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IMPLEMENTATION OF TRADITIONAL PRINTING TECHNIQUES FOR THE
DEVELOPMENT OF FLEXIBLE PRINTED SENSORS

Sai Guruva Reddy Avuthu, Ph.D.

Western Michigan University, 2015

Printed electronics has gained a remarkable interest over the past decade for
the fabrication of cost efficient electronic devices, with a major focus on the
development of flexible sensors. This dissertation focuses on the fabrication of
flexible sensors using traditional printing processes such as screen, inkjet and gravure
printing.

A flexible organic thin film transistor (OTFT) was successfully fabricated on a
polyethylene terephthalate (PET) substrate and employed as a humidity sensor.
Aluminum gate electrode was thermally evaporated on PET and UV clear dielectric
layer was spin coated. Source and drain silver interdigitated electrodes were screen
printed. 6,13-bis(triisopropylsilylethynyl) pentacene, a humidity sensitive material,
was inkjet printed. The output characteristics of the printed OTFT were recorded for
varying humidity levels, ranging from 15% RH to 85% RH. The humidity response of
the fabricated sensor demonstrated the feasibility of using traditional printing

processes for the fabrication of OTFT based sensors.



A flexible electrochemical sensor was screen printed on PET. Carbon and
silver based inks were used for metallization of the working, counter and reference
electrodes. 1,10-phenanthroline and its derivative naphtho[2,3-a]dipyrido[3,2-h:2",3'-
flphenazine-5,18-dione (QDPPZ) was synthesized as sensitive layers for Hg?* and
Pb2*, respectively. Cyclic voltammetry response of the sensor resulted in reduction
peaks at 0.2 eV and -0.6 eV for selective detection of Hg?* and Pb?*, respectively. The
response of the electrochemical sensor demonstrated the use of traditional printing
processes and synthesized chemicals for the selective detection of heavy metals.

An inductor capacitor (LC) wireless passive sensor for the detection of toxic
heavy metals was screen printed on PET using a silver ink. Palladium nanoparticles
were synthesized and drop casted onto the LC sensor as a sensitive layer. The change
in resonant frequency of the LC sensor towards varying concentrations of heavy metal
ions was remotely monitored using a screen printed detection coil. The LC sensor was
able to detect mercury ions (Hg?*), as low as 1 pM, with a resonant frequency shift of
0.2 MHz. The feasibility of the sensor to vary its resonant frequency with different
concentrations of heavy metal ions such as Hg?* and lead ions (Pb?") was

demonstrated.
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CHAPTER |

INTRODUCTION

1.1 Background

Printed electronics (PE) has gained a considerable attention for the fabrication
of low-cost and large-area flexible electronic devices using traditional printing
processes [1]. It is predicted that in the next two decades, the field of printed
electronics will capture a significant portion of the huge market. This is due to the
advantages of printing, such as high throughput, minimal usage of resources, lower
manufacturing temperature and much less complex fabrication processes, when
compared to conventional silicon based technology, which involves high-vacuum and
high-temperature deposition processes along with sophisticated photolithographic
patterning techniques [2]. A forecast from IDTechEx reports that the printed
electronics market will exceed $300 Billion in the next 20 years [3].

PE has been used for the manufacture of radio frequency identification tags
(RFID’s) [4-5], displays [6-7], organic thin film transistors (OTFT’s) [8-9] and
sensors [10], using inkjet, gravure, flexographic and screen printing techniques. The
manufacturing of sensors on flexible substrates such as plastic, paper and textiles
using traditional printing techniques is very fantasizing in the field of PE [11-13].
However, there are a few emerging studies on the adaption of continuous and large
area printing methods on flexible substrates for the development of sensors.

There is an urgent need for the development of reliable, miniaturized, accurate
and cost effective sensors for use in portable hand-held systems, which detect various

toxic heavy metals; particularly in applications such as agricultural, environmental



and medical industries [14-16]. Heavy metals, such as lead (Pb) and mercury (Hg) are
highly toxic and carcinogenic even at low concentrations [17]. Moreover, heavy
metals are non-biodegradable and accumulate in the food chain, leading to severe
threats to human health by affecting metabolic processes, which result in
neuromuscular, neurological, nephritic physiological disorders [18]. Thus, rapid and
highly sensitive monitoring of heavy metals in the environment and food is very
crucial and is beginning to be addressed by this and other work [14-16].

Detection of heavy metals using various techniques such as atomic absorption
spectrometry, inductively coupled plasma mass spectrometry and optical methods has
been reported [19-21]. However, these techniques are instrumentally intensive,
complex and time consuming, thus making the experiments lengthy, massive and
expensive. In contrast, the electrochemical detection of lead has proved to be rapid,
simple and cost-efficient way of detecting lead ions [22-23]. Miniaturization of the
electrochemical sensors leads to small scale experiments, in terms of sample volume,
and helps in building hand-held systems with similar accuracy and sensitivity to that
of bench-top analyzers. Furthering this approach, the use of microelectrodes in the
field of sensors has also been receiving growing attention [24-25]. It was revealed that
microelectrodes offer higher sensitivity than macro electrodes. Most of the sensors
consisting of microelectrodes are constructed using traditional CMOS fabrication
techniques. Even though these sensors are rigid and robust they are costly.
Microelectrode sensors fabricated through printing methods have demonstrated
similar results [26] but at significantly lower cost.

In recent years, a lot of attention has been given towards the development of
humidity based sensors in semiconductor, environmental, agricultural and automobile

based industries [27-32]. Humidity sensors are also used in the medical field for



applications in incubators, respiratory equipment, pharmaceutical processing,
sterilizers and biological products [33]. Various detection techniques have been
reported for measuring humidity. To name a few, capacitive/resistive [34], optical
[35], thermal [36] and surface acoustic wave sensors [37] have attracted interest.
Recently, the use of OTFTs for humidity sensing has also been reported [29]. OTFT has
a distinct advantage when compared to other techniques, by controlling the gate bias
voltage, amplification of the humidity response can be provided [38]. Currently, the OTFT
based humidity sensors reported in the literature have been fabricated using Si based
fabrication techniques [38]. The recent trend of using traditional printing methods in
the field of PE provides a promising technique for the fabrication of OTFT based

flexible humidity sensors.

1.2 Author’s Contributions

The author’s research work has resulted in thirty seven conference
publications, one intellectual property (IP) disclosure, one patent applications
and eight high-quality peer-reviewed journal publications as given in the list of
publications in Appendix A. A “*” was used to denoted on the publications directly
related to this dissertation work. The outcomes of the projects have been published in
prestigious journals such as Journal of Sensor Letters, IEEE Transactions on
Components, Packaging and Manufacturing Technology, International Journal of
Engineering Research & Technology, and the Sensors and Actuators: B Chemical.
The author has also presented the research work at several international conferences,
which have been published in the proceedings of the IEEE Sensors Conference (2010,
2012, 2013, 2014); International Meeting for Chemical Sensors (IMCS) (2010, 2012,
2014); Annual Flexible Electronics and Displays Conference (2011, 2013, 2014);

Eurosensors Conference (2011); International Conference on Sensing Technology
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(ICST) (2012); and IEEE International Conference on Electro/Information
Technology (EIT) (2013). The author was also awarded the Department level
Graduate Research and Creative Scholar Award for 2012-13 by Western Michigan
University.

1.3 Organization of the Dissertation

In this dissertation, the author presents the details of the research projects that
were performed during the course of his Doctoral studies. The first research project is
focused on the development of a screen printed electrochemical sensor for selective
detection of lead and mercury ions in DI water. In addition, the author developed a
screen printed wireless passive LC sensor for detection of heavy metals. During the
course of his doctoral studies, the author also focuses on fabrication of organic thin
film transistors (OTFT) and implementing the fabricated device as a humidity sensor.
The rest of the dissertation is organized in five chapters.

Chapter 2 includes the comprehensive literature review consisting of
introduction to sensors and PE. A brief discussion on overview of sensors, sensor
characteristics and different types of sensors is included. A detailed review on two
specific sensors (electrochemical and humidity sensors), which have been designed,
fabricated and tested as part of the dissertation work is presented. This chapter also
includes the review of different printing techniques used in the fabrication of
electronics devices and challenged associated with direct printing of electronic
devices.

In chapter 3, the development of a printed OTFT sensor for the detection of
relative humidity is presented. This includes the design, fabrication and
characterization of the OTFT sensor. The measurement setup for testing and the

humidity response of the fabricated sensor are presented. The test results and device



response demonstrate the feasibility of integrating traditional printing processes with
conventional photolithographic techniques in the fabrication of an OTFT sensor for
detection of humidity.

Chapter 4 presents the design, fabrication and characterization of wireless
passive inductive capacitor (LC) sensors for the detection of heavy metal ions. The
resonant frequency of a printed LC sensor is remotely monitored using an inductively
coupled sensing coil. The experiment setup and test results of the LC sensors are also
presented. The capability of the sensor to vary its resonant frequency with different
concentrations of toxic heavy metals is demonstrated.

In chapter 5, development of screen printed electrochemical sensor for
selective detection of heavy metals is presented. This includes the design, fabrication
and characterization of an electrochemical sensor on a flexible substrate, and the
synthesis of selective layers for the detection of lead and mercury. The measurement
setup for testing and voltammetric response of the electrochemical sensors is also
presented. The voltammetric response of the printed sensor demonstrated the
feasibility of using printed sensors for selective detection of heavy metals in DI water.

Finally, chapter 6 summarizes the dissertation work performed conclusions

and provides suggestions for future work
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CHAPTER II

LITERATURE REVIEW

2.1 Introduction to Sensors

The advancement of sensor innovation has continually been determined by the
enabling progress made in material science and engineering. The growth of the sensor
industry increased significantly with the advent of the semiconductor industry in
1960’s. Since then, the modern era of sensors, with explosive growth, has come about
based on the influence and demand of multiply industries; including, automotive,
consumer electronics, manufacturing, infrastructure, aerospace and ship building
industries [1-11]. Subsequently, silicon (Si) based fabrication techniques have become
a traditional way of fabricating sensors.

The integration of sensors into modern life and the expected increase is
apparent from the market analysis information. According to the IC Insights, the
global sales of the conventional sensors were $8 billion in the year 2014. The
compound annual growth rate (CAGR) of traditional sensor market is forecasted to be
16 % in 2015 compared to 2014, reaching $9.2 billion. It is also predicted the total
number of sensor units will be 9.3 billion by the year 2018. The global market

forecast of the sensors is shown in Fig. 2.1 [12].
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Figure 2.1. Global market of traditional fabricated sensors [12]

2.2  Overview of Sensors

A sensor is defined as a device that detects and measures a stimulus or
physical quantity [13]. Based on this broad definition, the term sensor covers
everywhere from a human sensors to a trigger in the pistol. Sensors can be classified
as natural and man-made sensors. The human body can be considered as a good
example of natural sensing system that contains a wide variety of the sensors capable
of selectively and sensitively detecting a wide variety of stimuli. The human body
consists of vison, hearing, smell, taste and touch sensors as eyes, ears, nose, tongue
and skin, respectively. The senses of all the living organism can also be considered as
a natural sensors. A compass is one of the earliest artificial sensor known to mankind
even before Roman times [14]. A compass is typically constructed by hanging a thin
magnetic needle to a thread, which constantly point in the northerly direction. A
compass was a navigation tool for early travels and explorers on land and sea.

The earliest man-made modern sensor that is still used in present day is a
mercury bulb thermometer, which was invented by Gabriel Fahrenheit in 1714 [15]. A
schematic representation of a typical liquid-in-glass thermometer is shown in

Fig. 2.2 [16]. The main parts of the thermometer are bulb, stem, liquid and markings.
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The bulb is the thin glass container which holds the liquid, usually mercury. Markings
are etched or printed on a glass stem (as shown in Figure 2.2). The mechanism of the
liquid-in-glass thermometer is based on the expansion of the liquid with respect to
temperature. When the temperature increases, the liquid in the bulb is forced to move
up due to capillary action. The position of the mercury in the bulb with respect to
temperature can be read using the markings on the glass stem. The volume of mercury
after expansion is given by [16]
V=VyXp (D)
where Vo is the volume at 0° C temperature and p is
p=1+at+ pt? (2)

where a and £ are coefficients of thermal expansion and t is the temperature.

<+«Stem

<4+—Markings

Liquid

Bulb

Figure 2.2. Liquid in thermometer.

Artificial sensors in the present day can be classified as absolute and relative
sensors. A relative sensor detects the stimulus in reference to a signal that relates to

some special case, whereas the absolute sensor produces a signal with respect to an
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absolute physical scale. The best examples of absolute and relative sensors are
absolute and relative pressure sensors. A relative pressure sensor generates a signal
with respect to the selected baseline of non-zero pressure, whereas the absolute
pressure sensors generate output with respect to a zero pressure or vacuum [17].
Sensors can also be classified based on how they transduce an input, either as direct or
complex sensors. A direct sensor converts the stimulus directly into necessary output
signals without any intermediate step, whereas complex sensors need one or more
transduction processes to generate a necessary output. A mercury bulb thermometer
shown in Fig. 2.2, is a good example of direct sensor in which temperature is directly
shown on the marking of the stem. Glucometers available in the market comes under
the class of complex sensors. The enzyme present on the electrode reacts with the

blood glucose resulting in a flux which is then detected by glucometer [18].

2.2.1 Sensing System

Often, a sensor does not function by itself and must be a part of a larger
sensing system that may consists of one or multitude of sensors, signal conditioners,
memory devices and data recorders. Many man-made sensing systems can be
compared with the sensing and processing of living organisms. Some similarities
include; acquiring and processing of the physical inputs, changes in the properties of
the receptors in response to the environmental parameters, amplification of the
receptor signals and processing by a microcomputer or central nervous system.
Figure 2.3 illustrates the similarities between man-made systems and living

organisms.
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Figure 2.3. Signal processing in living organisms and in intelligent machines.

The sensing system is the complete system that displays the response of the
sensor to an input stimulus. The output value of the system can be any format. For
instance, consider the example of mercury bulb thermometer in Fig. 2.2, the
expansion and contraction of the mercury inside a glass thermometer (temperature
sensing system) displays the corresponding temperature on the marking of the stem. A
strain gauge converts strain into a corresponding electrical resistance, which can be
read by an ohm meter. The change in resistance can also be converted into a voltage
or current. A basic sensing system with an electrical output is shown in

Fig. 2.4. [19-20]

15



Figure 2.4. Sensing systems with electrical output [19-20].

The sensor responds to the input stimulus with an electrical output. This
output could be quite small and subjected to various noise or interference sources. A
signal conditioner modifies the sensed output signal into an amplified and possibly
filtered electrical signal, which is stronger with less noise susceptibility, potentially
has a higher signal to noise ratio, and is compatible with the display device or readout.
Signal conditioners vary from impedance matching devices to multiple stage
amplifiers with filtering. The display device presents an appropriate output signal
corresponding to the input stimulus. The power supply provides the electrical power
to the signal conditioner and display device.

Usually two or more sensors are integrated into a sensing system that is
designed to handle and display the outputs of multiple sensors. These sensors can be
of the same type (several thermocouples) or different type of sensors (pressure,
vibration and biosensors). Signal conditioning can be minimized by standardizing the
output of all the sensors, that is, regardless of the measurands the output of all the

sensors should be the same full-scale electrical output to the system [21].
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2.3 Sensors Specifications

Sensor specifications define the performance of the sensor. Response time,
recovery time, reproducibility, stability, sensitivity, resolution, dead band, non-
linearity and hysteresis are some of the key sensor specifications.

Response and recovery times can be explained by considering the typical
sensor response (shown in Fig. 2.5). The time taken by sensor to reach 90 % of the
steady state value after exposure to the input stimulus is defined as response time.
Recovery time is the time that sensor has taken to reach 10 % of its original
equilibrium state after removing the input stimulus. Typically recover time is longer
than the response time. Consider the case of a chemical/biological sensor, when an
input stimulus is exposed, the sensors responds as soon as the initial reaction takes
place. In case of recovery time, the sensor might have to go through the addition

reverse reaction to reach its original equilibrium value [22].

[

A

Response Recovery
time time

Lo
/: : Time

Exposure to Removal to

Sensor Response

stimulus stimulus

Figure 2.5. Typical sensor response showing response time and recovery
times. [22]

Reproducibility of the sensor demonstrates the ability of the sensor to produce
the same state of output including similar response and recovery times when exposed
to the particular input. For example from Fig. 2.5, the sensor was repeatable for 3
times. Over a period of time and repetitive use of the sensor, its performance might

degrade due to accumulation of impurities on the sensing element. The amount of
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time it takes for the sensor permanence to vary from its original value to a degraded
value is commonly referred as aging [23].

Stability can be considered both as short term and long term stability. Short
term stability can be defined as the small deviation of the sensor response from a
steady state value. The deviation can appear as either a drift or a ripple or even some
unwanted value. In long term stability, aging of the sensor might be taken into
account i.e., variation in the study state level, response and recovery times of the
sensor for same input stimulus are considered. Any change in these quantities could
be considered as instability of the sensor for measurements taken over a period of
time.

Resolution can be defined as the smallest input stimulus that can be sensed.
Resolution is often limited by the noise in the system. The effect of noise on the
resolution can be reduced by using narrow bandwidth filters that provide an increase
in the signal to noise ratio. The resolution can also be limited by the resolution of the
measuring system itself [23].

Sensitivity(s) is defined as the ratio of small change in output response to the
small change in input stimulus. Mathematically (shown in eq.3) sensitivity can be
determined from the slope of the response curve (Fig. 2.6), which, for example, could

be the sensor response as a function of concentration of input stimulus [24].

S=— - @3)
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Figure 2.6. Typical sensor response.

Saturation is a point at which sensor stops responding to the input stimulus
and remains at a constant output. This happens when a further increase in the dose or
input stimulus doesn’t effect the output response of the sensor.

Dead band is the region where sensor stops responding to the input stimulus.
The output of the sensor may be a certain value or even zero in the dead band.

Figure 2.7 shows a dead band in the sensor response [25].
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Figure 2.7. Dead band in sensor response.
Non linearity is defined as the deviation of the sensor response from its ideal
transfer function over the specified dynamic range. The ideal transfer function can be
approximated by a straight line. Figure 2.8 shows the nonlinearity of the sensor

response. A straight line has been drawn between two points of output response
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corresponding to the smallest and highest input stimulus. The amount of deviation

from this straight line is nonlinearity of the sensor [26].

»
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Figure 2.8. Nonlinearity in sensor response.

Hysteresis is the deviation of the sensor when the input stimulus is exposed
from the opposite direction. Consider the sensor response in Fig. 2.8, the difference of

two points X2 and X is the hysteresis of the sensor.

2.4  Types of Sensors

Sensors can be classified in many different ways depending upon their sensing
schemes. One of the classification of sensors is based on how they transduce an input,
either as indirect or direct sensors. An indirect sensor uses intermediate transducers to
give the required output whereas the direct sensors respond without any intermediate
step. The major classification of the sensors is based on their detection modes. Here
the sensors can be classified as acoustic, chemical/biological, mechanical, optical and

thermal sensors.

2.4.1 Acoustic Sensors

Acoustic sensors modify the amplitude or the velocity of the input acoustic
signal with respect to input stimulus, which can be measured by measuring the

frequency or phase of the sensor. The concept of an acoustic sensor can be explained
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by considering an acoustic temperature sensor (shown in Figure 2.9). A dry air filled
sealed tube, piezoelectric transmitter and piezoelectric receiver are the main
components of the acoustic temperature sensor. An acoustic wave is generated in the
dry air tube by an electric signal given to the transmitter. The receiving piezoelectric
crystal converts the modified acoustic signal back into an electrical signal. Analyzing
the change in the received signal when compared to the transmitted signal, the

temperature in the tube can be determined [13].

A ] Receiving piezoelectric crystal

L o Transmitting piezoelectric crystal

Figure 2.9. Schematic of an acoustic temperature sensor [13].

2.4.2 Mechanical Sensors

Mechanical sensors work on the principle of generating an electric signal in
response to the mechanical deflection or deformation of the sensing layer caused by
position, pressure, stress, acceleration or flow rate of the input stimulus. Capacitive or
piezoresisitve change is often used as sensing mechanisms in mechanical sensors. A
capacitive pressure sensor (shown in Fig. 2.10) can be treated as an example of a

mechanical sensor, where changes in capacitance occur due to an applied pressure.
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Figure 2.10. Schematic of a capacitive pressure sensor.
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Typically, for capacitive pressure sensors, two conductors are mounted on a
non-conducting elastomer sheet. The capacitance between the two conducting plates
is given by equation 4.

&r&A
C =
d

(4)
where C is the capacitance, &, is the dielectric constant of the elastomer, & is the
permittivity of the vacuum, A is the overlapping area of the conducting parallel plates
and d is the distance between the plates. When the force is applies the distance
between the plates reduces resulting in an increase in capacitance.

Piezoresistive material is used to form another class of mechanical sensors.
Barium titanate is the material most often used for piezoresistors. Piezoelectric
sensors change their voltage in response to mechanical deflection or an applied
pressure. The example of the peizoresistive based pressure sensors is shown in
Fig. 2.11 [27]. These sensors are usually fabricated using silicon based techniques.
They are completely passive and do not need any power supply; the output voltage of
a Barium titanate sample undergoing an applied force can be directly measured using

an oscilloscope or a voltmeter.
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Figure 2.11. Schematic of piezoresistive pressure sensor [27].

2.4.3 Optical Sensors

Optical sensors convert the input stimulus to the optical quantity and an
optoelectronic transducer changes the optical quantity to an electrical signal for data
post processing. Most of the optical sensors work with optical fibers. Core and
cladding are the main parts of the optical fiber. The basic structure of the optical fiber

is shown in Fig. 2.12 [28].

Figure 2.12. Basic structure of optical fiber [28].

The refractive index of the core is always greater than the refractive index of
the cladding. The light signal propagated into the optical fiber with angles above the
critical angle will continue to travel in optical fiber with almost zero propagation loss
over a long distance. A Fiber Bragg Grating (FBG) sensor can be considered as an

example of an optical fiber sensor [29]. Figure 2.13 demonstrates the FBG strain/
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temperature sensor, which reflects a variation in light wavelength in response to a
change in temperature and/or strain. FBG sensors are fabricated by inscribing nano
structured Bragg gratings with a period of ‘4’ into the core of the optical fibers. The
refractive index of the fiber is transformed according to the exposed light intensity.
The periodic variation in the refractive index (n) is called a fiber Bragg grating.
Depending upon the ‘4> the FBG reflects particular wavelengths of light while
transmitting all others. The reflected/ Bragg (4») wavelength is given by equation (5).
Ap = 2na (5)
The change in the temperature and/or strain alters both 4 and n of FBG
resulting a change in . The change of A, of an FBG due to temperature and/or strain
is given by equation (6).

A2,
T=(1_pe)*€+(aA+an)*AT (6)
b

where pe is the strain-optic coefficient, ¢ is the applied strain on the grating, a is the
thermal expansion coefficient, an is the thermo-optic coefficient. The first part of the

equation6 is due to the applied strain and second part is a function of temperature.

Wide spectrum
Light source

Core
U ¢

Diffraction
grating

<
A

Light reflected

from grating Cladding

Figure 2.13. Fiber Bragg Grating sensor [29].
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2.4.4 Thermal Sensors

In thermal sensors, the input stimulus is proportional to the measured
temperature or heat of the sensor. The concept of thermal sensor can be explained
using a bimetal strip based thermostat (shown in Fig. 2.14) which is used to control
the room temperature [30]. Bimetal strip consists of two metals wielded or riveted
together which curves when exposed to a change in temperature as the two metals
have two different thermal expansion coefficients. The inner metal (orange color) is
chosen in such a way that its thermal expansion coefficient is greater than the outer
metal (blue color). When the sensor is exposed to heat, the inner metal expands more
compared to the outer metal, resulted in an outward curve opening the connection
between the bimetallic strip and contacts. This type of sensor is often found in

thermostats used to control and maintain the given temperature of a room.

ﬁ Bimetal strip

i
& Contacts

M

Heater

»To load

Figure 2.14. Bimetallic based thermostat [30].

2.4.5 Chemical/Biological Sensors

A chemical/biological sensor generates the output signal with response to
input chemical or biological stimulus. Chemical sensors and biological sensors can be
distinguished by their sensing layers. For the biosensor, the sensing layer is usually an
antibody or an enzyme. Alternately, chemical receptors from the sensing layer for
chemical sensors. A basic schematic of a transistor based chemical/biological sensor

is shown in Fig. 2.15 [31]. The channel of the transistor is directly exposed to the
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chemical/biological stimulus. The absorption of the stimulus changes the conductance
of the semiconducting layer by doping it. The transistor in turn changes its output

characteristics as a response to the input stimuli.

Sensing
layer

Gate | 1
electrode | | —_—l

Figure 2.15. Schematic of a chemical/biological sensor [31].

2.5 Electrochemical Sensors

An electrochemical sensor is a device that transforms the information
regarding input chemical stimulus, such as chemical identification and quantification,
to a measurable signal. The first known electrochemical sensor reported was a glass
electrode in 1906 by Cremer [32]. Electrochemical sensor using the enzymes was first
proposed by Clark and Lyons in 1962 [33]. In the modern world, electrochemical
glucose sensors play an essential analytical role in the diabetic monitoring for the
patients. Commercial applications of electrochemical sensor have increased
drastically from the mid-1980s with introduction of strips for self-monitoring blood
glucose [34]. In addition to glucose monitoring, studies on electrochemical sensors
are also reported for heavy metal detection, drug detection and other defense
applications [35-40].

Electrochemical sensors usually consist of a special electrode surface at which
the charge transportation or chemical reaction can take place. Often, these electrodes

are modified or treated to increase the sensitivity. A traditional electrochemical cell is
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shown in Fig. 2.16 [41]. The cell consists of collection of electrodes, analyte or
electrolyte and measuring system. Usually there are three electrodes in the
electrochemical cell namely, sensing or working electrode (WE), auxiliary or counter
electrode (CE) and reference electrode (RE). The chemical reaction or charge
transfers takes place at the sensing electrodes. The CE is used to improve the
operation of the electrochemical sensing system by modifying the error potentials
introduced by polarizing the WE. The RE helps to monitor the potentials generated by
the other electrodes and electrolyte. The electrochemical cell can be operated in
various configurations, depending on the electrical measurement characteristics

(impedance, potential, capacitance, current, etc.).

Potentiostat Display

(readout)

Measuring system

Electrolyte

Figure 2.16. Three electrode electrochemical sensors system [41]

2.5.1 Electrochemical Sensor Configurations

Based upon the transduction principle of electrochemical sensors, the cell is
configured as Impedance based, amperometric and voltammetric sensors. A brief

discussion for each of the configurations is given below.
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2.5.1.1 Impedance Based Electrochemical Sensors

Impedance based electrochemical sensors are configured with the principle of
measuring change in impedance of the sensitivity layer with respect to the chemical
reaction taking place. The measured change in impedance is proportional to the
recorded voltage which shows the principle of Ohm’s law. Electrochemical
impedance spectroscopy (EIS) is one of powerful technique used for measuring the
response of the impedance based electrochemical sensor. EIS is known to characterize
the detailed properties of material at the surface of the conducting electrodes. EIS
works on the principle of measuring impedance by applying a small amplitude
sinusoidal signal. The resultant measured impedance of the system has a real and an
imaginary parts whose resultant graph is termed as Nyqusit plot or Cole-Cole plot. An

example of the Nyqusit plot is shown in Figure 2.17 (a) [42-45]
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Figure 2.17. Output of EIS (a) Nyquist plot (b) Impedance Bode plot and
(c) phase Bode plot
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Impedance in any Nyquist plot is represented by a vector of length | Z | . The
angle between the impedance vector and x-axis is equal to the phase of the system.
The diameter of the semicircle in Nyquist plot gives out the real impedance of the
system. The main drawback of the Nyquist plot is that it does not depict the frequency
of the system. Another conventional way of representing the data from EIS is Bode
plots in which the impedance and phase of the system is plotted with respect to
operating frequency. An example of a Bode plot for magnitude and phase are shown
in Fig. 2.17 (a) and Fig. 2.17 (b), respectively.

2.5.1.2 Amperometric Sensors

In an amperometric sensor, the resultant current from the oxidation and
reduction reaction at the interface of working electrode and electrolyte is measured
and analyzed. In these sensors, the voltage applied is always constant. Equation (7)

shows theoritically calculated current in amperometric sensing. [46].

i,(t) = nFAC /D/nt + nFACD (7)

r

where n is number of electrons transferred in the electrochemical reaction, A is
area of electrodes, F is Faraday constant, D is diffusion coefficient, C is concentration
of target electrolyte, r is radius of electrode, and t is time. Equation 7 consists of two
parts in which first part represents the transient current and second part represents the
steady state current. An amperometric based glucose sensor is the simplest example of
amperometric sensor, which consists of a KCI electrolyte with glucose oxide as a
biocatalyst, a platinum cathode and a silver/silver chloride reference electrode. The
typical schematic of an amperometric sensor is shown in Fig. 2.18. A constant voltage

is applied between the cathode and RE which is responsible for the current in the cell.
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The measured current is proportional to the concentration of the catalyst in the

electrolyte.
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Figure 2.18. Typical schematic of amperometric sensors [46]

2.5.1.3 Voltammetric Sensors

Voltammetric sensors work on the principle of measuring open circuit voltage
between the WE and CE. The change in the voltage is due to the oxidation and
reduction cycles. The voltage on the WE is altered to see the oxidation and reduction
cycle whereas the potential of the reference electrode is kept constant throughout the
experiment. The materials used for RE are silver/ silver chloride (Ag/AgCl), saturated
calomel electrode (SCE) or standard hydrogen electrode (SHE). The materials used
for the WE mainly depend upon the target molecule, which can be one of the
following: carbon, graphite, gold, platinum or a metal coated with a mercury film. A

suitable material for CE electrode is platinum or silver.
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Voltammetry is typically studied using a cyclic voltammetry (CV) technique,
which is an important electrochemical method widely implemented to study the
oxidation and reduction processes of the electrochemical species [47]. A DC
increasing ramp followed by DC decreasing ramp is applied as input to the cyclic
voltammetry. The starting potential of the ramp is the point where there is no reaction
taking place (E1). The voltage is then increased to E> which is after the reduction or
oxidation potential of the target molecule. From this point the potential is swept back
to E1 as shown in Fig. 2.19. Depending on composition of the analyte the scan
direction is negative or positive. The negative scan direction is termed as the forward

scan where as the positive scan is defined as the reverse scan.
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Figure 2.19. Input of the cyclic voltammetry

The slope of the ramp signal is called the scan rate of the cyclic voltammetry
which is a crucial parameter in the experiment as it is proportional to the intensity of
the current peaks. [48] Usually the scan rate is kept constant throughout the
experiment. For analysis, the measure current is plotted against the applied voltage.
Figure 2.20 shows the typical output of the CV technique for the redox couple of
A*/B. First, when the voltage is at E; potential, the sample is in the form of A",

Voltage from E; was scanned in the negative direction towards to E>. This scan
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usually injects the electrons into A" which reduce to B. This process will continue
until the A* molecule is completely reduced to B. The current in the cell will be
minimum resulting in a reduction peak. When the potential reaches E;, the reverse
sweep will start, which leads to positive current. The current keeps increasing until B
completely oxidizes to A* and hence the oxidation peak is formed. Parameters that
need to be considered in CV are reduction and oxidation peak potentials which helps
in determining the unknown substance in a given analyte. In an idea redox reaction,
the oxidation peak is nearly equal to the reduction peak showing the complete
reversibility of the process [49].
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Figure 2.20. Output of cyclic voltammetry

The other types of voltammetric techniques apply pulsed voltage instead of
ramp which are termed as pulse voltammetric techniques. Depending upon on the
applied pulse, voltammetry can be performed in three different configurations as
differential pulse voltammetry (DPV), normal pulse voltammetry (NPV), and square
wave voltammetry (SWV). The applied inputs and expected outputs of all the pulse
voltammetric configurations are shown in Fig. 2.21. A series of increasing amplitude
potential pulses are used as an input (shown in Fig. 2.21 (a)) to NPV [50]. The current

in the cell is measured at the end of each pulse. DPV also uses the series of increasing
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amplitude potential pulses. However, the base line is not the same for all the pulses in
DPV. Moreover, DPV measures current at start and end points of each pulse. The
difference of both the currents is plotted with respect to voltage [51]. SWV uses a
symmetrical square-wave pulses superimposed on a staircase waveform (shown in
Fig. 2.21 (d)) as input. The difference of the forward and reverse currents are
measured and plotted against redox potential. The height of the current peak is
directly proportional to the concentration of the electrolyte. SWV rejects background
current and has been proven to have excellent selectivity compared to other

voltammetric techniques [52].

2.6  Humidity Sensors

The term humidity refers to the percentage of water content present in an
object or any material and is detected by using hygrometer, invented by Sir John
Leslie [13]. Over the past decade, tremendous attention has been laid on the
development of humidity based sensors, owing to their numerous applications in the
semiconductor industry, environmental monitoring, automobile industry, and medical
field [53-55]. In the semiconductor industry, it is critical to maintain a desirable range
of humidity while fabricating highly sophisticated integrated circuits [56].
Environmental application include monitoring greenhouse effect, cereal storage,
measuring soil moisture content in the agriculture, etc.. Humidity sensors are also
used in the automobile industry for motor assembly lines, air conditioning and rear
defoggers [57]. Incubators, sterilizers, respiratory equipment and pharmaceutical
processing all use humidity sensors as an indirect measure of an expected
outcome [58]. Based on the mode of detection, humidity sensors are classified as

optical humidity sensors, oscillating humidity sensors, thermal conductivity humidity
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sensors, resistive or capacitive humidity sensors. The mechanisms employed by these

humidity sensors are briefly below.
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Figure 2.21.Input and expected output of pulse voltammetric configurations
(a) normal pulse voltammetry, (b) differential pulse voltammetry and
(c) square wave voltammetry

2.6.1 Optical Humidity Sensors

The optical method of measuring humidity is known to minimum
hysteresis [13]. However, the cost involved to measure humidity with this method is
considerably higher as compared to other methods. A chilled-mirror hygrometer

(shown in Fig. 2.22) is an example of an optical humidity sensor [59]. Light emitting
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diodes (LED), photodetectors, a digital thermometer, sampled glass mirror, heat pump
and optical balance are the main parts of chilled-mirror hygrometer. The bottom LED
and photo detectors, placed at an angle of 45° with respect to the sampled mirror, are
used to measure the reflectivity. The top LED and photo detector are used as a
reference to compensate for drifts and maintain symmetry. The optical balance helps
in maintaining the symmetry of the upper LED light path. Heat at the surface of the
thin glass is controlled by a heat pump. In a dry environment, the mirror has the
highest reflectivity. With an increase in humidity water droplets starts condensing on
the mirror which gradually reduces the reflectivity. As a result, the current in the
bottom photodetector is effected. Humidity measurement then can be obtained based

on the photodetector current and thermometer readings.
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Figure 2.22. Chilled-mirror hygrometer [59]
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2.6.2 Oscillating Humidity Sensors

Oscillating humidity sensors typically work with piezoelectric crystals. Hence,
they can also be called as piezoelectric humidity sensor. The working of an oscillating
humidity sensor is explained by considering the example of an oscillating hygrometer
(shown in Fig. 2.23) [60]. An oscillating hygrometer measure the dew point based on
the mass of a chilled quartz crystal, whereas optical hygrometers consider the
reflectivity of a chilled plate. The temperature of the crystal is controlled by a Peltier
cooler. The change in mass of the quartz crystal is proportional to the relative
humidity and results in a change in the resonant frequency of the crystal from fo to fi;

where fo is initial resonant frequency and f1 is new resonant frequency of the crystal.
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Figure 2.23. Oscillating hygrometer [60]

2.6.3 Thermal Humidity Sensors

Thermal humidity sensors employ thermistors as sensing elements. A
schematic of the typical thermal sensor is shown in Fig. 2.24 [61]. Wheat stone bridge

circuit is constructed with two normal resistors and two thermistors. The bridge is
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powered with a known voltage source. The value of the resistors, R1 and Rz, are
chosen in such a way that the bridge is balanced in dry air. The thermistors are placed
inside a closed chamber as shown in Fig. 2.24. The left thermistor is exposed to the
environment whereas the right thermistor is sealed in dry air. When the thermistor 1
changes in resistance due to the inflow of air in left chamber, the bridge gets

unbalanced and results in an output voltage that is a function of humidity.
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Figure 2.24. Thermal humidity sensors [61]
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2.6.4 Resistive and Capacitive Humidity Sensors

Resistive and capacitive humidity sensors rely on changes in conductivity or
dielectric constant of the sensing material with respect to relative humidity.
Polyelectrolytes and ceramics are the usual materials used for resistive type humidity
sensors. The materials suitable for capacitive type humidity sensors are porous silicon
and hydrophobic polymers that are stable at high humidity conditions. Advancements
in the microfabrication industry has lead to the miniaturization of humidity sensors.
Capacitive and resistive sensors can be implemented as a coplanar structure, hence
they requires a single side process for fabrication. Research has shown that capacitive
and resistive sensors offers low power consumption and are compatible with most

37



interface circuits [62]. The typical schematic of resistive and capacitive humidity

sensors using a coplanar structure is shown in Fig. 2.25

—» Sensing material
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Figure 2.25. Resistive and capacitive humidity sensors [62]

2.7  Sensors with Electrical Output

Almost all the sensors in the modern world have been designed to have
electrical signals as their output. Sensors with an electrical output can be classified
into active and passive sensors. A passive sensor does not need any excitation signal
and directly generates an electrical signal; whereas, active sensors are excited with an
additional energy source to generate an electrical output in response to the input
stimulus. Examples of the active sensors are ultrasonic sensors [63-67] and radar [68-
73]. Photodiode [74-78] and thermocouple [79-82] sensors are typical examples of
passive sensors. Most of the passive sensors are direct sensors that don’t require an
additional transducer for generating the required output. For instance, consider a
thermistor whose output voltage is a function of temperature. The energy used to
generate this voltage is from temperature [83].

Sensors with an electrical output have a significant advantage over other types
of sensors in that they can be embedded them into smart sensing systems, which have
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numerous applications in the present day [84-95]. Moreover, the output responses of

the sensors can also be easily processed and data can be stored in memory.

2.7.1 Fabrication of Sensors with Electrical Output

The first known electrical sensor was a copper resistor based temperature
sensor developed by Wilhelm von Siemens in 1860 [96]. The sensor industry has been
constantly growing following advancements in electrical engineering and material
science. However, the most drastic change in the sensor industry has occurred with
the advent of semiconductor technology in the 1960s [97-106]. Lithography based
techniques such as photolithography [107-111], x-ray lithography [112-117], electron
beam lithography [118-123] and ion beam lithography [124-1280] have been used for
the patterning fabrication of sensors. All these techniques are subtractive process and
have complex fabrication steps [129]. Advancements in research of alternate methods
of electronics fabrication have demonstrated that traditional printing methods may be

used for manufacturing sensors [130-134].

2.8 Printed Electronics

Over the past decade, printed electronics (PE) has revolutionized the
manufacturing sector as it is an additive process [135]. PE offers various advantages,
such as reduction of material wastage, processing at ambient conditions and capable
of printing on large areas [136-138]. The advantages overcome the disadvantages of
conventional silicon (Si) based technology, such as high-vacuum and high-
temperature deposition processes along with sophisticated photolithographic
patterning techniques [139]. In addition, the efficient use of resources during
fabrication and mechanical flexibility of printed electronic devices make them

potential candidates for cost efficient, flexible and lightweight products. Some
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applications of PE include, but are not limited to, flexible radio frequency
identification (RFID) tags [140-144], organic light emitting diodes (OLEDs) [145-
148], flexible displays [149-153] and sensors [154-157].

2.8.1 Types of Printing

PE uses high throughput printing techniques, such as roll-to-roll gravure,
flexography, screen and inkjet printing, along with solution processed electronic
materials (conductive, semiconductive and dielectric inks) for layer on layer
fabrication of electronic sensors, devices and circuits. A comparison Of the printing
techniques is shown in Table 2.1 [150].

Table 2.1. Comparison of traditional printing techniques [158-159].

Gravure Inkjet Flexography Screen

Resolution 15 pm 15 pm 20 um 30 um
SN SPECCH X7 0.02-5 5-180 0.6-100
(m/min)
thicIEr:(egsfr(npm) 0.02- 12 0.01-0.5 pm 0.17-8 3-30 um
Image carrier S;ﬁxgg Virtual carrier Flexo plate Stencil

2.8.1.1 Gravure Printing

Gravure printing offers significant advantages through its high quality
printing, high print speeds, variable ink film thickness, use of low viscosity inks and
simplicity of its process in transferring the ink onto the substrate. Gravure printing has
the ability to transfer larger amounts of inks to larger areas at high speeds with
nominal distortion. Gravure printing can be operated at high printing speeds in
comparison to other conventional printing processes. The gravure cylinder (image
carrier), doctor blade, impression roller and ink fountain are the main components of
the typical gravure printing process as shown in Fig. 2.26. The impression roller is
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made of rubber. Steel is the material used for the doctor blade. Chromium and copper
coated steel is used for making the gravure cylinder. The image carrier is etched
electromechanically, chemically or by laser to form an image area, which is usually
made up of small gravure cells. When the gravure cylinder rotates in the ink fountain
the small cells get filled with ink. The doctor blade wipes off the excess ink that
remains on the surface of the cylinder. The angle of the doctor blade also plays a key
role in printing. Transferring the ink from the cells onto the substrate is assisted by the
impression cylinder [160].
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Ink Pan —__ transfered ink filled with ink

Figure 2.26. Typical gravure printing process.

2.8.1.2 Flexographic Printing

Flexographic printing is known for depositing a wide range of thicknesses
with the same resolution. This is because in the flexographic printing technique is an
indirect printing process and can use the same nominal resolution plate with anilox
rolls of different cell volumes. Impression cylinder, plate, anilox roller, doctor blade
and inking unit are the main parts of the flexographic printing (shown in Fig.2.27).
The material used for the doctor blade and anilox is usually stainless steel. The plate
is made of either a photopolymer or rubber. The image areas of the plate cylinder are

raised with respect to the surface of the plate. The anilox roller transfers the ink from
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the inking unit, to the image areas of the plate cylinder. Transferring the ink from the

image areas onto the substrate is assisted by the impression cylinder [160].
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Figure 2.27. Typical flexographic printing process.

2.8.1.3 Screen Printing

Screen printing is known for depositing thicker films when compared to all
other printing methods. It is a push through process. A squeegee and screen printing
plate are the main components of the screen printing process. The typical screen
printing process is shown in Fig. 2.28 (a). A screen printing plate (Fig. 2.28 (b))
consists of screen fabric, stencil and frame. The materials used for the screen fabric
and stencil vary depending upon the use of solvents and cleaning agents. The frame is
made of either aluminum or steel. Rubber is the usual material used for the squeegee.

Ink is applied on top of the screen. The squeegee is used to sweep the ink on top of
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the screen with high pressure. The ink passes through the screen and transferred onto

the substrate [160].
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Figure 2.28. (a) Screen printing process and (b) screen printing plate.

2.8.1.4 Inkjet Printing

The main advantage of an inkjet printing process is the lack of a need for a
physical mask or image carrier, using a direct deposition technique where a virtual
digital image carrier exists on a computer. Inkjet printing is also known for depositing
thin films. Inkjet is classified into continuous inkjet and drop on demand inkjet based
on the ink transfer method. Drop on demand inkjet is further classified as thermal
inkjet and piezo inkjet printing processes. A continuous stream of ink is generated in a
continuous inkjet printing (Figure 2.29 (a)). The ink is deflected towards the substrate

by use of voltage source. The non-deflected ink is fed back into the cartridge. Drop on
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demand inkjet generates ink droplets with respect to image signals.
Thermal (Figure 2.29 (b)) and piezo electric technique (Figure 2.29 (c)) are two

methods used to generate ink droplets [160].
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Figure 2.29. (a) Continuous, (b) thermal and (c) peizo electric drop on demand
inkjet.

2.8.2 Challenges in Printed Electronics

Even though PE has addictive advantages, there are some challenges that
needs to be addressed. To name a few, complexity of ink formulation, choice of print
process and compatibility of the printed layers. Consistency, performance and yield
are also challenges to be overcome for future PE applications. Another challenge that
needs to be addressed in time is to achieve nano feature sizes approaching that of
traditional Si based fabrication while retaining device functionality.

There are also challenges in the material selection including, but not limited to

ink stability, printability, material lifetime, cost, wetting properties and solvent
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compatibility with the substrate [161]. The relation between the surface energy of the
substrate and surface tension of the ink is also crucial. As a rule of thumb, the surface
energy of the substrate should be at least 10 units greater than the surface tension of
the ink. Moreover, contact angle of the ink on the substrate should be less than 90° for
proper wetting. The coffee ring effect, due to uneven evaporation of the solvent, is
also an important factor to be considered. This can be overcome by mixing solvents of
different boiling points and surface tensions [162]. Some of the other critical issues
that need to be considered in PE are (a) registration for multi-layered devices, (b)
physical compatibility such as step coverage and work function and (c) curing of inks

within thermal tolerances.

2.8.3 Printed Sensors

In 2013, the market for printed sensors was at $6.28 billion. It is expected to
reach $7.51 billion by the year 2020 [163]. The prominent examples of the printed
sensors are humidity sensors, biosensors, temperature sensors and photo detectors.
Figure 2.30 shows the relative market size of printed and flexible sensors in the year
of 2024 [164]. Biosensors will have the biggest market share followed by hybrid
sensors. According to IDTechEX, the two sensors viz., printed humidity sensors and
biosensors used in this dissertation are predicted to have the highest compound annual
growth rate (CAGR) of 75 % and 45 % in the next 10 years, respectively, as shown in
the Fig. 2.31 [165].

PE is an additive process for fabrication of sensors. Sensors with coplanar
structure will have an additional advantage, as they need only a single side fabrication
process. Prominent examples of the coplanar sensors are electrochemical

sensors [166-169] and thin film transistor based sensors [170-173].
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Figure 2.30. Relative market share of printed sensor in 2024 [164].
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Figure 2.31. Printed sensors CAGR 2015-2025 [165]

2.9 Introduction to Organic Electronics

The era of organic electronics was started with the discovery of conductive
properties in polyacetylene polymer by Heeger, MacDiarmid, and Shirakawa in 1977
which later won them a Nobel Prize in chemistry for the year 2000 [174]. Organic
electronics have gained a huge interest as they are low cost materials and allow
fabrication at low processing temperatures resulting in cost efficient electronics.
Moreover organic polymers can be deposited using various conventional methods,
such as thermal evaporation, vapor deposition, and spin coating, and traditional print

methods like screen, gravure, inkjet and flexographic printing process [175-176].
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Organic electronics are known to be fabricated on both rigid and flexible substrates
such as paper, fabric, plastic and polymer substrates enabling the various applications

in defense, communication and consumer industries [177-179].

2.9.1 Organic Semiconductors

In traditional semiconductor industry, silicon is an intrinsic semiconductor as
it has same number of holes and electrons. Silicon can become a p-type or n-type
extrinsic semiconductor when it is doped with group 11 or group V materials from the
periodic table, respectively. However organic semiconductors favor only one type of
charge carrier either a hole (p-type) or an electron (n-type) transporting depending
upon their molecular chemistry. Pentacene (Fig. 2.32 (a)) and Perfluoropentacene
(Fig. 2.32 (b)) are prominent examples of p-type and n-type organic semiconductors,
respectively [180]. In pentacene, the hydrogen atoms around the core molecule are
less electronegative compared to the carbon. These hydrogen atoms give free
electrons to the carbon resulting in an electron rich environment at the carbon core.
Due to this high density of electrons, the molecule helps in positive charge carrier
transport [181]. Perfluoropentacene is a derivative of pentacene in which hydrogen
atoms are replaced by electronegative fluorine atoms. In this case, due to the higher
negative electron density of fluorine atoms carbon will become electron deficient
resulting an n-type semiconductor [182].

The properties of an intrinsic semiconductor are defined by the highest
occupied molecular orbital (HOMO) (valance band p-type semiconductor) and lowest
unoccupied molecular orbital (LUMOQO) energy (conduction band) level rather than
doping concentration [183-184]. HOMO and LUMO levels were considered for

designing the organic electronics. Ideally, these levels should be matched with the
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work functions of the contact metals i.e., the difference between work function of the

contact metal and semiconductor should be very small, to have a minimum barrier for

(b)
Figure 2.32. Example of two organic semiconductors, (a) Pentacene (b) Perfluoropentacene

charge injection [181]. For p-type semiconductors HUMO energy levels should be
matched while for n-type LUMO energy levels should be matched. Figure 2.33 shows
the HOMO and LUMO levels of the pentacene semiconductor. Pentacene has a
HUMO energy level of 5.30 eV which is typically high for most of the metals. Gold
with work function of 5.1 eV is one of the best choices for charge injection. The
Fermi level of the gold is close to the HOMO level of the pentacene resulting in lower
barrier height [185]. As per studies, metals with lower work function react and form a

thin insulating oxide layer on the surface of the electrode [186].
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Figure 2.33. Energy level diagram of pentacene with HUMO and LUMO levels.

2.9.2 Organic Thin Film Transistors

In OTFTs, the current in conductive channel between source and drain electrodes is
controlled by the voltage applied on the gate electrode. OTFT’s are usually fabricated
in four different configurations, such as bottom-gate bottom-contact (Fig. 2.34 (a)),
bottom-gate top-contact (Fig. 2.34 (b)), top-gate top-contact (Fig. 2.34 (c)) and as top-
gate bottom-contact (Fig. 2.34 (d)). For top gate structures, the first semiconductor is
deposited onto the substrate, whereas for bottom gate structures, the gate conductive
electrodes are deposited onto the substrate. The major difference between the top-
contact and bottom-contact is the sequence of depositing drain-source electrodes and
semiconductor. According to the previous research, the bottom contact devices have
lower ‘off” currents and better overall working characteristics when compared to the

top contact devices [187].
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Figure 2.34. (a) bottom-gate, bottom-contact OTFT configuration, (b) bottom-gate, top-
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Unlike traditional TFTs, the majority of OTFTs works in accumulation mode
i.e., there is no current between the source and drain electrodes at zero gate voltage.
Current in the semiconductor layer increases with the gate voltage as the gate
electrode charges are accumulated in the semiconducting layer forming a channel for
the flow of current. This can be explained by considering an energy level diagram of
pentacene based p-type OTFT (shown in Fig. 2.35) [188]. When there is no applied
drain to source voltage (Vps) and gate bias (Ves-VT (Threshold voltage of OTFT)),
there is no conduction in the semiconductor channel as shown in Fig. 2.35 (a). If only
Vps is applied, then there will be minimal conduction which can be defined as an
intrinsic conductivity of the semiconductor. In the case of p type semiconductors,
application of gate bias increases the hole accumulation in the semiconducting layer
near the interface (shown in Fig 2.35 (b)). This is because the barrier between the
HOMO of semiconductor and metal Fermi level is decreased. As the Vps increases to
a more negative value, the charge carriers in the semiconducting channel allows
current to flow through the channel, which is directly proportional to the applied Ves.
The channel modulation in the OTFT with respect to applied Vgs and Vps is shown in
Fig 2.36. At lower Vps the current follows the Ohm’s law i.e., current in the channel
is proportional to the applied Vgs and Vps. This is called the linear or active region of
the OTFT (Fig 2.35 (a)) in which drain to source voltage is less than the gate bias
(Vbs<<Vgs -VT). As the Vps approaches gate bias then a pinch-off of the channel
carrier density occurs (Fig 2.35 (b)) (Vbs=Vas - V7). Further increment of Vs results
in channel current independent of the Vps (Fig 2.35 (c)). At this point, OTFT enters

the saturation region (Vbs>>Vgs - V) [189].
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Figure 2.36. OTFT operation (a) linear region, (b) pinch-off point and (c) saturation region

Figure 2.37 shows the typical output and transfer characteristics of the p-type
OTFT and its operating regions. The currents and voltage values shown in the

Fig. 2.37 (a) are negative as the p-type OTFT works in negative voltages. For the
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OTFT to operate in the liner region, the conditions show in equation (8) has to be
satisfied [190].
Vps = Vgs — Vr 8
In the linear region, the current varies linearly with the applied voltage and
mathematically expressed as

w VDS
Ip = Cox T,ulin(VGS — Vi — T)VDS €©)

Where Ipis the drain current, Cox is the gate oxide capacitance per unit overlap area,
Min IS the mobility in the linear region and w/l is the ratio of the channel width and
length. When the Vps is greater than the gate bias, the OTFT operates in saturation
region (equation (10))

Vps > Vs — Vr (10)

The drain current in the saturation region is given by equation (11)

w 2
Ip = COXT.usat(VGS - V) (11)
where psat is the mobility in the saturation region. Cox for both the regions is given by

ke,
Coy = — (12)

ox

In equation (12), k is the dielectric contact of the insulator, & is the
permittivity constant and tox is the thickness of the dielectric layer. From eq. 11, Vican
be given as

Ip
W

Vt ) VGS B Cox.usat (T)

(13)

From eq. 13, V¢ is same as Vgs when Ip is equal to zero. The threshold voltage
can also be extracted from the transfer characteristics which are plotted with square

root of the drain current to the gate to source voltage as shown in Fig. 2.37 (b).
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Figure 2.37. Typical (a) output and (b) transfer characteristics of the OTFT.

Threshold voltage and mobility are the two major parameters that are usually
reported in TFT characterization. In addition, on/off current ratio is also reported to

determine the performance of the OTFT.

2.9.3 OTFT Based Sensors

OTFT based sensors have been gaining a lot of interest for various application
such as artificial skin, drug delivery, food safety, environmental monitoring, medical

diagnostics and light sensing applications [191-196]. The use of printing techniques
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such as inkjet printing, screening printing and gravure printing in the fabrication of
OTFT on low cost plastics has an added advantage of cost effectiveness compared to
the traditional Si based fabricated OTFTs. Usually, the semiconductor is the sensitive
material that changes its characteristics with the input measurand. OTFT sensors
exhibit higher sensitivity compared to the two terminal sensors such as impedance and
capacitive based sensors as it is a combination of a sensor and an amplifier. The small
change in the sensor is amplified by the effective gate voltage resulting in a higher
sensitivity [197].

2.10 Summary

In this chapter, a brief history of sensors has been given followed by various
types of sensors and sensor characteristics having been discussed. An introduction to
PE including the advantages of PE over conventional Si based fabrication is included.
The chapter also discussed the various printing techniques used for fabrication of
electronic devices and a few challenges for printed electronics were also presented. A
brief introduction to organic semiconductors and TFT’s was also included. The
following chapter will discuss the development of printed OTFT sensors for detection
of relative humidity. The author presents the design, fabrication and characterization
of an OTFT sensor, as well as the measurement set-up, testing, results, discussion and

conclusion.
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CHAPTER I

FABRICATION OF FLEXIBLE ORGANIC THIN
FILM TRANSISTORS (OTFTS) BASED HUMIDITY
SENSORS

3.1. Introduction

In recent years, humidity sensors have played a vital role with numerous
applications in our day to day life, such as human comfort, food packaging, health
monitoring, electric device storage and agricultural based industries [1-3]. Several
studies on the different types of humidity sensors such as capacitive/resistive [4],
optical [5], thermal [6] and surface acoustic wave sensors [7] have been reported. An
important advantage of capacitive/resistive humidity sensors is the capability of
integrating them into external circuits, without additional conditioning circuitry.
Recently, the use of OTFTs for humidity sensing has also been reported [8]. OTFT
based sensors have demonstrated higher sensitivity when compared to the two-
terminal capacitive or resistive devices because combine of a two-terminal device and
an amplifier, in which the drain current may be modulated with a gate bias [9]. This
enables a wide range of applications for the OTFT based sensors. To name a few,
biochemical detection [10-11], gas sensing [12-13], environmental monitoring [14-15]
and artificial skin [16-17]. Typically, the OTFT based humidity sensors have been
fabricated using Si based techniques [8]. This has led to the research of using PE
techniques as an alternative for the manufacturing of OTFT based flexible humidity
Sensors.

In this work, an OTFT based humidity sensor is fabricated using traditional
printing methods and conventional lithographic techniques on a flexible polyethylene
terephthalate (PET) substrate. For first generation OTFT, the bottom gate electrode
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and dielectric layers are deposited using gravure printing, which is a versatile process,
known for its high throughput, high quality printing, high print speeds, uniformity of
the printed layer and variable ink film thickness. For second generation OTFT, the
bottom gate electrode is deposited using a thermal evaporation technique and the
dielectric layer is spin coated. The source and drain interdigitated electrodes (IDE’s)
are deposited by means of screen printing, which is a push through process and
capable of printing relatively thick layers. Inkjet printing, a non-impact printing
process, is used to deposit the active semiconducting layer. The response of the

printed sensor towards varying humidity levels is analyzed and reported.
3.2. Materials and Chemicals

Melinex® ST 505, a 130 pm thick flexible PET, from DuPont Teijin Films is
used as a substrate. A silver nano particle ink (TEC-PR-020), with particle size
ranging from 20 nm to 50 nm, from InkTec Inc, was used for metalizing the bottom
gate electrodes of the first generation OTFT. A transparent UV clear coating from
Ecology Coatings Inc. was employed as a dielectric ink. Acheson Electrodag 479SS
silver flake ink from Henkel was used for metalizing the IDEs. Aluminum (Al) with
wire diameter of 0.58 mm, 1,2-dichlorobenzene solvent and 6,13-
bis(triisopropylsilylethynyl) pentacene (TIPS pentacene) (in powder form) was
purchased from Sigma Aldrich Chemical company. Spring loaded small outline
integrated chip (SOIC) test clips (14 pin), from Pomona® Electronics, are used to
connect the OTFT to a Keithley 4200 semiconductor characterization system (SCS),
which was used for measuring the output characteristics of the printed OTFT sensor.
An environmental test chamber 6010 from Caron was used to control the humidity

levels on the sensor.
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3.3. Pentacene and TIPS Pentacene

Pentacene, a commonly used p-type organic semiconductor, is a polycyclic
aromatic hydrocarbon, which consists of five linearly arranged benzene rings [18].
Pentacene suffers with low solubility issues in a wide range of organic solvents and is
usually thermally evaporated [19]. Moreover, pentacene OTFTs exhibit poor device
characteristics attributed to the increased injection barrier between the metal
electrodes and semiconductor. The presence of a large energy barrier indicates a high
contact resistance at the channel electrode interface [20]. This problem can be
overcome by increasing the conductivity through the addition of two
triisopropylsilylethynyl (TIPS) groups at C6 and C13 position of the pentacene
molecule, yielding a molecule called TIPS Pentacene [6,13-bis
(triisopropylsilylethynyl) pentacene] (shown in Fig.3.1 (b)) [21]. Recently
tremendous attention has been devoted to TIPS pentacene owing to its high mobility,
increase in solubility in a range of common organic solvents and a good
environmental stability at ambient conditions which makes it easy to process into

devices [22-26].
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Figure 3.1. Molecular structure for TIPS pentacene.

3.4. Fabrication and Characterization of First Generation OTFTs

3.4.1. Fully Printed First Generation OTFT Fabrication

A bottom gate bottom contact configuration, known for lower off currents and
better overall characteristics [27], was adopted in this work for the fabrication of an
OTFT based sensors. A schematic of the OTFT design is shown in Fig. 3.2. Bottom
gate electrode and dielectric layers of the OTFT were gravure printed using an
AccuPress® level 3 precision gravure printer. The electrodes were design in Adobe
[llustrator®. A chromium coated copper cylinder, which was employed for the
gravure printing of the bottom gate electrode and dielectric layers, was engraved by
RotaDyne, USA. The designs for the bottom gate electrode and dielectric layers were
Scheppers and electromechanically engraved, respectively. Cells engraved for both
the layers mimic a square cup with cell depth and width of 30 um and 85 pum,
respectively. The photograph of the engrave cylinder is shown in Fig. 3.3. Dimensions
of the bottom electrode were designed as 12 mm x 12 mm. Silver nano particle based
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ink was used as metallization of bottom gate electrode. A 22.2 mm wide and 0.15 mm
thick MDC® ultra-life doctor blade from Daetwyler was used to print the bottom

electrodes. A photograph of the printed electrodes is shown in Fig. 3.4

Figure 3.2. Schematic of the all printed organic thin film transistor.

Figure 3.3. Gravure cylinder showing the engraved bottom electrode and
dielectric layers.

Thickness and roughness of the printed layers were measured with a vertical
scanning interferometry (VSI) using a WYKO RST-Plus microscope. The average
thickness and RMS roughness for the bottom gate electrode was 396 + 28 nm and
112 + 13 nm, respectively. The sheet resistivity of the printed layer was measured to
be 0.46 £0.07 Q/a. UV clear coating, with dimensions of 14 mm x 14 mm, was
printed as a dielectric layer. The printed layer was cured with a Fusion UV lamp at 16
rotations per minute (rpm) and two passes. The average thickness and RMS roughness
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for the dielectric layer was 3.2 £0.2 um and 210 =3 nm, respectively. Figure 3.5
shows the 3D image of the printed gate electrode and dielectric layers from the optical

profiler.

Figure 3.4. Gravure printed silver electrodes on PET.

UV dielectric

um Am-a-..---.-.--

301.5
Silver nanoparticle ink

214"
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0000
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Figure 3.5. 3D output of the vertical scanning interferometry of printed silver
nanoparticle ink and UV dielectric on PET.

In order to cover the higher roughness of the dielectric layer, a thick film
deposition for the top electrodes was needed. A screen printing technique, which was
able to deposit a thicker film, was employed to print the source and drain top
electrodes. The source and drain layer, in an interdigitated geometry, was designed
with 9 pair of electrodes; where each electrode has dimensions of 5200 um length,

200 um width and 200 pum electrode spacing, resulting in a width to length ratio (w/l)
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of 26. The schematic of the IDEs is shown in Fig. 3.6 (a). A 12” x12” stainless steel
screen with 325 mesh count and 28 um wire diameter resulting in open area of 41 %
was fabricated at MicroScreen®, USA. A screen printer (AMI MSP 485) from
Affiliated Manufacturers Inc. was used to deposit the source and drain top electrodes,
with Ag flake ink. The printed layer was thermally cured in a conventional oven at
90 °C for 25 minutes. The average thickness, RMS roughness and sheet resistivity of
the printed film were 10.5 £ 1.2 um, 560 = 30 nm and 0.31 Q/o, respectively. The

morphology of the screen printed silver is shown in Fig. 3.6 (b).

< 6.5 mm

20.2047 um l

(a) (b)
Figure 3.6. (a) Schematic of source drain IDEs, (b) screen printed silver IDEs.

TIPS pentacene (>99% pure) in powder form was purchased from Sigma
Aldrich was used without further purification. A 1 % by wt solution was obtained by
dissolving 76.4 mg of TIPS pentacene in 7.6 g of 1,2-dichlorobenzene. A FUJIFILM
Dimatix DMP-2831 inkjet printer was used to deposit TIPS pentacene on to the
screen printed IDEs. A 10 pl cartridge was used for inkjet printing. Z number was

calculated according equation 14[28].
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v (dpy)

n

Z= (14)

where p is the density, vy is the surface tension, d is the diameter of inkjet
nozzle and n is the viscosity of the ink. The Z-number for 1% TIPS pentacene was
calculated to be 40 at 20 °C. It is desirable that the surface energy of the printed UV
layers be increased for better printability of the TIPS pentacene. Therefore. UV layer
was exposed to a UV ozone treatment for 20 minutes. Contact angle measurements of
deionized water and methyl iodide were performed before and after the surface
treatment.. Surface energies were calculated using Owens Wendt Method [28]. The
surface energy of the printed layer was increased from 38.9 mN/m to 48.8 mN/m. The
substrate temperature for the printing was chosen as 60 °C as the higher temperatures
are known to increase the uniformity in the film formation of TIPS pentacene [31].
The semiconducting layer to be printed was designed in Adobe Illustrator and
imported to Dimatix software as a .bmp file. The settings used for file conversion was
1270 dpi (drops per inch) to be used as 20 ds (drop spacing). The thickness of inkjet
printed layer was measured to be 432 £ 8 nm. The 3D optical profilometry picture of
the printed layer is shown in Fig. 3.7. The photograph of the fully printed OTFT is

shown in Fig. 3.8.
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Figure 3.8. Fully printed organic thin film transistor

3.4.2. Electrical Characterization of Fully Printed OTFT

Initially, the I-V characteristics of the printed OTFT were studied at ambient
conditions using a SCS over the range of -180 V to +180 V. The SCS was connected

to the OTFT using SOIC test clips. The test setup is shown in Fig. 3.9.
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Figure 3.9. Test setup for 1V characteristics of the OTFT

Figure 3.10 shows the I-V characteristics of the fully printed OTFT at ambient
conditions. For this test, the OTFT was measured over a range of 180 V to -180 V for
gate-to-source voltage (Ves) and drain-to-source voltages (Vps). It was observed that
the Ip was inversely proportional to Ves and directly proportional to Vps, which are
the typical I-V characteristics of a p-type OTFT. Figure 3.11 shows the drain current
modulation with respect to gate voltage. From the fitted line in square root plot of the

transistor characteristics, the threshold voltage is approximately 130 V.

I-V Characteristics of fully printed OTFT v
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Figure 3.10. I-V characteristics of the fully printed TIPS pentacene OTFT
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Figure 3.11. Threshold voltage from transfer characteristics

3.4.3. Issues Related First Generation OTFTs

The fabricated OTFT demonstrated the proof-of-concept of fully printed
OTFTs. Measured I-V characteristics showed the working p-type behavior of the
OTFT. The author fabricated a second generation OTFT with the aim of overcoming a
major problem that was observed based on studies performed in the first generation
OTFTs. A detailed analysis revealed the need for better fabrication of OTFT.

The operating voltages for the first generation OTFT was around 180 V. It was
noticed that these voltages was very impractical for real time applications. Further
investigation revealed that the higher operating voltages were due to the thickness of
the dielectric layer. The measured thickness of the dielectric layer was 3.2 £0.2 pm.
The thickness dependence of the threshold voltage (Vi) is given by [31].

Vi = Ertaietectric + Pms (15)
where E7 is the threshold field, constant for a given set of materials, tdietectric IS
the thickness of the dielectric layer and ¢, is the work function difference between

the dielectric layer and semiconducting layer. From eq. 2, the threshold voltage is
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directly proportional to the thickness of the dielectric layer. In the second generation
OTFT, the thickness of the dielectric layer was decreased by using spin coating
instead of gravure printing. Spin coating is known for depositing uniform thin films.
Depending upon the spin speed, the expected thickness was around a few hundred
nano meters. However, with this lower thickness, the surface roughness of the bottom
electrode will have a significant impact, potentially causing pinholes. To overcome
this concern, in the second generation OTFT, gravure printing of the bottom electrode

was replaced by thermal evaporation.

3.5. Fabrication and Characterization of Second Generation

OTFT

To overcome issues mentioned in the previous section, the bottom electrode
and dielectric layers in second generation OTFT were deposited using thermal

evaporation and spin coating, respectively.
3.5.1. Fabrication of Second Generations OTFTs

Aluminum of 99 % purity is available commercially in amorphous form and
has a sublimation temperature of approximately 1000 °C. A 0.12 cm x 5 cm Al layer
was evaporated. The shadow mask used in this work was made of PET which is cut in
the areas were Al needs to be deposited. Figure 3.12 shows the schematic of the
thermal evaporation setup. Al wire was wrapped onto a tungsten wire for electrode

connection. The sample was placed at 5 cm above the tungsten wire.
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Figure 3.12. Schematic of thermal evaporator.

Then vacuum in the chamber was pumped down to 1x10° mbar.
Evaporation of Al was done for 20 minutes. Average thickness and RMS roughness of
the evaporated sample was measured to be 320 = 1 nm and 183 nm, respectively. 3D
output of the vertical scanning interferometry of evaporated Al layer is shown in

Fig. 3.13
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Figure 3.13. 3D output of the vertical scanning interferometry of evaporated Al
layer

A thin UV clear dielectric was spin coated onto the Al coated PET at a spin

speed of 2000 rpm for 20 seconds. The samples were then cured with a Fusion UV
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lamp at 16 rpm and two passes. The average thickness and RMS roughness for the
dielectric layer was 263 = 15 nm and 109 + 11 nm, respectively. Figure 3.14 shows

the optical profiler output of the dielectric layer.
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Figure 3.14. 3D output of the vertical scanning interferometry of spin coated
dielectric layer.
Top source and drain electrodes and pentacene layers were printed using
screen printing and inkjet printing, respectively. The materials and process variables
used for these two layers were the same as the first generation OTFT. Figure 3.15

shows the picture of second generation OTFT.

Figure 3.15. Second generation organic thin film transistor
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3.5.2. Electrical Characterization of Second Generation OTFTSs

The testing setup (shown in Fig 3.9) previously used for electrical
characterization of the first generation OTFT was also used to characterize the second
generation OTFTs. Figure 3.16 shows the IV characteristics of the second generation
OTFT. It was observed that the drain current was inversely proportional to Vgs and

directly proportional to Vps, which are the typical I-V characteristics of a p-type

OTFT.
IV characteristics of second generation OTFT
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Figure 3.16. I-V characteristics of second generation TIPS pentacene OTFT

From Fig. 3.16, it can be noticed that the fabricated device does not saturate.
Higher drain to source voltages were needed for the device to saturate. However, the
thickness of the dielectric layer has limited the maximum voltage that can be applied.
The dielectric layer is 263 nm thick and begins to breaks down at voltage exceeding
40 volts. Another reason could be the work functions of silver electrodes and
semiconductor layer. The highest occupied molecular orbital (HOMO) level TIPS
pentacene was reported as 5.30 eV [32]. It is far higher compared to the work function
of silver, which is reported as 4.14 eV [32]. This difference leads to an increase in the
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contact resistance between the TIPS pentacene layer and silver source drain
electrodes. This could have a higher impact on the saturation currents. Figure 3.17
shows the square root for drain current with respect to gate voltage at drain to source
voltage of -40 V. According to the fitted line cure, the threshold voltage is

approximately 4 V and mobility is determined to be 0.03 cm?V-1s?,
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Figure 3.17. Transfer characteristics of second generation TIPS pentacene OTFT

3.6. Response of OTFT Based Sensor Towards Relative Humidity

The response of the second generation OTFTs has been tested while varying
the relative humidity. The experiment setup is shown in Fig. 3.18. The individual
sensors were placed in a Caron 6010 environmental chamber in order to investigate
their response to humidity. The sensors were connected to a 4200 SCS using SOIC
test clips. The I-V characteristics of the OTFT based humidity sensors, at different
humidity levels, were studied. AIll measurements were conducted at room
temperature. Calibration for the wires and probes was performed prior to

measurements.
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Figure 3.18. Experiment setup

Figure 3.19 and Fig. 3.20 shows the response of the second generation OTFT
sensor to relative humidity at 0 V and -40 V Vs, respectively. Initially, the chamber
was kept at 25% RH and allowed to stabilize.. Then the relative humidity in the
chamber was increased from 25 %RH to 85 %RH with the steps of 5 %RH. The Ip at

different humidity levels, ranging from 25 %RH to 85 %RH was measured at -40 V

gate-to-source voltage and drain-to-source voltage.
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Figure 3.19. Humidity response of TIPS pentacene OTFT at 0 V Vs
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Figure 3.20. Humidity response of TIPS pentacene OTFT at -40 V Vs

From these results, it was observed that the drain current is directly
proportional to the drain to source voltage and inversely proportional to the relative
humidity, i.e., drain current was reduced with increase in relative humidity in the
chamber. This behavior was expected based on the following analysis. The structure
of pentacene films is relatively amorphous, with large gaps between the grains that
run nearly to the bottom of the first few monolayers on the substrate [32]. Charge
transport is restricted because of the trapping of holes at the grain horizon [33-34]. As
pentacene is highly hydrophobic, water molecules can easily diffuse through the gaps
of pentacene and interact with the trapped carriers because the electric field is altered
at the grain boundaries. The presence of a polar molecule decreases the rate of charge
transport of an organic material by inducing charge—dipole interactions, and thus
increasing the amount of energetic disorder [35-36]. Together, these factors contribute
to the hole mobility and translate into changes in the drain current.

A statistical analysis for the reproducibility of the response was also

performed by investigating the humidity response of three different sensors. Figure
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3.21 shows the response of the sensor towards relative humidity at -40 Ves and
-40 Vps. The relative response, (Iyeasured — l1s%rr)/ I15%rH, Measured for the
fabricated devices resulted in an average percentage change in the drain current of
12% to 81% as the relative humidity increased from 15% RH to 85% RH. The

sensitivity of the sensor is determined as 0.9% per %RH.

Percentage change in the drain current at -40 V5 & V¢
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20 25 30 35 40 45 50 55 60 65 70 75 80 &5
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Figure 3.21. Humidity response of TIPS pentacene OTFT at -40 Vps & Vas

It can be noticed that the standard deviation error bars have overlaps. The
accuracy of the environmental chamber for maintaining relative humidity level is
2 %RH. This will have a significant effect on the error bars. In this study, error in the
humidity level maintained in the chamber has not been considered. The overlaps in
error bars can be reduced by considering the humidity levels in steps of 15% RH.
Figure 3.22 and Fig. 3.23 shows the average response of the sensors towards relative
humidity with steps of 15% RH at -40 Vgs and -40 Vps. It can be observed from
Fig. 3.21, that the percentage change in the average drain current of the fabricated

sensors was 12%, 37%, 51% 69% and 79% with an average standard deviation of 3%,
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4%, 7%, 6% and 6.7% observed for 20% RH, 35% RH, 50% RH, 65% RH, and

80% RH, respectively.
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Figure 3.22. Humidity response of TIPS pentacene OTFT at -40 Vps & Vas
(15% RH step) (Starts at 20 %RH)
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Figure 3.23. Humidity response of TIPS pentacene OTFT at -40 Vps & Vs
(15% RH step) (Starts at 25 %RH)
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Similarly, percentage change in the average drain current of the fabricated
sensors of 24%, 41%, 56% 74% and 81% with an average standard deviation of 2%,
5%, 8%, 7% and 6.7% was observed for 25% RH, 40% RH, 55% RH, 70% RH, and
85% RH, respectively. From this it can be concluded that the fabricated sensor work

with a resolution of 15% RH.
3.7. Summary

In this chapter, the author briefly discussed the importance of OTFT based
humidity sensors. A detailed account of the experimental tasks involved in this work
was then presented. This includes the materials, chemical and devices used,;
fabrication and electrical characterization of first and second generation OTFTs;
issues related to first generation of OTFTs; and the experiment setup was presented.
Finally, the response of the second generation OTFT towards relative humidity was
also presented.

To summarize, a first generation OTFT was fabricated with traditional
printing techniques. The response of the fully printed OTFT was studied at ambient
conditions. However, from the electrical characterization of the OTFT, it was
concluded that the OTFT had a very high threshold voltage of 130 V. It was noticed
that this high voltage is due to the high thickness (3.2 um) of dielectric layer. For the
second generation OTFT, the printing step of the dielectric layer was replaced by spin
coating. The measured thickness of the spin coated dielectric layer was 263 nm. The
bottom electrode of the OTFT was also evaporated with Al to overcome pinhole
issues caused by the thinner dielectric layer. Electrical characterization of the second
generation OTFT resulted in a threshold voltage of 4 V. The response of the
fabricated sensor towards wide range of humidity from 15 %RH to 85 %RH was

studied in an environmental chamber. Sensitivity of 0.9 % change in average drain
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current for 1 %RH change was recorded. It was also noticed that the fabricated sensor
has a resolution of 15 %RH. The obtained results showed that the sensor is capable of
sensing wide range humidity and could be used in OTFT based humidity sensing
applications.

In the following chapter, the author presents a project that involved the
development of an electrochemical sensor fabricated using screen. The author
discusses the design, fabrication and characterization of the electrochemical sensor
and synthesis of sensing layers. The experiment setup, testing and results obtained are

discussed and presented.
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CHAPTER IV

A SCREEN PRINTED FLEXIBLE
ELECTROCHEMICAL SENSOR FOR SELECTIVE
DETECTION OF TOXIC HEAVY METALS

4.1. Introduction

In recent years, much attention has been given towards the development of
cost effective sensors for the heavy metal detection in agricultural, environmental and
medical industries [1-3]. Heavy metals, such as mercury (Hg), lead (Pb),
cadmium (Cd), chromium (Cr) and arsenic (As), are highly toxic and carcinogenic,
even at trace levels [4]. Among heavy metal contaminants, Pb and Hg are considered
as the more toxic chemicals and therefore are of a global health concern [5]. These
heavy metals are non-biodegradable and accumulate in the food chain, which causes
severe threats to human health by affecting the metabolic processes resulting in
neuromuscular, neurological, nephritic physiological disorders [6]. Exposure to these
heavy metals causes acute chronic poisoning, which affects several organs in the
body, including kidneys, liver, brain and heart [7-9]. Hg ions (Hg®") and Pb
ions (Pb?*) are widely distributed in water, air and soil in organic, inorganic and
metallic forms [10]. Thus, rapid and highly sensitive monitoring of heavy metals such
as Pb and Hg in the environment and food is very crucial.

Several detection techniques such as inductively coupled plasma mass
spectrometry (ICP-MS) [11], X-ray fluorescence (XRF) spectroscopy [12], and cold
vapor atomic absorption spectrometry (CV-AAS) [13] have been reported for the
detection of heavy metals. However, these methods are typically time consuming,
relatively expensive, laborious, require tedious sample preparation and require a
degree of expertise and experience to handle safely. Advancements in research have
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demonstrated the usage of cyclic voltammetry (CV), which is a rapid, simple and
inexpensive process for the detection of bio/chemicals [14-15]. In CV, the surface of
the electrode is usually pretreated or coated with a sensing layer for increasing the
selectivity and/or sensitivity of the electrochemical sensors. 1,10-Phenanthroline-
based compounds are well known for their effectiveness in binding with metal ions to
form inorganic complexes [16-26]. However, the use of their derivatives in the
detection of metal ions and other molecular substrates, have not been well
explored [27-29]. Moreover, CV is traditionally performed with conventional
electrodes as shown in fig. 2.16 of section 2.5 in chapter 2 or on an electrochemical
sensor that is fabricated by means of silicon technologies. Advancements in the
fabrication techniques lead to direct printing of electrodes on flexible substrates using
functional inks.

In this work, a printed electrochemical sensor was used for selective detection
of Pb?* and Hg?* ions. The conventional screen printing technique was used to print
the sensor on a flexible polyethylene terephthalate (PET) substrate. The sensor
consisted of carbon working electrode (WE), silver (Ag) counter electrode (CE) and
silver/silver chloride (Ag/AgCI) reference electrode (RE). 1,10-phenanthroline and its
derivative naphtho[2,3-a]dipyrido[3,2-h:2',3'-f]phenazine-5,18-dione (QDPPZ) was
used as a sensing layers for the detection of Pb?" and Hg?*. The CV response of the
sensor was studied, to demonstrate the selectivity towards Pb?* and Hg?*, and the

results are reported.
4.2. Materials, Chemicals and Sample Preparation

A flexible PET of 130 pm thickness (Melinex ST 505) from DuPont Teijin
Films was used as a substrate. Henkel Electrodag 479SS, a silver flake ink, was used

for metalizing the counter electrode. The material used for the working electrode was
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a carbon conductive ink from DuPont® 7105. A DuPont® 5874 ink, consisting of
Ag/AgClI with a ratio of 65/35, was used for reference electrode. Pb(NO3z)2, HJ(NO3).
(in  powder  form), 1,10-phenanthroline,  potassium  bromide, 9,10-
diaminoanthroquinone, tetrabutylammonium hexafluorophosphate, ethanol, sulfuric
acid and nitric acid were purchased from Sigma Aldrich Chemical Company. All
chemicals were used without further purification. Different concentrations of
Pb(NOs3)2, and Hg(NO3)2 (1 nM, 1 uM, 50 pm, 250 pum, 500 pm, 750 um and 1 mM)
were prepared by dissolving in deionized (DI) water and stored in 10 mL aliquots at
2 °C. A spring loaded small outline integrated circuit (SOIC) test clips (14 pin) was
acquired from Pomona® Electronics.

4.3. Design and Screen Printing of Electrochemical Sensor

Advancements in fabrication techniques have led to the research of the screen
printing for the direct printing of electrochemical sensors [30-34]. Screen printed
electrodes (SPE) are usually printed in planar form on a single substrate. SPE’s
demonstrated the ability to replace the conventional bulky electrodes used in the
traditional CV setup. Moreover, much lower volumes of analyte are required with
SPEs for assessing the electrochemical response [35]. Studies on the optimization
SPEs has revealed that the key parameters of the SPE geometry, such as electrode
area, electrode shape and electrode placement, play a major role with respect to sensor
performance [36-37]. Research by Garcia et.al showed the effect of electrode area on
the sensor signal to noise ratio. It was shown that the electrode area near to 108 um?
has a higher signal to noise ration compared to 10® pm? and 10* um? [36]. Studies by
Lambrechts et.al, demonstrated that the circular electrode generates lower noise
compared to the rectangular electrode. From the same study, it was also recommended

that the area of counter electrode has to be at least 1.4 times larger than the working
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electrode area as it improves current density at the counter electrode [37]. Taking
these factors into consideration and with an aim of miniaturizing the electrochemical
sensor, an overall device dimensions of 2 cm x 1 cm, with a circular working
electrode radius of 1700 um, a counter electrode outer and inner radius of 3900 pum
and 2900 um, respectively and a reference electrode width of 1000 um was chosen by
the author for designing the electrochemical sensor. Figure 4.1 (a) shows the
schematic of the electrochemical sensor. The sensor artwork was designed in Adobe
Illustrator. A screen containing the sensor designs were fabricated at Microscreen®,
Indiana with a stainless steel mesh count of 325 and MS-22 emulsion with a thickness
of 12.7 um. The screen had a wire diameter of 28 pum and an angle of 22.5°.

An MSP 485 precision screen printer from Hary Manufacturing Inc. (HMI)
was used to print the electrochemical sensor. The PET was cleaned with isopropyl
alcohol before printing the electrodes. Initially, a working electrode was printed using
DuPont® 7105 and cured at 120°C for 5 min in a conventional oven. Then Electrodag
479SS was printed and cured at 90 °C for 20 minutes to form a counter electrode.
Finally, a reference electrode was printed using a DuPont® 5874 ink and cured at

120 °C for 3 min. A photograph of the screen printed sensor is shown in Fig. 4.1 (b).

10 000 um
A |—
--------- ] -——— Reference Electrode
§_ Workmg Electrode
§ Outer radius-1700 um
Q :,_y Counter Electrode
/,-‘ Outer radius-3900 um
g Inner radius-2900 pm
v -

(a) (b)
Figure 4.1. (a) Schematic and (b) photograph of the printed electrochemical
sensor
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Figure 4.2 shows the vertical scanning interferometry 3D topography of the
printed electrodes, which was measured using a Bruker Contour GT-K profilometer
(Bruker Biosciences Corporation, USA), with Bruker Vision software operating in
hybrid mode. The average thickness of the printed electrodes were measured as
6.7+1.4 um (Fig. 2(a)), 5.1+0.1 um (Fig. 2(b)) and 17.1+1.3 um (Fig. 2(c)); and root
mean square (RMS) roughness of the printed layers were measured as 0.84 £0.1 um
(Fig. 2(d)), as 0.73£0.1 um (Fig. 2(e)) and as 1.0£0.1 um (Fig. 2(f)) for the counter,

working and reference electrodes, respectively.

-

Avg. Thickness:

Avg. Thickness: . Avg. Thickness:

6.7+1.4 um : 5.140.1 um 17.1£1.3 um
Silver on PET Carbon on PET Silver/Silver Chloride on PET
(a) (b) (c)
RMS Roughness RMS Roughness RMS Roughness

0.84 £0.1 um 0.73 £0.1 um 1.0£0.1 um

Silver on PET Carbon on PET Silver/Silver Chloride on PET
(d) (e) (f)
Figure 4.2. Vertical scanning interferometry 3D topography of printed
electrodes on PET showing the average thickness of (a) silver,
(b) carbon, (c) silver/silver chloride and RMS roughness of
(d) silver, (e) carbon, and (f) silver/silver chloride.
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4.4. Synthesis of Sensing Layers

After printing the electrodes, sensing layers were added to increase the
selectivity and sensitivity of the sensor. 1,10-Phenanthroline and its derivative
naphtho[2,3-a]dipyrido[3,2-h:2',3'-f]phenazine-5,18-dione (QDPPZ) were added as
sensing layers for the detection of heavy metal ions. The synthesis of these
compounds has been previously reported [38-41]. A brief description of the synthesis
is presented in the following section.

QDPPZ was synthesized in a two step process. First, 1,10-phenanthroline was
oxidized to 1,10-phenanthroline-5,6-dione, then the dione was coupled with 1,2-
diaminoanthraquinone in a condensation reaction.

Synthesis of 1,10-phenanthroline-5,6-dione

20 mL of concentrated sulfuric acid (H2SO4) and 10 mL of concentrated nitric
acid (HNO3) were added drop wise to a mixture of 1,10-phenanthroline (1.00 g, 5.56
mmol) and potassium bromide (5.95 g, 50 mmol) at 0°C. The mixture was refluxed at
80°C for 2 hours, then cooled to room temperature. The contents of the reaction flask
were then diluted with 400 mL deionized water, and neutralized with sodium
bicarbonate (NaHCO3). The product was extracted with methylene chloride, and dried
over anhydrous MgSQOs. All solvents were removed using a rotary evaporator. The
product was concentrated in vacuum, resulting in a yellow solid. The product was
purified using recrystallization from methanol. The average yield was 95% (1.11 g,
5.31 mmol). 'H NMR (CDCls, 400 MHz) &: 9.12-9.10 (t, 2H, J = 2.85 Hz), 8.51-8.48
(d, 2H, J =1.83 Hz), 7.60-7.55 (m, 2H, J = 4.71 Hz).

Synthesis of QDPPZ
Figure 4.3 shows the synthesis of QDPPZ. 1,10-phenanthroline-5,6-dione

(0.50 g, 2.38 mmol) was refluxed in ethanol for 15 min. 1,2-diaminoanthraquinone
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(0.57 g, 2.38 mmol) was added to the reaction flask and the mixture was refluxed for
4 hrs. The solution changed color from yellow to dark purple. The solution was
allowed to cool to room temperature and then filtered to collect the solid product. The
product was washed with methanol and concentrated in vacuum. The product was

further dried in a vacuum over at 60°C for 12 hrs. The reaction yield was 80%.

1,10-phenanthroline  1,10-phenanthroline-5,6-dione 1 2-diaminoanthroquinone

naphtho[2,3-aldipyrido[3,2-h:2',3'-
flphenazine-5,18-dione (QDPPZ)

Figure 4.3. Synthesis of naphtho[2,3-a]dipyrido[3,2-h:2',3'-f]phenazine-5,18-
dione (QDPP2Z).

4.5. Sensor Preparation and Experiment Setup

First, the sensor surface was prepared for the selective detection of the Pb?*
and Hg?*. Solutions were then prepared with the synthesized chemicals by dissolving
41.4 mg of tetrabutylammonium hexafluorophosphate in 20 mL of ethanol to form a
7 mM solution. This solution was used as the electrolyte solution through out the
remaining experiments. A 1 mM QDPPZ solution was formed by dissolving 4.1 mg
synthesized QDPPZ in 10 mL electrolyte solution. Similarly, a 1 mM of 1,10-

phenanthroline solution was prepared by dissolving 1.8 mg in electrolyte solution.
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40 pL of 1,10-phenanthroline and QDPPZ solutions were then individually drop
casted onto the working carbon electrodes at 100 °C to form the sensing layers for
Hg?* and Pb?* detection, respectively.

The electrochemical sensors coated with the sensing layers were connected to
the PARSTAT 2273 potentiostat (Princeton Applied Research) using a SOIC test clip.
Next, the wires and probes were calibrated before taking measurements. CV studies
were recorded on the printed device using a potentiostat, which was connected to a
PC via USB for controlling and post processing of the data. The experimental setup is

shown in Fig. 4.4. All measurements were conducted at room temperature.

ionnected

via USB

Printed sensor PARSTAT 2273 Potentiostat PC

Figure 4.4. Experiment setup.

4.6. Results and Discussion

The response of the heavy metal ions was first tested on the 1,10-
phenanthroline drop casted sensor. The CV based response of the sensors was
recorded from -0.5 V to 0.5 V at 50 mV/s for Pb?" and Hg?'. Initially, a reference
signal was established by loading the 50 pL of DI water on to the sensor using a
pipette. Then, test sample solutions with 50 uM concentrations of Hg?* and Pb?* were
introduced onto the sensor. The response of the printed electrochemical sensor
towards Pb?" and Hg?" is shown in Fig. 4.5. It was observed that the 1,10-
phenanthroline drop casted sensor was sensitive to only Hg?*. The reduction peak
potential at 0.2 eV was registered for Hg?* which is comparable to the reported
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literature values [42-43]. This behavior of the sensor can be explained by considering
the molecular structure of the 1,10-phenanthroline. The molecule has two phenazine
nitrogen atoms on one end. Two molecules of 1,10-phenanthroline with four nitrogen
atoms together form dative covalent bonds with Hg. The schematic illustration is

shown in Fig 4.6.

Response of the 1,10-phenanthroline coated sensor towards Hg?* and Pb?*

—Dl

—NMercury
Lead

Current (A)

Reduction peak for Hg?*

-0.5 -0.2 0.1 0.4 0.7 1
Voltage (V)

Figure 4.5. Response of the 1,10-phenanthroline coated sensor towards Hg?* and
Pb?*,

Dative bonds O
/
/

N/ TT— N
O O

Figure 4.6. Formation of dative bonds between 1,10-phenanthroline and Hg?*.

Figure 4.7 shows the response of the sensors towards varying concentrations
of the Hg?*. An average peak current value of -0.43 pA, -0.59 A, -1.28 PA, -2.38 pA

and -3.78 PA, with an average standard deviation of 96 nA, 0.14 pA, 0.25 pA,
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0.48 pA and 0.87 pA was observed for the 50 uM, 100 uM, 500 puM, 750 uM and
1 mM concentrations, respectively. This corresponds to an average current percentage
change ((Uconcentration — Ipr)/Ip; ) of 9 %, 49 %, 225 %, 506 % and 888 % with an
average standard deviation of 5 %, 28 %, 47 %, 106 % and 331 % for the 50 pM,
100 puM, 500 pM, 750 uM and 1 mM concentrations, respectively (Fig. 4.8), when
compared to the base current of DI. Using the results obtained, it is clear that the CV
response of the electrochemical sensor could be used to quantify the different
concentrations of Hg?* and also selectively detect Hg?* as there was no crossover in

the overall current values, among all five sensors tested.

Response of the 1,10-phenanthroline coated sensor towards varying
concetrations of Hg?"

6.00E-06

4.00E-06

2.00E-06
—Dl

0.00E+00 —1uM

50 pM
-2.00E-06

Current (A)

——100 uM
250 M
~4.00E-06 — 750 M

—1mM
-6.00E-06

-8.00E-06

-0.5 -0.3 -0.1 01 0.3 0.5 0.7 0.9
Voltage (V)

Figure 4.7. Response of the 1,10-phenanthroline drop casted sensor towards
increasing concentrations of Hg?".
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Percentage change in the reduction peak current of Hg2+ when compared
to DI water
1400%
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Figure 4.8. Percentage change in the reduction peak current of Hg?* when
compared to the DI water in presence of 1,10-phenanthroline.

The sensor, which consisted of QDPPZ deposited on the working electrode,
was also tested towards Pb?*and Hg?*. Figure 4.9 shows the CV based response of the
electrochemical sensor recorded from -1 V to 0 V at 50 mV/s for Pb?* and Hg*".
50 pL of DI water was loaded on to the sensor for recording the reference signal.
Then, 50 pL of test sample solutions with 50 uM concentrations of Hg?" and Pb?* was
introduced onto the sensor. It was observed that the reduction potential of —0.6 eV
obtained for Pb?* with the printed sensor was comparable to reported literature values
[44]. These results indicate that the sensor responds to only towards Pb?". This
behavior could be explained by examining the structure of QDPPZ, the molecule
consists of a 1,10-phanthroline unit on one end and a quinolone unit on the opposite
end. While 1,10-phenanthroline alone does not exhibit selectivity toward Pb?", its
derivative QDPPZ showed excellent selectivity toward Pb2*. The selectivity is
thought to result from the quinoline oxygen and the phenazine nitrogen forming a

pocket that has a cavity of the right size to hold Pb?* ions. This results in a complex
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formation that generates the signal. Interestingly, this complex formation does not

occur in the presence of Hg?* ions.

Response of QDPPZ coated sensor towards Hg?* and Pb?*
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Voltage (V)

Figure 4.9. Response of the QDPPZ coated sensor towards Hg?* and Pb?".

Figure 4.10 shows the response of the QDPPZ drop casted sensor towards
varying concentrations of the Pb?* ions. It was observed that the average peak current
in the sensor increased from -0.41 pA to -2.6 YA to -7.2 pA to -15.9 pA and to
-24.4 uA as the concentration of the Pb?* increased from 50 uM to 250 pM to
500 uM to 750 uM and to 1 mM, respectively. The relative standard deviations at
50 pM, 250 pM, 500 uM, 750 uM and 1 mM is 0.3 pA, 1.2 pA, 2.3 pA, 4.5 pA and
3.2 uA, respectively (shown in Fig. 4.11). These results indicate that the
electrochemical sensor was able to distinguish between the varying concentrations of
Pb?*. Detection levels of 50 uM were possible for the Pb?* solution, which is well
below the United States Food and Drug Administration (USFDA) limits of 5 mM for

Pb2* [45].
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Response of QDPPZ coated sensor towards varying concetrations of Pb?*
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Figure 4.10. Response of the QDPPZ drop casted sensor towards increasing
concentrations of Pb?*,
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Figure 4.11. Percentage change in the reduction peak current of Pb?* when
compared to the DI water in presence of QDPPZ.

4.7. Summary

In this chapter, the author briefly discussed the importance of heavy metal
detection. A detailed account of the experimental tasks involved in this work was then

presented. This includes the materials, chemicals used and synthesis of the sensing
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layer for selective detection of heavy metals. Finally, the electrochemical response of
the printed sensor towards heavy metals was presented.

To summarize, a printed electrochemical sensor was successfully fabricated on
a flexible PET substrate using a traditional screen printing process. Carbon, Ag and
Ag/AgCI inks were used for metallizing the sensor, which had a working electrode
dimension of 1,700 um radius, counter electrode dimensions of 3900 um and
2900 um outer and inner radius and reference electrode of 1000 pm wide. 10-
phenanthroline was used as sensing layer for Hg**. QDPPZ was synthesized from
1,10-phenanthroline and used as sensing layer for Pb?*. The CV based response of the
sensor towards Hg?* and Pb?" was investigated. Reduction peaks at 0.23 eV and -
0.6 eV were observed, demonstrating the selective detection of Hg?" and Pb?*,
respectively. The sensor also provided concentration specific signals toward Pb?* and
Hg?*, which is necessary for devices that can determine the amount of possible
exposure levels.

In the following chapter, the author presents a project that involved the
development of a wireless LC sensor fabricated by the screen printing process. The
author discusses the design, fabrication and characterization of a flexible wireless
sensor. The experiment setup, testing and results obtained are discussed and

presented.
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CHAPTER V

DETECTION OF TOXIC HEAVY METALS USING
PRINTED WIRELESS LC SENSORS

5.1. Introduction

Over the past decade, there has been increasing demand for the development
of reliable and cost effective portable sensing systems for the detection of toxic heavy
metals in the environmental and food processing industries [1-4]. Heavy metals are
major environmental pollutants in land and water. Heavy metal contamination is one
of the most severe life threats to the living world as they are toxic and non-
biodegradable and therefore remain in the ecosystem and food chain [5]. The toxicity
of these heavy metals depends on their concentration. For example, low
concentrations of heavy metals such as zinc, iron and copper, are biologically
essential; however, they can lead to toxicity at higher concentrations [6]. Heavy
metals such as mercury and lead are not biologically essential and have a high
potential of causing various diseases in humans and animals at even very low
concentrations [6]. Various conventional techniques such as colorimetric analysis [7],
electrochemical impedance spectroscopy [8] and titration [9] have been widely used
for the detection of heavy metals. Although these techniques are sensitive enough,
they require complicated instrumentation along with high manufacturing and
operational costs.

Recent advancements in the sensor industry have led to the emergence of
wireless sensors [10-11]. Wireless sensors have been used in both active and passive
modes [12-13]. Passive sensors have more advantages over active wireless sensors as

they use a basic inductive capacitor (LC) circuit as a sensor [12]. On the other hand,
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active sensors use batteries, amplifiers, antennas and radio frequency (RF) circuits
that make the sensor systems complex and expensive [13]. Most of the LC sensors
reported in the literature are fabricated using traditional photolithography techniques,
which requires complex fabrication steps, needs high operating temperatures and
ultimately is a costly process [14]. The recent trend in the fabrication of electronics
using conventional printing techniques has provided a promising solution for the
fabrication of low cost wireless passive sensors.

In this work, screen printing was used for the fabricating the LC sensor on
flexible substrates. Planar inductor and interdigitated electrode (IDE) capacitor were
printed using silver ink as metallization layer. Palladium nanoparticles (Pd Nps) were
synthesized and coated on to IDEs as a sensing layer for the detection of heavy metal
ions. Change in resonant frequency of the LC sensor with varying concentrations of

the heavy metal ions was studied and presented in this chapter.
5.2. Sensor Operation

A typical passive wireless sensor uses LC resonant circuit as a sensing
element. Figure 5.1 shows the equivalent circuit of an LC sensor with inductor and
capacitor in parallel. Usually, in LC sensor, capacitor is a sensing element whereas
inductor is mainly used as a coupling device to read the sensor output by means of

mutual inductance coupling [15].

Figure 5.1. Equivalent circuit of LC sensor

The resonant frequency of the LC sensor is given by
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1
f_Znchs (16)

Where f is the resonant frequency, Ls and Cs are the inductance and
capacitance of the LC sensor, respectively. The resonant frequency of the LC sensor
is a function of variable sensing capacitor i.e., the resonant frequency changes with
respect to change in input stimuli. This change can be wirelessly monitored using a
detection coil [16]. The inductive coupling link of the LC sensor with a detection coil

is shown in Fig. 5.2.

R
e
—

M\‘ R,
GD Le % ELS 7é Cs

Figure 5.2. Inductive coupling of LC sensor

Impedance of the LC sensor (Zs) is given by

Z(w)=Rs+]j (a)LS — a)1CS> (17)

where Rs is the series resistance of the inductor and w is the angular frequency. The
detection coil energizes the LC sensor through inductive coupling resulting in a
reflected load impedance. This reflected impedance (X1) in the detection coil can be
expressed as a function of LC sensor impedance (Zs).

_ (wM)?
1= 7 @) (18)

where M is the mutual inductance between sensor inductor (Ls) and detection coil
(Le). The mutual inductance with coupling coefficient (k) between Ls and L is given
by

M = k\/L.L (19)
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The equivalent circuit at the detection coil with the reflected load impedance is shown
in Fig 5.3. Overall reflected detection coil impedance (Ze¢) as a function of sensor
impedance is given by [17]

(wM)?
Zs(w)

where Le and Re are the inductance and the series resistance of the detection coil,

Ze =R, +jwL, +

(20)

respectively.

o - 3|lg" 74 .

(wM)?
Zs(w)

Figure 5.3. Equivalent circuit model of the detection coil with reflected load
impedance.

The quality factor of the LC sensor determines the quality of the
measurements performed. Quality factor is defined as the ratio of peak energy to the
energy dissipated [18]. In LC sensor, it shows the effect of series resistance on the

measurements. The quality factor of the LC sensor is given by

_1 Lg 21
Q—R—SC—S (21)

In LC sensors, the Q factor also determines the sharpness of the resonant
peak [18]. As per the equation 21, it is noticed that the Q factor is inversely
proportional to the series resistance. Therefore, it is important to reduce the series
resistance of the circular spiral, which can be achieved by reducing the number of

turns in the coil and increasing the thickness of the coil. Reducing the number of turns
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of a coil will decrease the inductance of the spiral. So, depositing thick metal films
with low specific resistivity will be good choice for fabrication of LC sensor. For this
reason, the author has chosen the screen printing technique, which is known for
depositing thick films, to fabricate the LC sensors.

The response of the LC sensor can be analyzed by measuring Si1 which is
defined as the ratio of applied signal to the reflected signal at Port 1 [19].

Vreflected

S11 = (22)

Vapplied
This ratio is the same as the reflection coefficient 7" in transmission theory and

can be given as

Vreflected _ ZL - ZS

S11 = =
Vapplied ZL + ZS

(23)

where Z. and Zs are the load and source impedances, respectively. For measuring Si1,
the detection coil is energized by applying a time-varying excitation signal. According
to the Ampere’s Law, the applied signal produces a magnetic flux in the detection
coil, which is then induced into the sensor coil. As per the Faraday’s Law of
Induction, a small current will be generated in the sensor coil due to this magnetic
flux. This small current in the sensor coil result in a secondary magnetic flux in
opposition to the primary magnetic flux in the detection coil. Due to this secondary
magnetic flux there would be secondary induced voltage on the detection coil [20].
Therefore Si1 of the detection coil will be influenced by both detection coil

impedance and the LC sensor impedance.

5.3. Design of Planar Inductor and Capacitor

Planar Inductor

Planar spiral inductors are widely used as coupling elements for LC sensors.

Various shapes, such as rectangular, hexagonal, octagonal and circular planar
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inductors, have been reported [21-23]. Design parameters such as number of turns in
coil, outer dimension, inner dimension, pitch of the lines play a major role in
determining the value of inductance [24-25]. Choice of the planar inductors depend
mainly on available fabrication methods. Rectangular spirals are widely used planar
inductors because of their simplicity in shape [26-29]. Circular planar spirals are hard
to design, but have been proved to have lower resistive and capacitive loses compared
to the rectangular spirals and other designs [30]. Studies have shown that the series
resistance of circular spirals are 10% smaller than that of rectangular spirals [31]. It
was also reported that the quality factor increases with number of ends in a spiral [32].
Circular spiral ideally has infinite edges. Due to these advantages, the author has
chosen circular spirals in this study. The schematic of the circular planar spiral is

shown in Fig. 5.4.

out

Figure 5.4. Circular spiral coil with inner and outer diameters

The inductance of the planar circular spiral is theoretically computed

using [24]
nd 2.46

L = Ko™t Gavg (m( ) + 0.2A2) (24)

2 A

doyr + d;

davg — Outz n (25)
— dout - din (26)

dout + din
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where o is permeability of the vacuum, n is number of turns, dout, din and davg are the
outer, inner and average diameters of the coil, respectively. A is the fill ratio as given

in eq. 26. The length of the spiral is given by [33]

[ =

NI

[4dipn + n(2n— 1)(W + 9)] (27)

where W and S are the width and length of metal trace, respectively. If | is higher than
the wavelength (L) of the signal propagating through the inductor, then the spiral

inductor can be considered as a transmission line [34]. A is given by
A=— (28)

In equation 28, c is the speed of the electrons which can be approximated to speed of
the light and f is the frequency of the signal propagating though the inductor. The
dimensions of the planar inductor used in this work have chosen to have | smaller than

the A to overcome the transmission line losses.

Planar Capacitors

Interdigitated electrodes (IDEs) are the most commonly used planar form of
capacitors. The use of IDEs has also been reported for sensing applications [35-37].
Studies on the optimization of IDE’s by J. Min and A. J. Baeummer has revealed that
key parameters of the IDE’s geometry, such as electrode height (h), electrode finger
spacing (s), electrode finger width (w) and number of electrode (N), play a major role
with respect to signal-to-noise ratio of the output result [38]. It was also proved that
the lower number of electrodes gives optimized output when compared to the larger
number of electrodes. The capacitance of the IDE’s can be calculated as given in [39-

40]. The cross sectional view of the IDE’s is shown in Fig. 5.5.
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Figure 5.5. Cross sectional view of interdigitated electrodes

The total capacitance of the IDE’s (Cipes) after omitting the edge effects is
given by

Cipps = Cye X (n— 1) x 1 (29)

Where n is the number of the unit cells. | is the length of the electrode. Cyc is the
capacitance of unit cell given by

Cue = C1+C, + C5 (30)

C4, C2 and Cs are the partial capacitances of the unit cell. The capacitance C»

can be treated as parallel plate capacitor whose capacitance is given by.

h
C2=€0X81 XE (31)

eo and ¢1 are the permittivities of vacuum and air, respectively. h is the thickness of
the electrodes and a is the distance between electrodes. C1 and Cgz are calculated using

the complete elliptic integral of the first kind (K(k)) [40].

e K= )]
2 a|(Y)]

&2 Is the permittivity of the substrate. The complete elliptic integral of first kind is

Cl + CZ == SO (32)

given by
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dt

1
(k) = 0f\/(l — )2(1 — k2t?)

(33)

The schematic of the designed coplanar inductor with electrode dimensions of
175 pm line width and 350 um spacing, 43,000 um outer diameter (dout), 22,000 pum
inner diameter (din) and 20 turns, is shown in Fig. 5.6(a). For the capacitor, the IDE’s
will have 9 pair of electrodes with 5200 um electrode length, 200 um electrode width
and spacing. Figure 5.6(b) shows the schematic of the capacitor. The calculated IDEs

capacitance and circular spiral inductance are 1.19 pF and 13.7 pH, respectively.

4243 mm

22 mm

(a) (b)
Figure 5.6. Schematic of the (a) coplanar inductor and (b) IDE’s

5.4. Materials and Chemicals
Melinex ST 505, a flexible PET of 130 um thickness, from DuPont Teijin
Films was used as a substrate. Henkel Electrodag 479SS, a silver flake ink, was used
for metalizing the coplanar LC sensor. Dodecyl sulfide, Hg(NOz)2 and Pb(NOs)2 (all
in powder form) were purchased from Sigma—Aldrich chemical company. Palladium
acetate [Pd3(OAc)s] was purchased from Strem Chemicals (Newbury Port, MA).

Various concentrations of Hg?* and Pb?* (1 nM, 1 M, 50 pm, 250 pm, 500 pm,
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750 um and 1 mM) were prepared by dissolving Hg(NOz)2 and Pb(NOs3)2 in de-

ionized (DI) water. The prepared solutions were stored in 10 mL aliquots at 2 °C.
5.5. Fabrication of the wireless LC sensor and synthesis of Pd Nps

A 12” x12” stainless steel screen with 325 mesh count and 28 pm wire diameter
resulting in open area of 41 % was fabricated at MicroScreen®, USA. A screen
printer (AMI MSP 485) from Affiliated Manufacturers Inc. was used to deposit the
coplanar inductor and IDE’s, on PET with Ag flake ink. PET was cleaned with
isopropyl alcohol (IPA) before printing. The printed layer was thermally cured in a
conventional oven at 90 °C for 25 minutes. Screen printed planar inductors and
capacitors are shown in Fig. 5.7. Figure 5.8 shows the wvertical scanning
interferometry 3D topography of the printed electrodes, which was measured using a
Bruker Contour GT-K profilometer (Bruker Biosciences Corporation, USA), with
Bruker Vision software operating in hybrid mode. The average thickness and RMS
roughness of the printed electrodes were measured as 6.7+1.4 um and 0.84 £0.1 pm,
respectively. The measured value of inductance and capacitance are 4.8 £ 0.15 pH
and 4.21 £ 0.1 pF. The resonant frequency from the measured capacitance and
inductace value is 35.3 £ 1.2 MHz. For this resonanting frequency, the losses due
transmission line can be ignored as the wavelength of the porpagating signal through

the inductor is =5 times larger than length of the inductor.
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(a) (b)
Figure 5.7. Screen printed (a) planar inductor and (b) IDE’s
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Figure 5.8. 3D topography of the printed electrodes showing (a) average
thickness and (b) RMS roughness of the screen printed electrodes

Synthesis of Pd Nps

The author demonstrates the use of palladium nanoparticles (Pd Nps) as
sensing layers for the detection of heavy metal ions. The synthesis of these compound
was previously reported [41-42]. Pd NPs are synthesized by modified pyrolysis
reaction. 0.05 g of 0.075 mM Pdz(OAc)s and 0.14 g of 0.37 mM n-dodecyl sulfide

was added to 30 mL of ethanol. The reaction mixture was heated at 90°C for 1 hour
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resulting in a color change of the solution from orange to dark brown indicating NP
formation. The solution was then diluted with 300 mL of milli-Q water (18 MQ-cm).

Synthesized Pd NPs have a spherical shape with 2 nm diameter [41].

5.6. Sensor Preparation, Experiment Setup and Background Noise
Subtraction

First, the sensor surface was prepared for the detection of the Pb?* and Hg?*.
40 pL of Pd NPs in ethanol was drop casted onto the IDEs at 100 °C to form sensing
layers for Hg?* and Pb2* detection. Then, the IDEs were attached to the screen printed
inductors using jumper wires and conductive silver epoxy from CircuitWorks® (CW-
2400). The printed wireless sensor was remotely interrogated with a printed detection
coil (screen printed planar inductor) by measuring Si1 using an Agilent network
analyzer (4395A). Figure 5.9 shows the experiment setup. Calibration for wires and

probes was done before taking measurements.
Wireless

Connected|§ . %‘5;;9;—@55! I
- 22 fnﬂ-_i I
= 3 I
= S @ =)

via GPIB
0ESSSEE < ——ﬂ

Detection LC sensor

Figure 5.9. Experiment setup

The passive LC sensor and the detection coil were placed in the same axis
with separation distance of ~<3 mm. The response of the LC sensor in this chapter was
studied by interrogation of the impedance of a detection coil using an S- parameter
test setup connected to network analyzer. The Si1 response of the detection coil with
and without the presence of the LC sensor was recorded and shown in Fig. 5.10. The

resonant frequency of the sensor was measured at 34.2 MHz. As shown in Fig. 5.10,
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the recorded signal a significant amount of what at first appears to be noise. By
collecting the data without the sensor, the noise like term is also present; suggesting
that is a measurement and instrumentation computation bias. To overcome this, the
signal has been subtracted from the background coil response (Si1: response of the
detection coil without the sensor). The instrument measurements have also been
averaged 50 times before recording each value. This resulted in a pure sensor

response as shown in Fig. 5.11.

S,, of the detection coil before noise subraction

1.5E-1
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0.0E+0
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Frequency (Hz)

Figure 5.10. Measured S11 of the detection coil before noise subtraction

50 ul of varying concentrations of Pb?* and Hg?" were then loaded onto the
IDE’s of LC sensor using a pipette. The frequency spectrum from 8 MHz to 38 MHz
was observed using the network analyzer. The LC sensor was rinsed with DI water

before each experiment. All measurements were conducted at room temperature.
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Figure 5.11. Measured Si1 of the detection coil after noise subtraction showing
the pure sensor response

5.7.Response of the Sensor Towards Heavy Metals

The S11 response of the Pd Np drop casted sensor was first tested towards different
concentrations of Pb?* (shown in Fig. 5.12). Initially, a reference signal was
established by loading 50 pL of DI water on to the sensor using a pipette. Then,
50 uL of test sample solutions with varying concentrations of Pb?* were introduced
onto the sensor. Average changes in frequency measurements of around 4.2 kHz,
33.3 kHz, 125 kHz and 177 kHz were measured for the 50 uM, 100 uM, 500 uM and
1 mM concentrations of Pb?*, respectively. The wireless frequency response of the
printed LC sensor demonstrated a detection level as low as 50 pM and the capability
of the printed LC sensor to distinguish among a wide range (micro and milli level) of
sample concentrations. A statistical analysis for the reproducibility of the printed LC
sensor response was performed by investigating the Si1 response of three different
sensors, towards varying concentrations of Pb?*. Figure 5.13 shows the response of

the sensor towards varying concentrations of Pb?*. The standard deviation in the
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frequency response was 2.9 kHz, 25.7 kHz, 26.5 kHz and 39.6 kHz for 50 pM,
100 uM, 500 pM and 1 mM concentrations of Pb?*. From these results demonstrated
by LC sensor, it can be concluded that the printed sensor could be used to quantify the
different concentrations of Pb?* as there was no cross-over in the overall change in

frequency values, among all three sensors tested.

Wireless response of the LC sensor towards Pb?*
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Figure 5.12. Response of the Pd NPs drop cated LC sensor towards varying
concentrations of Pb*
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Figure 5.13. Change in the resonant frequency of the LC sensor towards varying
concentrations of the lead ions
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The response and sensitivity of the Pd NP drop casted sensor was then tested
towards Hg?". Test sample solutions with varying concentrations of Hg?* were
introduced onto the sensor. The response of the printed LC sensor towards Hg?* is
shown in Fig. 5.14. It was observed that an average change in the resonant frequency
of the LC sensor was 86.9 kHz, 92.6 kHz, 0.4 MHz and 0.93 MHz, with an average
standard deviation of 9 kHz, 2.9 kHz, 58.9 kHz and 0.29 MHz was observed for the
50 uM, 100 uM, 500 uM and 1 mM concentrations, respectively, with respect to

established reference signal of DI water (shown in Fig. 5.15).

Resonant frequency of LC sensor towards varying concentrations
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Figure 5.14. Response of the Pd NPs drop cated LC sensor towards varying
concentrations of Hg?*
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Hg?* concentration
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Figure 5.15. Change in the resonant frequency of the LC sensor towards varying
concentrations of the mercury ions

The change in the resonant frequency of the Pd NP based sensor towards
varying concentrations of heavy metal ions can be related to the change in dielectric
constant of the Pd NPs. Increase in the concentration of the Hg?" influences and
changes the dielectric constant of the metallic nanoparticle surface, which in turn
changes the capacitance of the sensor. This change in the dielectric constant is due to
the formation of metal oxides when the metallic nanoparticles react with the heavy
metals, which in turn was reported to be indirectly measured using the surface
plasmon resonance (SPR) technique [43-44]. Literature shows that the SPR
wavelength of gold and silver nanoparticles shift with respect to concentration of the
heavy metal ions [45-46]. This shift can be theoretically quantized and is explained by
Mie theory [47]. According to this theory, factors that affect the electron charge
density of the particle surface will have a high impact on the SPR wavelength. Some

of these factors include: particle size, dielectric constant of the surrounding medium,
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metal type and shape. The SPR of nanoparticles smaller than 20 nm can be

quantitatively explained by equation 34 [43, 47].

/

3
_9Ve,? w & (w)
Text T T (61(@) + 26m)? + £2(w)2

(34)
where 1 and o are the wavelength and angular frequency of the incident light,
respectively. ¢ is the complex dielectric constant of the metal given by
e (w)=e(w) +1 e2(w) , e1(w) is the real part and e2(w) is the imagery part of the
dielectric function of the metal, en is the dielectric constant of the surrounding
medium, which is related to the refractive index of the medium.

From the studies reported in the literature [45-46], it is clear that the surface of
metallic nanoparticles are influenced by introducing varying concentrations of heavy
metals. According to Mie theory, the surface effects, in the case of gold and silver,
change in wavelength, which is directly related to the change in dielectric constant of
the nanoparticles as all other parameters in the equation are maintained constant
throughout the experiment in this study. Thus, it can be concluded that the properties
of metallic nanoparticles are sensitive to changes in their dielectric constant, which
can be brought about by different concentrations of the heavy metals. This change

directly corresponds the resonant peak shift in the LC sensor as shown in Fig. 5.14.

5.8. Summary

In this chapter, the author briefly discussed the importance of heavy metal ions
and wireless LC sensor. The working principle of the LC sensor was briefly covered.
A detailed account of the experimental tasks involved in this work was then
presented. This includes the materials, chemical used and brief synthesis of the

sensing layer for selective detection of heavy metal ions. Experiment setup is also
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presented. Finally, the change in resonant frequency of the printed sensor towards
heavy metals is presented.

To summarize, a printed LC sensor was successfully fabricated on flexible
PET substrate using a traditional screen printing process. Silver based flake ink was
used for metallizing the planar inductor and capacitor. The planar inductor consists of
20 turns, 175 pM line width and spacing, 43 mm outer width and 22 mm inner width.
IDE has 9 pair of electrodes with each electrode dimensions of 5200 pm length,
200 pm width and spacing. Pd Nps were synthesized and used as sensing layer for
Pb* and Hg?. Change in resonant frequency of the LC sensor with varying
concentrations of heavy metals ions was recorded. Quantitative detection of Pb?* and
Hg?* was made possible as low as 50 pM detection level. The sensor also has
concentration specific signals toward Pb?* and Hg?*, which is necessary for devices
that can determine the amount of possible exposure levels.

In the following chapter, the author concludes the dissertation by summarizing

all the three projects. The author also provides suggestions for future work.
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CHAPTER VI

CONCLUSION AND FUTURE WORK

6.1 Conclusion

In the course of this dissertation, the successful fabrication of planar flexible
sensors using traditional printing processes such as gravure, screen and inkjet printing
has been demonstrated. Organic thin film transistor (OTFT) based humidity sensors
fabricated using conventional lithographic techniques and traditional printing
processes have also been demonstrated. . In addition, the possibility of screen printed
electrochemical sensors for selective detection of heavy metal ions was investigated.
Fabrication of flexible wireless LC sensors for quantitative detection of heavy metal
ions was also part of the current work. The outcomes of each of the three research
projects are listed below:

In the first project, traditional printing techniques were successfully used for
the direct printing of OTFTs. Bottom gate electrode and dielectric layer were gravure
printed on flexible polyethylene terephthalate (PET) using silver nanoparticle ink and
UV clear dielectric ink, respectively. Source drain interdigitated electrodes (IDES)
were screen printed using a silver flake ink. TIPS pentacene, a humidity sensitive
semiconductor, was inkjet printed onto the IDEs. The current voltage (I-V)
characteristics of the fully printed OTFT were studied at ambient conditions. From the
electrical characterization, it was noticed that the OTFT has a very high threshold
voltage of 130 V which is not suitable for practical applications. It was concluded that
this high voltage is due to the thickness (3.2 um) of the dielectric layer. To overcome
this, a second generation OTFT was successfully fabricated in which spin coating was

used for the fabrication of the dielectric layer. The measured thickness of the spin
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coated dielectric layer was 263 nm. The bottom electrode of the OTFT was also
evaporated with Al to overcome the pinhole issues caused due to a thinner dielectric
layer. Electrical characterization of the second generation OTFT was resulted in
threshold voltage of 4 V. The response of the fabricated sensor towards a wide range
of humidity of 15 %RH to 85 %RH was studied in an environmental chamber.
Sensitivity of 0.9 % change in average drain current for 1 %RH change is recorded. A
statistical analysis for the repeatability of the sensor response was also performed by
investigating the humidity response of three different OTFTs. It was noticed that the
fabricated sensor has a resolution of 15 %RH. The obtained results showed that the
sensor is capable of sensing a wide range humidity and may readily be used as an
OTFT based humidity sensor for various applications.

In the second project, a screen printed electrochemical sensor on flexible PET
substrate was successfully developed for selective detection of heavy metal ions.
Carbon and silver based inks were used for metallizing the electrodes. The fabricated
device consisted of 1,700 um radius working electrode, 1000 um wide reference
electrode and counter electrode with outer and inner radius of 3900 pum and 2900 pm,
respectively. Author also successfully implemented 1,10-phenanthroline and its
derivative naphtho[2,3-a]dipyrido[3,2-h:2',3'-f]phenazine-5,18-dione (QDPPZ) as
sensing layer for selective detection of mercury (Hg?") and lead (Pb?") ions,
respectively. Author has recorded the response of the electrochemical sensor using
cyclic voltammetry (CV) technique. The CV based response showed the reduction
peaks at 0.23 eV and -0.6 eV demonstrating the selective detection of Hg?* and Pb?",
respectively. In addition, concentration specific signals towards the Pb?* and Hg*
through statistical analysis was also recorded. From the results obtained, the potential

of screen printed sensor for selective detection of heavy metal ions was shown.
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In the third project, a passive wireless sensor printed on flexible PET for the
quantitative detection of heavy metal ions was successfully developed. The wireless
sensor consisted of an inductor-capacitor (LC) resonant circuit in planar form. Screen
printing technique with silver flake ink was used for fabricating the planar inductor
and IDE capacitor. The planar inductor consists of 20 turns, 175 uM line width and
spacing, 43 mm outer diameter and 22 mm inner diameter. IDE has 9 pair of electrode
with each electrode dimensions of 5200 um length, 200 um width and spacing. The
use of palladium nano particles as a sensing layer for the quantitative detection of
heavy metal ions was then demonstrated. The change in resonant frequency of the LC
sensor towards varying concentrations of heavy metal ions was recorded and
statistically analyzed. The quantitative detection of Pb* and Hg?* with as low as
50 uM detection level was shown to be possible. From the results, the potential for a

screen printed LC sensors for detection of heavy metal ions has been shown.
6.2 Future Work

Depending on the experiences gained during the course of this dissertation,
there are several opportunities for improving the current projects as discussed below:
e Fabrication of Flexible Organic Thin Film Transistors (OTFTs) based

Humidity sensors:

o Dielectric based inks could be printed using inkjet printing, which is
known for depositing thinner films. This could lead to OTFTs with lower
threshold voltages in which all layers could be deposited using printing
processes.

o The work function of the silver can be improved by treating the electrode
surfaces with self-assembled monolayers (SAMs) such as thiophenol, 4-

fluorothiophenol and pentafluorothiophenol [1]. In addition, gold
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electrodes (work function: 5.1 eV) could be used to match the work
function of source drain IDEs with semiconducting layer.

o OTFT can be fabricated in bottom gate and top contact form which is
proved to have larger drain currents and smaller contact resistance
compared to the bottom gate and bottom contact OTFT [2].

o Moreover humidity sensitive dielectric materials such as polymethyl
methacrylate (PMMA) and poly (2-hydroxyethyl methacrylate) (PHEMA)
[3] could be used to improve the sensitivity of OTFT based humidity
Sensors.

e A Screen Printed Flexible Electrochemical Sensor for the Detection of Toxic
Heavy Metals:

o The sensing layer synthesis could be modified to improve the selectivity of
the sensor. As per the present study, lead ions bind with the oxygen
molecule of QDPPZ resulting in a reduction peak. The peak current could
be increased by adding more oxygen molecules to QDPPZ. This might
also help in detecting the lead ions lower than micro level concentrations.

o Moreover the sensing layers can be developed as functional inks that can
be directly printed on the working electrode.

o The functional inks used for the counter electrode could be replaced with
platinum to increase catalytic activity and chemical stability of the
electrodes [4], resulting in possibility of detecting wide range
concentrations of heavy metal ions.

o The sensor can be optimized for better performance by designing it in

COMSOL™ which could lead to lower detection levels.
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o In addition, with the success of the OTFT, a flexible fully printed read out
circuit for recording the cyclic voltammetry output of the sensor could be
developed. This could lead to fully printed lab-on-chip system for the
detection of heavy metal ions.

e Detection of Toxic Heavy Metals Using Printed Wireless LC Sensors:

o The functional inks used for the printed inductors could be replaced with
nickel iron (NiFe) which is known for high permeability [5] resulting in
higher inductance values with same dimensions.

o Different materials for sensing layers such as gold nanoparticles and silver
nanoparticles could be used to study and optimize the response of the LC
sensor.

o In addition, these metallic nanoparticles could be synthesized as functional

inks and directly printed as sensing layers on IDEs.
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