheet Resistance (§2/sq) | Resistivity (Q2-cm)
2 263.5 785.65 0.207
4 523.75 507.36 0.0266
6 739.75 343.32 0.0254
8 1011.25 384.37 0.0389
10 1237.5 324.93 0.0402

B.2 Polyimide Ink Characterization

Table B.2: The relationship between printed layers and thickness of polyimide films.

Number of layers | Average thickness (um)
4 1.38
8 2.83
12 4.82
16 6.76
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Table B.3: Optimized parameters for polyimide ink printing.

Parameter Value
Sheath Flow (ccm) 60
Atomizer Flow (ccm) 27

Bath Temperature (degC) 25

Platen Temperature (degC) | 45

Bubbler NO

Max atomizer current (A) | 0.45
Line Speed (mm/s) 5

Tip size (pm) 200

Line Spacing (um) 30

Curing Temperature (degC) | 130

Curing Time (minutes) 90
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Figure B.1: FTIR curves of printed polyimide films after annealing at various tem-
peratures for 1 hour and 30 minutes.
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Appendix C: Ion-Selective
Membrane

An ion-selective membrane (ISM) was also developed and dropped as part of the
work in Chapter 4, but was unsuccessful in terms of performance. An ion-selective
membrane is meant to be permeable only to ions of a certain composition. The

recipes, procedure and results are shown in this Appendix.

C.1 Recipes and Procedure

1) Gather the ingredients: Na ionophore X (Sigma Aldrich, selectophore grade),
lipophilic salt sodium tetrakis[3,5-bis(trifluoromethyl)phenyl| borate (Na-TFPB) (Sigma
Aldrich, selectophore grade), polyvinyl chloride (Sigma Aldrich, selectophore grade),
and bis(2-ethylehexyl) sebacate (BEHS) (Sigma Aldrich, selectophore grade).

2) Mix the ingredients in the desired ratio (attempted weights are outlined in Table
C.1) in a clean vial. Dissolve all ingredients with a stir bar at 7000 rpm for 20 minutes
in 660 pL of tetrahydrofuran (THF). Do not vortex mix in an eppendorf tube as this
does not lead to effective dissolution of components.

3) Drop 0.25 pl. of membrane solution over the channel material. It is recom-
mended to print a polyimide well around the channel to contain the drop-cast.

4) Store the device at room temperature overnight.
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Table C.1: The multiple recipes attempted for the development of an ion-selective
membrane.

. Ingredient (% w/w)
Recipe
Na Ionophore X | Na-TFPB | PVC | BEHS
A 1 0.55 33 65.45
B 10 0.55 24 | 65.45
B 10 5 20 65

C.2 Results

The curves in Figure C.1 show the performance of OECT devices in the form of Ip-
Vp curves before and after dropping of the ion-selective membrane (Recipe B). All
recipes followed this same trend. The performance was slightly degraded as shown
in Figure C.1 (b). When testing with NaCl before dropping, the OECT functions as
expected. After the dropping of the membrane, the performance when dropping NaCl
once again is degraded but the current levels are still affected by the gate voltage.
This is likely due to the impermeability of the membrane due to the inclusion of
PVC. However, when dropping KCIl, the curves are roughly the same, indicating no

selectivity towards Na+ ions.
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Figure C.1: (a) Ip-Vp curves of a regular OECT with NaCl dropped on its channel.
(b) Ip-Vp curves of the same OECT with an Na+ ISM dropped over its channel, with
NaCl as the electrolyte. (c) Ip-Vp curves of the same OECT with an ISM dropped
over its channel, with KCl as the electrolyte.
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