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Abstract

Radio frequency identification (RFID) and sensing are two key technolo-
gies enabling the Internet of Things (IoT). Development of RFID tags aug-
mented with sensing capabilities (RFID sensor tags) would allow a variety of
new applications, leading to a new paradigm of the IoT. Chipless RFID sensor
technology offers a low-cost solution by eliminating the need of an integrated
circuit (IC) chip, and is hence highly desired for many applications. On the
other hand, printing technologies have revolutionized the world of electronics,
enabling cost-effective manufacturing of large-area and flexible electronics. By
means of printing technologies, chipless RFID sensor tags could be made flex-
ible and lightweight at a very low cost, lending themselves to the realization
of ubiquitous intelligence in the IoT era.

This thesis investigated three construction methods of printable chipless
RFID humidity sensor tags, with focus on the incorporation of the sensing
function. In the first method, wireless sensing based on backscatter modula-
tion was separately realized by loading an antenna with a humidity-sensing
resistor. An RFID sensor tag could then be constructed by combining the
wireless sensor with a chipless RFID tag. In the second method, a chipless
RFID sensor tag was built up by introducing a delay line between the antenna
and the resistor. Based on time-domain reflectometry (TDR), the tag encoded
ID in the delay time between its structural-mode and antenna-mode scatter-
ing pulse, and performed the sensing function by modulating the amplitude
of the antenna-mode pulse.

In both of the above methods, a resistive-type humidity-sensing material
was required. Multi-walled carbon nanotubes (MWCNTs) presented them-
selves as promising candidate due to their outstanding electrical, structural
and mechanical properties. MWCNTs functionalized (FMWCNTs) by acid
treatment demonstrated high sensitivity and fast response to relative humid-
ity (RH), owing to the presence of carboxylic acid groups. The -MWCNTs
also exhibited superior mechanical flexibility, as their resistance and sensitiv-
ity remained almost stable under either tensile or compressive stress. More-
over, an inkjet printing process was developed for the -MWOCNTs starting
from ink formulation to device fabrication. By applying the -MWCNTs, a
flexible humidity sensor based on backscatter modulation was thereby pre-
sented. The operating frequency range of the sensor was significantly en-
hanced by adjusting the parasitic capacitance in the -MWCNTSs resistor. A
fully-printed time-coded chipless RFID humidity sensor tag was also demon-
strated. In addition, a multi-parameter sensor based on TDR was proposed.
The sensor concept was verified by theoretical analysis and circuit simulation.

In the third method, frequency-spectrum signature was utilized consider-
ing its advantages such as coding capacity, miniaturization, and immunity to
noise. As signal collision problem is inherently challenging in chipless RFID
sensor systems, short-range identification and sensing applications are be-
lieved to embody the core values of the chipless RFID sensor technology.
Therefore a chipless RFID humidity sensor tag based on near-field induc-
tive coupling was proposed. The tag was composed of two planar inductor-
capacitor (LC) resonators, one for identification, and the other one for sensing.
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Moreover, paper was proposed to serve as humidity-sensing substrate for the
sensor resonator on accounts of its porous and absorptive features.

Both inkjet paper and ordinary packaging paper were studied. A commer-
cial UV-coated packaging paper was proven to be a viable and more robust
alternative to expensive inkjet paper as substrate for inkjet-printed metal
conductors. The LC resonators printed on paper substrates showed excellent
sensitivity and reasonable response time to humidity in terms of resonant
frequency. Particularly, the resonator printed on the UV-coated packaging
paper exhibited the largest sensitivity from 20% to 70% RH, demonstrating
the possibilities of directly printing the sensor tag on traditional packages to
realize intelligent packaging at an ultra-low cost.

Keywords: Intelligent packaging, humidity sensor, wireless sensor, chip-
less RFID, multi-walled carbon nanotube, inkjet printing, L.C resonator, paper
electronics, flexible electronics.
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Chapter 1

Introduction

1.1 Background

With the advance of information and communication technology, our society is en-
tering the Internet of Things (IoT) era: a world of interconnected objects that are
capable of making sense of their local situations and interacting with each other as
well as human users [1,2], as illustrated in Fig. 1.1. These objects, termed as smart
objects, range from wearable devices, to home appliances, medical equipment, au-
tomobiles, and manufacturing equipment [3,4]. The potential applications enabled
by the IoT cover transportation and logistics, medical and healthcare, smart en-
vironment, personal and social domains. These applications will not only bring
convenience and economies to private users as well as business users, but also have
huge impact on both personal lifestyle and business models [1].

Intelligent packaging (IP) is an important application field of the IoT [5]. Pack-
age innovation is constantly driven by stricter requirements on product quality and
safety as well as greater demands for worldwide, efficient and cost-effective distri-
bution [6]. Since the beginning of the current century, intensive innovation activ-
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Figure 1.1: The vision of an era of Internet of Things.
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Growth of Intelligent Packaging for Food and Beverage Industry
2004 -- 2017 (USS billions)
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Figure 1.2: Growth of intelligent packaging for the food and beverage industry
2004-2017 [8,9].

ities have been devoted to the development of IP, aiming to improve and extend
traditional packaging functionalities by adding capabilities of sensing, recording,
tracing and communicating the conditions of the packed product or its environ-
ment throughout the whole supply chain. The employment of IP will facilitate
decision-making and action-taking to enhance the product quality/safety as well as
the management convenience [7].

The application market for the IP technology includes food, beverages, phar-
maceutical, beauty and other segments. Currently, food and beverages hold the
largest market share due to their vulnerability to environmental changes and mi-
crobial attack [8]. The global market for IP for the food and beverage industry has
experienced significant growth during the past decade. As shown in Fig. 1.2, the
market sales of IP have risen from $1 billion in 2004 to nearly $3.8 billion in 2011,
and are expected to reach $5.3 billion 2017 [8,9]. The pharmaceuticals neverthe-
less are anticipated to be the fastest growing market for IP through 2017 due to
the increased aging population and prevalence of chronic diseases and infectious
diseases [10].

As indispensable building blocks of the IoT, the smart objects are mostly realized
by embedding electronic systems [11]. The embedded systems must be light-weight
and mechanically flexible in order to bestow intelligence on everyday objects, for
example, the aforementioned packages, furniture, paper documents and human
bodies [12-15]. Moreover, considering the huge number of the connected objects,
the embedded systems have to be of low cost and low environmental impact [11].
Printed electronics are considered as a revolutionary technology to enable the cost-
effective manufacturing of such flexible electronics systems [16]. In addition, the
use of printed electronics will ease the integration of electronic systems onto the



1.2. Motivation and Challenges 3

Table 1.1: Typical parameters of the main printing technologies [26-28]

Parameters Gravure Offset Flexo Screen  Inkjet Aerosol-
jet

Lateral Resolu- | >20 >20 >30 >100 >20 >10

tion (pm)

Max print speed | 15 15 8 1 0.5 0.1

(m/s)
Wet film thick- | 0.1-5 052 058 325 0320 0.1-2

ness (pum)

Ink viscosity | 0.01-0.2 30-100 0.05-0.5 1-100 0.001- 0.001-1
(Pa-s) 0.04

Process postion | Contact Contact Contact Contact Non- Non-

contact  contact

objects if the electronics can be directly printed onto the objects [17,18].

Printing technologies were originally invented and developed for producing im-
ages and text on paper or other substrates. Nowadays, they are adopted as low-cost,
high-volume and high-throughput processes to manufacture a variety of electronic
devices on flexible substrates, such as diodes, transistors, displays, batteries, or-
ganic photovoltaics, antennas, and sensors [19-25]. Nearly all the industrial print-
ing equipment have been employed for printed electronics, including gravure, offset,
flexography, screen, inkjet, and aerosol-jet printing. Typical process parameters of
these printing technologies are listed in Table 1.1 [26-28]. Each printing technology
has its advantages and disadvantages which need to be weighted when deciding on
the most suitable processing technique for a specific application.

1.2 Motivation and Challenges

The embedded systems in the smart objects are built upon one or several technolo-
gies, including radio frequency identification (RFID), sensors, actuators, memory,
displays, energy harvesting and so on [11]. RFID and sensors are two key enablers
to the ToT [29,30]. RFID tags store and transmit the identity of the object for
automatical identifying and tracking using electromagnetic (EM) fields. Sensors
detect the status of the object or its surroundings and provide a corresponding out-
put, generally as an electrical signal. Recently, the integration of RFID and sensor
technologies has gained intensive attention in both academia and industry as it
will open up a broad range of new applications and create more business opportu-
nities [29-31]. Taking the IP application as an example, the acceptance of IP by
product /service suppliers is still an issue that limits the diffusion of IP, especially
in the European market [32]. The food suppliers, for instance, are not willing to
introduce a system that could inform the customers that their products are not
fresh [17]. Thus incorporating sensing function into RFID tags is particularly at-
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tractive to the suppliers as they will benefit from the convenient and efficient control
of the product quality through all the supply chain [17,18].

On the other hand, humidity measurement plays an important role in agri-
culture, horticulture, industrial process control, environmental control and many
other fields [33]. Humidity monitoring is also vital for the IP application, because
the effect of humidity causes degradation to many products, like food and phar-
maceuticals [34]. Identification and humidity monitoring of consumer products,
especially low-value commodity products, require inexpensive RFID sensors tags.

Based on the above considerations, this thesis aims to explore low-cost, print-
able and flexible RFID humidity sensor solutions. The main challenges reside in
three aspects. Firstly, conventional humidity sensing materials cannot fulfil all the
requirements of the new applications. New sensing materials are requested. They
should not only be highly sensitive, stable and reliable, but also be inexpensive
and flexible. They should also be low-temperature processable due to the low heat
resistance of most flexible substrates (mainly plastics and paper) [35]. Secondly,
considering the costly manufacturing, testing and assembling of silicon-based RFID
chips, printable chipless RFID encoding techniques are favored by many applica-
tions as they enable the tag fabrication at a very low cost [36]. The incorporation
methods of the sensing function to the chipless RFID tags need to be investigated.
Thirdly, the use of new manufacturing technologies, the printing technologies, would
present challenges in the device fabrication such as ink formulation and choice of
substrates. Inkjet printing has gained enormous attention on account of additive,
mask-less, non-contact features. The direct writing process of inkjet printing also
facilitates rapid prototyping and design optimization [37]. Therefore, this thesis
employed inkjet printing as the main fabrication technique.

1.3 Thesis Contribution and Organization

This thesis studied three construction methods of fully-printable RFID humidity
sensor tags, and provided multidisciplinary research results covering material char-
acterization, development and evaluation of inkjet printing technique, RF design
and optimization.

Backscatter modulation and time-domain reflectometry (TDR) were utilized to
realize wireless sensing in the first two construction methods, respectively. Both
methods involved impedance mismatch and hence required a resistive-type sensing
material. Multi-walled carbon nanotubes (MWCNTs) were studied as promising
candidate considering their outstanding properties. Firstly, it was demonstrated
that MWCNTSs functionalized through acid treatment (f-MWCNTS) possess signif-
icant sensitivity and rapid response to humidity, as well as superior mechanical
flexibility. Comparative studies with untreated MWCNTs revealed that the humid-
ity sensitivity of the -MWCNTs was mainly attributed to the attached carboxylic
acid groups introduced by the acid treatment.
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Then an inkjet printing process was developed to fabricate thin films of a ran-
dom f-MWCNTs network on flexible substrates. The post-printing annealing tem-
perature was also studied regarding its influence on the conducting and sensing
properties of printed -MWCNTs.

A flexible humidity sensor based on backscatter modulation was demonstrated
by integrating an -MWOCNTs resistor. It was further found that the parasitic ca-
pacitance between the electrodes of the -MWCNTSs resistor played a key role in
the sensor response. The operating frequency range of the sensor was broadened
up till 2 GHz by optimizing the electrode design, making the sensor suitable for
ultra-high frequency (UHF) RFID application.

A printed and flexible time-coded RFID humidity sensor tag was also demon-
strated by applying the FMWCNTs. In addition, a TDR-based sensor design was
proposed for monitoring multiple parameters simultaneously. The sensor was the-
oretically analyzed and verified by circuit simulation.

As the third construction method, a chipless RFID sensor tag based on inductor-
capacitor (LC) resonators was presented for short-range identification and humidity
monitoring applications. The tag utilized frequency-spectrum signature for both
ID encoding and humidity sensing, providing several advantages including coding
capacity, compact size, and immunity to noise and process variation. Moreover,
paper, particularly ordinary packaging paper, was proposed to serve as humidity-
sensing substrate for this sensor tag.

It was found that the commercial ultraviolet (UV)-coated packaging paper could
readily be a cheaper and more robust substitute for inkjet paper in printed electron-
ics. Printed metal conductors on the packaging paper exhibited not only compara-
ble electrical performance to those on the inkjet paper, but also higher resistance
to harsh environmental conditions. Moreover, it was demonstrated that paper sub-
strates were highly sensitive to humidity, and the packaging paper exhibited the
highest sensitivity over the relative humidity (RH) range from 20% to 70%. These
results validated the possibility of directly printing the sensor tag on ordinary pack-
ages to make them intelligent at an ultra low cost. Furthermore, the mechanical
flexibility of printed conductors on paper substrates was evaluated to provide guid-
ance to the use of paper-carried electronics on non-flat surfaces.

It also needs to be mentioned that an analytical model of interdigital capaci-
tance (IDC) was developed in this thesis to enable a fast and accurate estimation of
the capacitance between interdigital electrodes (IDEs). IDEs are favored electrode
geometries by sensor applications, and therefore were applied in the aforementioned
sensor (tag) implementation. Design optimization of the sensor based on backscat-
ter modulation was conducted with the help of the analytical model.

The rest of the thesis is organized as follows. Chapter 2 discusses the humidity-
sensing materials. Humidity sensors and conventional electronic sensing materials
are briefly discussed first. Following a short introduction of carbon nanotubes, the
sensing properties and mechanism of the fMWCNTs are discussed. The use of
paper as humidity-sensing substrate are discussed at last.
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Chapter 3 concerns the fabrication process. Inkjet printing technology is intro-
duced first. Then the fabrication processes of the -MWCNTs films by spray-coating
and inkjet printing are described respectively, with emphasis on the latter. After
that, the electrical performance and reliability of inkjet-printed metal conductors
on paper substrates are discussed. The mechanical flexibility of the - MWCNTs and
the paper-carried metal conductors are also discussed respectively in this chapter.

Chapter 4 discusses the construction methods of RFID sensor tags. The existing
RFID tag technologies are reviewed first. The chip-based RFID sensor solutions are
then briefly introduced. After that, three construction methods of chipless RFID
sensor humidity tags, together with the implemented sensors (tags), are discussed.

Chapter 5 summarizes the thesis and suggests the future work.



Chapter 2

Sensing Materials for Printed
Humidity Sensors

Printable and flexible materials with excellent humidity-sensitivity are essential
to building up printed RFID humidity sensor tags. In this chapter, two types
of humidity-sensitive materials are presented. Multi-walled carbon nanotubes are
suitable for resistive-type humidity sensor, whereas paper can be used as capacitive-
type humidity-sensing material as well as printing substrate. The discussion refers
to Papers I and II.

2.1 Introduction

Humidity measurements can be divided into three categories: dew point, absolute
humidity and relative humidity (RH) [33]. Dew point is the temperature at which
the water vapor in air begins to condense into liquid, a good indictor of the comfort
level of the environment. Absolute humidity refers to the amount of water vapor in
a unit volume of air, while RH, expressed as a percentage, refers to the ratio of the
partial pressure of water vapor in an air-water mixture to the saturated pressure
of water vapor at a given temperature. RH is a relative measurement, dependent
on temperature as well as pressure of the vapor system; nevertheless, it is the most
commonly used measure of humidity in daily life [33].

Based on their transduction principles, humidity sensors can be classified into
different types such as resistive, capacitive, colorimetric and gravimetric [38—41].
Among these are the resistive and capacitive-type humidity sensors the most pop-
ular ones owing to their simple structure, low cost, adaptability to different types
of circuits, ease of fabrication and miniaturization [42]. Resistive-type humidity
sensors rely on the change in electrical resistance of a hygroscopic medium, and
usually have good interchangeability and are cheaper to be manufactured than the
capacitive-type sensors [43]. Capacitive-type humidity sensors are based on the
dielectric change of an insulating medium, and their advantages include low power

7
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Sensing superstrate
Interdigital electrodes
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Sensing substrate

(a) (b)

Figure 2.1: Typical resistive or capacitive-type sensor layouts in a multi-layer struc-
ture where (a) a sensing material is deposited above the electrodes, (b) the substrate
serves as sensing material.

consumption, linear response and operation over a wide RH range [39]. Both of
them are commonly built up in a multi-layer structure, and thus favourable for
printed and flexible sensors. One common approach is to print a sensing material
above the electrodes which have been prepared on a substrate, and another possi-
ble approach is to directly use the substrate as sensing material, as illustrated in
Fig. 2.1a and 2.1b respectively [44]. The comb-like interdigital electrodes (IDEs) in
Fig. 2.1 are the most frequently used electrode geometries in sensor applications,
because they provide a large contact area between ambient vapor and the sensing
material, and thereby enable a fast response [45].

Conventional sensing materials for resistive or capacitive-type humidity sen-
sors include oxide ceramics, polymers and polyelectrolytes [33]. Oxide ceramics
and polymers can be used as either resistors or capacitors depending on their
properties, while polyelectrolytes are mainly used for resistive-type sensors. Ox-
ide ceramics offer advantages such as mechanical strength, stability, resistance to
chemical attack, but they are rigid and require high processing temperature [38,42].
Flexible and low-cost polymers are good candidates for printed sensors, but they
have several drawbacks like long-term drift, poor thermal stability and chemical
stability [33,46]. Polyelectrolytes are not stable at high humidity due to their sol-
ubility in water [47]. Carbon nanotubes (CNTs) have great potential for sensor
applications including printed and flexible sensors, owing to their exceptional prop-
erties [48]. Section 2.2 will begin with a brief introduction of CNTs. Then func-
tionalized multi-walled carbon nanotubes (FMWCNTs) as promising resistive-type
sensing material for printed humidity sensors will be discussed regarding their sens-
ing performance and mechanism. Recently paper substrates are considered as cheap
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Figure 2.2: Molecular structure representatives of a SWCNT and a MWCNT. Fig-
ure adapted from [58].

and environmentally-friendly alternative to plastics in printed electronics. The hy-
droscopicity and porosity of paper lend itself to serving as highly sensitive substrate
to humidity. Section 2.3 will first introduce the use of paper substrates in printed
electronics. Then the sensing mechanism and performance of paper substrates will
be discussed.

2.2 Multi-walled Carbon Nanotubes

2.2.1 Carbon Nanotubes for Sensor Applications

Carbon nanotubes (CNTs) are long seamless cylinders rolled up from a graphene
sheet which is a single layer of carbon atoms in the form of a hexagonal honey-
comb [49]. As shown in Fig. 2.2, single-walled carbon nanotubes (SWCNTS) are
one cylindrical tube, while multi-walled carbon nanotubes (MWCNTS) consist of
several concentric cylinders. Since being discovered by lijima in the early 90s of
the twentieth century, this quasi one-dimensional form of carbon has shown great
promise for a wide variety of applications due to its unique structural properties,
superior mechanical strength, high electrical conductivity, thermal and chemical
stability [49-51]. For example, MWCNTs have a high aspect ratio (i.e. length to
diameter) with diameter typically from 5 to 20 nm and length from less than 100 nm
to several centimeters [49]. A Young’s modulus ranged from 270 to 950 GPa was
obtained for the outmost layer of individual MWCNTs and a tensile strength of
100 GPa was attained for individual MWCNTs [52,53]. The thermal conductivity
of individual MWCNTSs is more than 3000 W/(mK) at room temperature, and the
phonon mean free path is around 500 nm [54]. MWCNTS can also carry large cur-
rent of 10% to 10'° A/cm?, and remain stable in air at temperatures up to 250 °C for
two weeks [49,55]. Along with these remarkable properties, the very large surface
area-to-volume ratio of CNTs has prompted extensive research into the develop-
ment of CNT-based sensors, including chemical, biological, and electromechanical
sensors [48,56,57].

The development of CNT-based chemical sensors for detecting gases and vapors
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is an active research area. Different types of CNT-based sensors using electronic
transduction principle have been explored, including ionization sensors, capacitors,
resistors and field effect transistors (FETs) [59]. Among these types are resistors
and FETs the most commonly-used forms. CNT-based FET sensors focus on SWC-
NTs as they can be either semiconducting or metallic depending on their chiral-
ity, namely, the orientation of the graphene lattice with respect to the tube axis.
MWCNTs are typically metallic and hence mostly applied as resistors or ionization
sensors [49,60]. Numerous studies have demonstrated that CNTs are sensitive to a
large number of gas- and vapor-phase analytes [48], for example, ammonia (NHs),
nitrogen dioxide (NO3), hydrogen (Hs), carbon monoxide (CO), oxygen (O3), al-
cohol vapor and water vapor (H30). The CNT-based sensors possess many advan-
tages over the existing technologies, including high sensitivity, fast response time,
ultra compact size, low power consumption, room-temperature operation, mechan-
ical flexibility and stretchability, and manufacturability by cost-effective printing
technologies [60-62].

Despite the significant research achievements, commercialization of CNT-based
sensors has not been achieved yet because there are still challenges that need to be
addressed [59]. First of all, devices built on individual nanotubes suffer from low
yield and low device-to-device reproducibility due to the lack of reliable methods
of precisely controlling the position and orientation of individual nanotube, as well
as of synthesizing nanotubes having identical electronic properties [63,64]. Con-
structing devices based on two-dimensional network configuration of horizontally
aligned or even randomly distributed CNTs is believed to be able to ease the fab-
rication and minimize the device variation as the device performance is defined by
the collective properties of all the CNTs in the network [59,64]. Poor selectivity
is one major disadvantage of CNT-based gas and vapor sensors [60,62-64]. Many
approaches were proposed to overcome this problem, such as polymer coating [65],
functionalization of CNT sidewalls with metal/metal oxide nanoparticles or organic
molecules [66—68], and diversification of metal electrodes in CNT-based FETs [69].
The common principle behind these approaches is to employ an array of differently
modified CNT-based sensors and then identify the specific molecule through pat-
tern recognition [60]. Another practical concern regarding the sensor performance
is the slow recovery commonly observed in CNT-based sensors caused by the strong
bonding between the nanotubes and targeted molecules [64,70]. Possible solutions
include using ultraviolet (UV) light illumination [71], embedded heaters [72] and
temporal reversed bias or gate voltage in the CNTFET configuration [73,74].

2.2.2 Functionalized MWCNTs

Pristine CNTs have extremely poor solubility in most of the common solvents due
to the strong van der Waals forces [75]. The very poor solubility of pristine CNTs in
either water or organic solvents makes it difficult to practically process or engineer
the material for potential applications with solution-based process techniques, such
as printing techniques [58,76]. Therefore two main surface modification approaches
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Figure 2.3: Schematic illustrating a wet chemical functionalization method with
carboxylic acid groups. Figure adapted from [86].

T T T T T T T 35 T T T T T T T
as-received MWCNTSs
- - -f-MWCNTs

]

30+

801 i N

60 -

40t

Weight (%)
Deriv. Weight (%/min)
&

20f —as-received MWCNTSs %

----3£-MWCNTSs ol

0 1 ; 1 1 1 i A------T--- 1 1 1 1 1 1 1

0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
Temperature (°C) Temperature (°C)

(a) (b)

Figure 2.4: (a) TGA and (b) DGA curves of as-received MWCNTs and -MWCNTs
under air atmosphere. The TGA figure adapted from Paper 1.

were developed to overcome CNTs’ intrinsic hydrophobic nature: non-covalent at-
tachment of surfactant or polymer molecules [77,78] and covalent attachment of
functional groups [79]. The main advantage of the non-covalent approach is the
conservation of the perfect structure of CN'Ts [80]. The covalent approach might af-
fect the structural integrity of CNTs, but in turn, can tailor the properties of CNTs
for specific applications [81]. Oxygen-containing groups, mainly carboxylic acid
groups, are widely used as functional group. Their hydrophilicity facilitates good
dispersibility of CNTs in polar solvents including water [82], and these groups can
also serve as useful sites for further surface modification or functionalization [79].
The covalent attachment of the oxygen-containing groups at open ends and side-
walls of CNTs can be achieved either by wet chemical methods, photo-oxidation,
oxygen plasma treatment, or gas phase treatment [83]. Among these methods, the
wet chemical methods using different oxidizing acids or strong oxidants are the most
popular due to their easy implementation in both laboratory and industry [84]. The
oxidative treatment also purifies the as-produced CNTs by removing amorphous
carbon and metallic impurities [85].

In this thesis work, the wet chemical oxidation method was employed. As shown
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Figure 2.5: (a) Photograph of a spray-coated -MWCNTS resistor on printed IDEs
on a PPE film, (b) resistance variation of three - MWCNTS resistors and a MWC-
NTs resistor as a function of relative humidity at 25 °C. Rgryg and Rsgy, denote the
resistance measured at a specific RH and 20%, respectively. Figures adapted from
Paper 1.

in Fig. 2.3, high-purity MWCNTs (>90%) were functionalized with carboxylic acid
groups (-COOH) by acid treatment: a suspension of the MWCNTs in a mixture
of concentrated HoSO4 and HNO3 in a 3:1 volume ratio was bath sonicated for 24
hours. The functionalized MWCNTs (-MWCNTs) were then washed repeatedly to
remove acid residues by ultracentrifugation. The collected -MWCNTs were highly
soluble in water and kept stable for a long time thanks to the attached carboxylic
acid groups. The presence of carboxylic acid groups could also be inferred from the
results of thermal gravimetric analysis (TGA) and derivative thermogravimetrical
analysis (DGA) as shown in Fig. 2.4. The oxidization of the as-received MWCNTs
started at around 500 °C, while the fMWCNTs began to lose weight at a much
lower temperature due to water desorption and decomposition of the carboxylic
acid groups which happens between 150 to 500 °C [87]. In this thesis, it was
found that the presence of the carboxylic acid groups was the main contributor
to the significant humidity sensitivity of the -MWCNTs through a comparative
study with the as-received MWCNTs. More experimental results are given in the
following section.

2.2.3 Resistive-type Sensing Properties and Mechanism
Sensing Properties

The humidity-sensing properties of a random f-MWCNTs network were character-
ized from -MWCNTs-based resistors. The resistors were prepared by spray-coating
the aqueous dispersion of -MWCNTs onto printed IDEs on polyphenylene ether
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Figure 2.6: HRSEM images of the spray-coated -MWCNTs films on inkjet-printed
IDEs of (a) the sample A and (b) sample C. Inset: enlarged images of the f-
MWCNTs locally distributed as indicated in the corresponding samples. Figures
adapted from Paper I.

(PPE) films, as shown in Fig. 2.5a. MWCNTSs resistors were also prepared in the
same way using the dispersion of MWCNTs in N-Methyl-2-pyrrolidone (NMP). De-
tails of the spray-coating technique will be introduced in Chapter 3. The spraying
duration could be adjusted to control the density and hence the resistance of the
carbon nanotube network. Longer spraying duration leads to the formation of a
denser network, resulting in a smaller resistance value. Fig. 2.5b shows the resis-
tance variation of three -MWOCNTS resistors and a MWCNTSs resistor as relative
to their resistance at 20% RH as a function of relative humidity. The -MWOCNTs
samples A, B and C were spray-coated for 18, 69 and 85 seconds, respectively.

All the -MWCNTs resistors exhibited an exponentially increasing trend as the
ambient humidity level was raised from 20% to 95% RH. In stark contrast, the re-
sistance of the MWCNTs resistor was almost unchanged over the whole RH range.
Moreover, it was observed that the larger resistance the -MWOCNTs resistor had
at 20% RH, the higher sensitivity it exhibited to humidity. The high resolution
scanning electron microscopy (HRSEM) images of the -MWCNTs samples A and
C are shown in Fig. 2.6a and 2.6b, respectively. As seen from the insets, the carbon
nanotubes were randomly distributed, and the local densities of carbon nanotubes
were high in both samples. However, the nanotubes did not fully cover the elec-
trode area in the sample A, while a complete and compact film of the nanotubes
was formed in the sample C. It would be simply assumed that more carbon nan-
otubes provide more surface area that could interact with water molecules and
hence higher sensitivity. However, the above results suggest that this assumption
becomes incorrect when the density of the nanotubes is high. Above a certain den-
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Figure 2.7: (a) Resistance variation of an -MWCNTS resistor under dynamic cycles
between 70% and 95% RH, (b) resistance variation of an - MWCNTS resistor when
the humidity level is changed from 30% to 95%RH measured three times, and
the resistor was heated at 120 °C for 30 minutes before each measurement. The
measurements were done at 25 °C. Figures adapted from Paper I.

sity level, the total exposed surface area would reduce when the nanotube network
becomes even denser, and consequently, the humidity sensitivity of the nanotubes
would decrease.

Fast response of the -MWOCNTs resistors towards moisture could be observed
under a dynamic test. As shown in Fig. 2.7a, the resistor responded immediately
to the rising of RH level, and the resistance reached 90% of its steady-state value
at 95% RH within around 20 seconds. The resistor also responded quickly to the
falling of the RH level, however, its resistance recovered only about 60% of its initial
value at 70% RH within 100 seconds. Full recovery of the resistance took around 2
hours without external aid. This long recovery time indicates the reaction between
the surface of carbon nanotube and water molecule is a strong chemisorption. Em-
bedded heater is one possible and efficient solution to refresh the resistor. Although
there is concern about sensor degradation induced by heating [60], the -MWCNTs
resistor showed reproducible response to the rising of RH level after being heated
at 120 °C for 30 minutes for several times, as shown in Fig. 2.7b.

Sensing Mechanism

Although the humidity sensitivity of MWCNTs or MWCNTs-based composite have
been observed by a few research groups [87-96], the sensing mechanism is still under
debate. Among the reported works where acid-treated MWCNTs were used, sev-
eral assumptions were proposed for the sensing mechanism, including the electron
donation from water molecules to the p-type semiconducting MWCNTs [88, 90],
the increase of tunneling barriers between the nanotube junctions due to water
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Figure 2.9: Schematic illustrating a hydrogen bond between the carboxylic acid
group in the fFMWCNT and a water molecule.

absorption on the tube-to-tube interface [94,95], the weak bonding between an H
atom of water and a C atom on the nanotube surface [92,96], and the hydrogen
bonding between the polar water molecules with the oxygen-containing defects on
the nanotube [87].

As seen from Fig. 2.5b, the MWCNTs and -MWCNTs exhibited extremely dif-
ferent sensitivities to humidity. Therefore, the sensing mechanism of the -MWCNTs
was investigated through studying the difference between the fMWCNTs and as-
received MWCN'Ts.

Fig. 2.8 depicts the Raman spectra of the as-received MWCNTs and -MWCNTs.
The two peaks at around 1350 cm ™! and 1580 cm ™! are termed ‘D-band’ and ‘G-
band’ respectively. The former originates from the defects on the carbon nanotubes
and amorphous carbon in the material and the latter corresponds to the E2g vi-
brational mode of graphite [97]. Since no amorphous carbon was observed in the
as-received MWCNTs according to the supplier, the intensity ratio of the ‘D-band’
and ‘G-band’ peaks basically indicates the density of defects in the material. It
can be seen that both of the as-received and -MWCNTs had a relatively high and
similar density of defects. As previously discussed with Fig. 2.4, carboxylic acid
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groups were present in the -MWCNTs but not in the as-received MWCNTs. So
the main difference between the the as-received and -MWCNTs was not the den-
sity of defects, but the presence of carboxylic acid groups on the defect sites of the
f-MWCNTs. Therefore, it is believed that the sensitivity of -MWCNTs towards
humidity was attributed to the hydrogen bonding between water molecules and
the carboxylic acid groups on the nanotube surface as illustrated in Fig. 2.9. The
hydrogen bonding reduced the hole carrier concentration in the FMWCNTs and
thus increased their resistivity. Such strong chemical absorption of water molecules
also explains the long recovery time as discussed previously with Fig. 2.7a.

2.3 Paper Substrate

2.3.1 Viable Substrate for Printed Electronics

Since being invented in ancient China two thousand years ago, paper has been
widely used as cheap, recyclable and flexible substrate in daily life [27]. Paper is also
compatible with high-volume and high-throughput roll-to-roll (R2R) processing,
and therefore considered as potential substrate for printed electronics [27,98,99].
There were many promising reports on electronic devices and systems fabricated on
paper substrates ranging from transistors [100], batteries [101], antennas [102], to
RFID tags [103], wireless sensor transmitters [104] and bio-patches [105]. Moreover,
as paper is widely used as packaging material, directly printing functional devices
on paper is very attractive for intelligent packaging applications because it would
merge the manufacturing of electronics into conventional package production flow
and thereby reduce processing steps and cost.

It is still challenging to print electronics on paper substrates because paper is
comparatively rough, inhomogeneous and porous, although various coatings can be
applied to adjust its surface properties [106]. Concerns about the stability and reli-
ability of paper-carried electronics also exist due to the hygroscopic and absorptive
nature of paper [107]. But on the other hand, the porous and absorptive properties
of paper are advantages in some applications [27]. For example, sensors are a po-
tential application field considering the large interfacial area of the porous paper.
This thesis proposed to utilize paper substrates as humidity-sensing material. The
sensing properties of paper substrates are discussed in the following section. The
printing process and the electrical reliability of printed devices on paper substrates
will be discussed in Chapter 3.

2.3.2 Capacitive-type Sensing Mechanism and Properties

Paper is an insulating material with a volume resistivity of 10'°-10' Q-cm [108].
When ambient humidity level goes up, the moisture content in paper increases as
water molecules are absorbed to the hydroxyl groups of cellulose fibers of which pa-
per is composed [27]. The dielectric constant of water is around 80 at 20 °C and one
atmosphere [109], whereas that of dry paper is usually around 1.3-4 [24,27]. There-
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Figure 2.10: (a) Photograph of a planar LC resonator printed on a paper substrate,
and (b) equivalent circuit of the LC resonator. Figures adapted from Paper II.

fore, when the paper substrate absorbs more water molecules at higher humidity
level, its dielectric constant would increase, making itself potential capacitive-type
humidity-sensing material [110,111].

In this thesis work, the capacitive humidity-sensing performance of paper sub-
strates was investigated by inkjet printing a planar inductor-capacitor (LC) res-
onator on paper substrates as shown in Fig. 2.10a. The resonator consists of a
square-shaped loop inductor and an interdigital capacitor (IDC). The equivalent
circuit of the resonator is drawn in Fig. 2.10b, where L indicates the inductance
of the loop, Rroop and Croop are the parasitic resistance and capacitance in the
loop, respectively, C indicates the capacitance of the IDC, Rggr and Lggsgr are the
equivalent series resistance and inductance in the IDC, respectively, and Rgyp is
the leakage resistance in the substrate between the electrodes of the IDC. Because
the inductor has one turn only, Cpoop between windings is much smaller than C,
and then the resonant frequency, indicated by f,., can be calculated by

1= 1
" 2n/(L+ Lesr)C

(2.1)

where C' can be further calculated using an analytical model which was developed
for printed IDCs on paper substrates. More detailed calculation of the capacitance
C' is referred to Paper VI. C increases as the dielectric constant of the paper sub-
strate increases, and correspondingly, f, decreases.

The experimental results agreed with the theory as shown in Fig. 2.11a. The
detailed measurement setup will be described in Chapter 4. The resonant frequency
was the frequency where the peak magnitude of the voltage reflection coefficient
AS11 occurred. The resonant frequency of an LC resonator printed on a paper
substrate shifted to the left as the ambient RH level increased. Meanwhile, the peak
magnitude decreased as the humidity level increased, which could be explained by
the decreased quality factor of the resonator. The quality factor decreased at higher
humidity level partially due to the increase of the equivalent series resistance Rgsr
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Figure 2.11: (a) Measured magnitude of ASj; of an LC resonator as a function of
frequency at different relative humidity levels, (b) measured resonant frequency of
the LC resonator under dynamic cycles between 30% and 80% RH. The resonator
was printed on a paper substrate from Printed Electronics Ltd. (PEL), and the
measurements were done at 25 °C. Figures adapted from Paper II.

in the IDC. RggR is proportional to the loss tangent of the dielectric substrate which
would increase when the paper absorbs more ion-containing water vapor [108,112].
The decrease of quality factor was also attributed to the decrease of the parasitic
resistance Rgyp. The resistivity of the paper substrate would decrease when the
paper contains more moisture [108].

Fig. 2.11b shows the typical dynamic response of the LC resonator between 30%
and 80% RH. The tested resonator was put in an environmental chamber. It took
around 4 minutes for the humidity level in the chamber to change from 30% to
80% RH, and around 6 minutes to change back. Partially due to the long operation
time of the chamber, the response time of the LC resonator was around 6 minutes.
A hysteresis of 10.8% RH was observed when the humidity level was varied from
80% to 30% RH, which was caused by the formation of clusters of water molecules
in the pores of paper [113]. The response time and the hysteresis can be improved
by using a thinner substrate or an integrated heater [45,114]. Nevertheless, the pre-
sented sensor is sufficiently useful for environmental monitoring where the humidity
changes gradually and slowly [44].

Moreover, substrate type strongly influences the sensor response. First of all,
an LC resonator printed on a 200 pm-thick paper substrate showed much higher
sensitivity, i.e. the variation ratio in resonant frequency (16.6%), than that printed
on a 125 pm-thick polyimide (PI) substrate (2.6%) when the humidity level was
increased from 20% to 90% RH. The different sensitivities mainly stem from the
different water absorptive capacities of the substrates. The moisture content in the
PI film is about 2.8% at 100% RH [115], while ordinary paper substrates could
contain water up to 16% at 100% RH [27]. PI is often used as sensing substrate
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Figure 2.12: Variation of the measured resonant frequencies of three LC resonators
as a function of relative humidity at 25 °C. The resonators were printed on two
inkjet papers from PEL and Kodak, and a UV-coated packaging paper from Ko-
rsnés, respectively. Figure adapted from Paper II.

in printed humidity sensors [44,116]. This comparison result shows that paper is
advantageous to humidity sensor applications considering its sensitivity.

Three paper substrates, including two inkjet papers and one UV-coated packag-
ing paper, were also compared as shown in Fig. 2.12. The resonators printed on the
two inkjet papers showed similar response. The resonator printed on the packaging
paper exhibited the highest sensitivity among the three samples when the humidity
level was below 70% RH but the lowest sensitivity when the humidity level exceeded
70% RH. This surprising result probably has relation to the water absorption ca-
pacity of the paper substrates. The cellulose fibers in the packaging paper might
become almost saturated with water above 70% RH and hence could not absorb
much more water as the inkjet papers did. Gravimetric analysis should be per-
formed to determine the water contents of the paper substrates at different relative
humidity levels. Nevertheless, the above results demonstrated the great potential
of ordinary packaging paper for low-cost and flexible humidity sensor applications.






Chapter 3

Device Fabrication on Flexible
Substrates

Printing technologies are considered as revolutionary and cost-effective approaches
to manufacture electronic systems on flexible substrates. Inkjet printing was chosen
as the main technique for device fabrication in this thesis owing to its unique
features.

As introduced in the preceding chapter, -MWCNTSs and paper substrates are
promising sensing materials for printed and flexible humidity sensors. The chap-
ter begins with a short introduction of inkjet printing technology. Then thin film
fabrication of -MWCNTs by spray-coating and inkjet printing techniques will be
discussed respectively with an emphasis on the latter technique. The metallization
process on paper substrates using inkjet printing is also discussed. The discussion
refers to Papers I, III, IV and V.

3.1 Introduction of Inkjet Printing Technology

Inkjet printing has become one of the major printing technologies used in the field
of printed electronics thanks to its ability to precisely deposit picoliter volume of
functional materials in liquid phase onto pre-defined area [117]. Another advantage
of inkjet printing is its non-contact processing which allows easy handling of a wide
variety of substrates — rigid boards, flexible thin foils, three-dimensional objects
and so on [118].

There are two main inkjet printing technologies: continuous inkjet (CIJ) and
drop-on-demand (DOD) inkjet [119]. In CIJ technology, a continuous stream of
liquid ink is ejected out a small nozzle under pressure and individual droplets are
formed via the Rayleigh instability. The droplets are variably charged as they form
by holding the nozzle at an appropriate potential relative to ground. The charged
droplets further pass through an electrical field and are directed to either land
on the substrate, or fall into a collection gutter for recirculation. Fig. 3.1a illus-
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Figure 3.1: Schematic diagram of (a) a continuous inkjet printer and (b) a thermal
drop-on-demand inkjet printer. Figures adapted from [119].

trates the working principle of the CIJ printing. The advantage of CIJ is speed.
However, the printing resolution of CIJ is generally low and high maintenance is
required [118]. Moreover, the recycling of the ink bears the risk of contamination,
and hence potentially results in degraded printing performance and waste of mate-
rial [119].

The DOD inkjet printing technology, where a drop of ink is only formed when
it is needed, is more economical than the CIJ technology [119]. There are two
dominant techniques to eject droplets on demand: thermal and piezoelectric. As
illustrated in Fig. 3.1b, the thermal inkjet printers utilize a small thin-film heater
in the printhead channel. The ink in immediate contact with the heater will be
heated up rapidly above its boiling temperature once a current pulse is applied to
the heater, creating a small vapor bubble and forcing ink droplets out of the noz-
zle. The piezoelectric inkjet printers utilize electromechanical actuation enabled by
piezoelectric material. When an electrical field is applied, the piezoelectric material
expands and contracts, expelling the ink out of the nozzle. This reverse piezoelectric
effect can be used in four different ways: squeeze mode, bend mode, push mode and
shear mode, as displayed in Fig. 3.2a-3.2d, respectively [120]. The squeeze mode
uses a tube made of piezoelectric ceramics. The tube actuator is radially polarized
and deformed to squeeze the ink out of the nozzle. In both the bend and push
mode, an electric field is applied parallel to the polarization of piezoelectric ceram-
ics, and an diaphragm is deformed to expel the ink. In contrast to these two modes,
the electrical field is applied perpendicularly to the polarization of the ceramics in
the shear mode. Xaar is one of pioneers in the shear-mode printhead design. The
Xaar-type shear-mode printhead is illustrated in Fig. 3.2d. The applied field causes
the diaphragms to flex in the middle. Such physical deformation at high frequency
creates an acoustic wave in the channel and in turn forces the ink out of the nozzle.
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Figure 3.2: Schematic illustrating the actuation principles of piezoelectric drop-on-
demand inkjet printheads in (a) squeeze mode, (b) bend mode, (¢) push mode, and
(d) shear mode, respectively. Figures adapted from [120].

The shear-mode printheads consume much less power than the other three mode
printheads because the coupling of electrical energy to mechanical deformation is
very efficient in this mode [118].

Although the thermal printing systems are simple and cheap, the range of inks
for the thermal inkjet printer is limited because the inks are in direct contact with
the heater. The thermal inkjet inks must have a volatile component, and are mainly
water-based. It is also difficult to control the water-based inks on the substrate due
to the high surface tension of water [118]. With the piezoelectric actuation, a much
wider variety of inks can be printed, and there is more freedom to develop inks
with new properties and functions. Moreover, the piezoelectric printers allow more
control on the drop size, shape and velocity [119].

The application of inkjet printing technology to printed electronics poses chal-
lenges in terms of ink formulation, choice of substrates and so on [121]. In general,
ink properties need to be matched with the specific printer in use for a stable and
reliable jetting of droplets out of the nozzles [121,122]. Viscosity and surface tension
are two crucial parameters of the inks that influence the drop formation [122,123].
The important role of these two parameters can be apprehended from the following
dimensionless grouping of fluid properties. This dimensionless number is commonly
used to analyze the mechanics of drop formation in the DOD printheads [124],

Z = L:ICM = Oh~! (3.1)

where p, v and 7 are the density, surface tension and viscosity of the fluid respec-
tively, and d is the characteristic length which is the nozzle diameter in this case.
The Z number is the inverse of the Ohnesorge number (Oh) that describes the ratio
of internal viscous dissipation to surface tension energy [125]. Fromm introduced
the Z number and predicted that drop formation in DOD printing systems was
only possible for Z > 2 [124]. Later this prediction was refined by Derby et al.,
summarizing that drop formation takes place in a controlled fashion in the range
1 < Z < 10 for most commercial DOD printing systems [126]. The lower limit
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Figure 3.3: Illustration of the contact angle (6¢) of a liquid drop on a solid substrate.

represents that the viscous dissipation dominates and a large pulse of pressure is
required to break up the liquid. The upper limit represents that the surface ten-
sion forces dominate and lead to the formation of satellite droplets [117,126]. A
desktop shear-mode piezoelectric inkjet printer, Fujifilm Dimatix material printer
(DMP2800 series), was used in the experiments in this thesis. Taking it as an
example, it requires inks to have a viscosity of 10-12 c¢P and surface tension of 28-
33 mN/m at jetting temperature [127]. Moreover, the inks should be stable without
agglomeration, and should not dry out on the nozzle plate to avoid clogging the
nozzles.

The substrate is also an important component of an inkjet system. The sub-
strate properties must match the chosen ink for optimal print quality and functional
performance. For non-permeable substrates, surface energy is a key factor which in-
fluences the wettability of an ink on a substrate [128]. Contact angles, as defined in
Fig. 3.3, are commonly used to evaluate the wettability. In general, contact angles
smaller than 90° indicate high wettability and high surface energy of the substrate
as compared with the surface tension of the ink in use, while contact angles larger
than 90° indicate low wettability and low surface energy of the substrate [129].
Typically, a small contact angle is preferred to obtain good wettability and good
adhesion of an ink to a substrate [130]. Nevertheless, a large contact angle, which
leads to the formation of small droplets, can be utilized to achieve high printing
resolution [128]. When paper made of cellulose fibers is used as substrate, more
parameters of the substrate come into play, including surface roughness, porosity,
absorption rate and thermal stability [106]. Moreover, the properties of paper sub-
strates can vary significantly depending on their structure, composition and coating
technique [27]. Therefore, the choice of a suitable paper substrate must be carefully
made.

3.2 Thin Film Fabrication of -MWCNTs

3.2.1 Spray Coating of -MWCNTs

Spray-coating is a simple and cheap technique to deposit materials in solution form
and compatible with industrial R2R processes [131]. This coating technique does



3.2. Thin Film Fabrication of -MWCNTs 25

Nitrogen
Pressure
—

Airbrush

Solution Container

& Substrate

Airbrush
Holder

Figure 3.4: Illustration of a spray-coating setup using an airbrush.

not have strict requirements on the fluid properties, and can produce large-area,
pinhole-free films with relatively uniform thickness, which makes it a good method
to prepare thin-film samples for material characterization [132].

In this thesis work, spray-coating was employed to prepare the MWCNTs and
f-MWCNTs resistors for material characterization. The spray-coating setup using
a commercial airbrush is illustrated in Fig. 3.4. Nitrogen, working as carrier gas,
brought a liquid solution of material from the container to the nozzle at the airbrush
tip. The solution passed the nozzles and broke into small droplets which deposited
on a substrate. The substrate was continuously heated on a hotplate in order to
evaporate the solvent quickly and avoid material agglomeration. The substrate tem-
perature, together with spraying duration and spraying distance, were optimized to
obtain a homogeneous film. As mentioned in the previous chapter, the MWCNTs
and -MWCNTSs resistors were formed by spray-coating the corresponding solution
on printed IDEs. Different resistance values could be obtained by intentionally
varying the total spraying duration for each sample. For example, the -MWCNTs
resistor samples A, B and C as shown in Fig. 2.5b were 5.16 k2, 662 2 and 157 2
at 20% RH respectively. They had the same electrode and were spray-coated for
18, 69 and 85 seconds, respectively. As seen from Fig. 2.6, a denser network and a
more complete film of carbon nanotubes were formed on the electrode area of the
sample C, which resulted in a smaller resistance value.
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3.2.2 Inkjet Printing of -MWCNTs

Although the spray-coating process is simple and results in relatively homogeneous
films, it requires additional patterning steps and wastes considerable material on the
patterning masks. Moreover, its batch-to-batch reproducibility of the -MWCNTs
resistors in terms of resistance does not meet commercialization standards. Re-
cently, research work was performed to use inkjet printing as a cost-effective and
accurately-controlled technique to deposit and pattern CNTs on various substrates
for a broad range of applications, such as transparent electrodes, thin film transis-
tors, sensors, and antennas [14, 133-137]. To obtain satisfactory patterns, three
factors have to be carefully considered: (1) ink properties [138]; (2) substrate
properties [139]; (3) process parameters, e.g., printing resolution and substrate
temperature [140]. As compared to the latter two factors, the formulation of a
stable CNT dispersion with suitable viscosity and surface tension is an essential
starting point [134,138]. Many CNT inks were prepared by attaching surfactants
or polymers to improve the dispersibility of CNTs [134,141-143]. These additives
were also used to adjust the ink viscosity. However, direct electrical contact be-
tween nanotubes was prevented by the surfactants or polymers, increasing the re-
sistance of printed CNTs films [132, 140]. To avoid adding any additive, water-
dispersible CNTs functionalized by oxygen-containing groups were used for inkjet
printing [133,135,140,144]. The functionalization process, like the acid treatment
described in Chapter 2, also cut the long nanotubes so that they would not clog
the nozzles easily. Nevertheless, using water as ink solvent results in an unreliable
jetting with piezoelectric inkjet printers [140,144], because water has a low viscosity
of 0.89 cP, and a high surface tension of 72 mN/m at 25 °C [145,146]. Additionally,
water forms a large contact angle on substrates with low surface energy, giving
rise to bad wettability of the ink on such substrates [133]. For example, water
forms a contact angle of 72° on an untreated PI foil (Kapton® HN, Dupont) [147].
Furthermore, inks with boiling point higher than 100 °C are usually preferred by
the piezoelectric inkjet printers, otherwise they would dry out on the nozzles of
the printhead quickly. Therefore, the solvent for the CNTs functionalized with
oxygen-containing groups has to be carefully chosen to meet the requirements of
the printer.

In this thesis work, aqueous ethylene glycol (EG) solution (99wt.% of EG)
was used instead of water as solvent to formulate an £MWCNTs ink with much
improved jetting reliability. The EG was chosen as the main solvent because it has
a viscosity of 16.1 cP and a surface tension of 48 mN/m at 25 °C [148]. In addition,
the non-volatile nature of EG could help to keep the nozzles humectant and thereby
prevent them from drying out and clogging. The -MWCNTs dispersed well in the
aqueous EG solution (0.4 mg/ml) and remained stable for several weeks and even
longer. The viscosity of the formulated ink was measured to be 11.8 cP at 32 °C.
The surface tension of the solvent is around 48.2 mN/m at 25 °C according to the
data sheet of EG [148]. Thus the Z-number of the dispersion was estimated to
be around 3. Although the surface tension of the ink was higher than the optimal
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Figure 3.5: (a) Droplet formation of an -MWCNTSs ink under a DMP inkjet printer,
(b) contact angle measurement of the -MWCNTS ink on untreated polyimide foil.

(a) (b)

Figure 3.6: Photographs of (a) inkjet-printed -MWCNTs films in the shape of strip
on (upper) a paper substrate and (lower) a polyimide foil respectively, and (b) an
inkjet-printed -MWCNTS resistor on a polyimide foil. (¢) Optical microscope photo
of a 20-layer -MWCNTs film inkjet-printed on a polyimide foil. Figures adapted
from Paper III.

value required by the DMP printer, reliable and satellite-free jetting behavior was
obtained at the expense of a lower jetting frequency of 2 kHz as seen from Fig. 3.5a.
The contact angle of the ink on the untreated PI foil (Kapton® HN, Dupont) was
about 45°, as shown in Fig. 3.5b.

Fig. 3.6a shows the photographs of the fMWCNTs films in the shape of a
strip which were inkjet-printed on paper and PI substrates, respectively. Fig. 3.6b
shows the photograph of one -MWCNTSs resistor on PI. The resistor was formed by
inkjet printing the -MWOCNTs on printed IDEs. Observing the fMWCNTs films
on PI more carefully under an optical microscope as shown in Fig. 3.6¢, it can be
seen that a random network of - MWCNTs was formed, but there were some places
where nanotubes accumulated, for instance, as indicated by the white arrows, prob-
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ably due to the coffee-ring effect. The coffee-ring effect describes a phenomenon
which commonly occurs in inkjet printing: when a colloidal droplet dries on a solid
substrate, a ringlike deposit is formed along the perimeter of the droplet [149].
The solute particles tend to flow outward to the droplet edge because the solvent
at the edge evaporates more quickly [150]. The coffee-ring effect was clearly ob-
served from a microliter drop of the -MWCNTs ink dried on a plastic substrate. It
was also found that more nanotubes settled along the edge of a printed line when
printing with one nozzle. The printed -MWCNTs film on paper was more uniform
than that on PI because the paper substrate absorbed the solvent immediately.
The coffee-ring effect could be suppressed by optimizing the process parameters
(e.g., substrate temperature) to minimize the drying flows [140], or modifying the
solvent composition, for example, utilizing mixed solvents to introduce an inward
Marangoni flow [149]. Nevertheless, it is worth mentioning that there was a percep-
tible improvement in the batch-to-batch reproducibility of the -MWCNTs resistors
using inkjet printing as compared with the resistors fabricated by spray-coating.

3.2.3 Effect of Annealing Temperature on -MWCNTs
Properties

Electrical performance

The electrical performance of inkjet-printed -MWCNTs films was evaluated in
terms of sheet resistance. Four-point probe measurement was applied to obtain
accurate resistance. A typical four-point structure for resistance measurement is il-
lustrated in Fig. 3.7a. A constant current was applied though the two outer probes,
and the total resistance (R) of the tested line was obtained by measuring the volt-
age across the two inner probes. Contact resistance was eliminated by separating
the current and voltage probes. The sheet resistance (Rg) of the tested line was
then calculated by,
R

s = Tw

(3.2)
where L is the length and W is the width of the test line. A homemade printed
circuit board (PCB)-based probing tool was employed to ensure repeatability and
reliability of the measurement as shown in Fig. 3.7b and 3.7c. Spring contacts were
used in the tool to guarantee good contact with all the four probes simultaneously.

The sheet resistances of printed -MWCNTS films on a PI foil were characterized
from the samples in the shape of a strip as shown in Fig. 3.6a. Fig. 3.8a shows the
measured sheet resistances of three samples, overprinted for 10, 20, and 30 times,
respectively, as a function of annealing temperature. As the annealing temperature
was raised from 120 to 250 °C, the sheet resistances of all the samples decreased
and appeared to level off gradually. It was probably because the contact gaps with
the nanotubes and inter-tubes were reduced as the annealing process released the
internal stress in the -MWCNTs network [90]. It was also possibly related to the
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Figure 3.7: (a) Four-point structure for sheet resistance measurement, (b) home-
made PCB-based probing tool, and (c) resistance measurement setup using the
homemade probing tool.

2,0 7o) T T T T T T 140 i T T T T T T 90
N - O- 10-layer 130 M- _ 180
s S - @- 20-layer . — @.\ 17
= 15¢ AN -wv-30-layer 7 S 120 \ N
Py o = 110} ' AN 160
s ~ 2 ®+, ] —
§ 1.0t S~o 1 o 100f { AN 50 g
% B e 3 \ = 140
2 N 2 oo N =
4 A O o ' AN 130 8
@ 05} N Seal A . 801 N AN ©
5 |- ~~o ° 5 ~< < 120
8 e Ttm € 701 T~ Sl 10
= 2 i T = S -
oo, ., o, _YITITFER of , , , , ®----.H
120 140 160 180 200 220 240 120 140 160 180 200 220 240
Annealing Temperature (°C) Annealing Temperature (°C)
(a) (b)

Figure 3.8: (a) Sheet resistance of three -MWCNTS strips inkjet-printed with 10, 20
and 30 layers, respectively, as a function of annealing temperature, (b) resistance
of an inkjet-printed -MWOCNTSs resistor measured at 20% RH and its resistance
variation between 95% and 20% RH as a function of annealing temperature. Figures
adapted from Paper III.

decomposition of carboxylic acid groups attached on the nanotube surface. Their
decomposition occurred between 150 to 500 °C [87].

Humidity Sensitivity

The inkjet-printed -MWCNTSs resistors as shown in Fig. 3.6b were placed in an en-
vironmental chamber for humidity-sensitivity characterization. Fig. 3.8b illustrates
the resistance variation of a sample relative to its resistance at 20% RH as a func-
tion of annealing temperature. The resistance measured at 20% RH is also plotted
in the figure. It can be seen that the resistance variation between 20 and 95% RH,
i.e. the humidity sensitivity, decreased as the annealing temperature was raised.
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Figure 3.9: (a) Schematic illustration of the bending test setup with two-probe dc
resistance measurement, (b) resistance variation of three -MWCNTSs resistors as a
function of bending radius. Rggr and Rg,; denote the resistance measured at one
specific bending radius and when the resistor is flat before bending, respectively.
Figures adapted from Paper I.

As discussed in the previous chapter, the excellent humidity-sensitivity of the f-
MWCNTs was attributed to the presence of carboxylic acid groups. The reduced
sensitivity was probably caused by the loss of the carboxylic acid groups at higher
annealing temperature. This result suggests the maximum process temperature for
the -MWCNTs should be kept below the critical decomposition temperature of
the carboxylic acid groups (150 °C) in order to retain their excellent humidity
sensitivity.

3.2.4 Mechanical Flexibility Evaluation

One cycle of bending test was performed to the -MWCNTs resistors on PPE films
as illustrated in Fig. 3.9a. Tensile stress was produced in the fMWCNTs film by
placing the film facing upwards in the bending test. Fig. 3.9b depicts the resistance
variation of three -MWCNTSs resistors as a function of bending radius. The bending
radius was defined by the radius of the cylinder. The resistances of all the samples
basically increased as the bending radius decreased. Nevertheless, the variation
in resistance was still less than 2% even when the bending radius was as small
as 3.5 mm, corresponding to around 1.4% strain in the nanotubes. Moreover, the
resistances fully recovered to their initial values once the resistors were released
from the bending.

Furthermore, the humidity sensitivity of the -MWCNTs was barely affected by
the bending as shown in Fig. 3.10, either with the -MWCNTs film facing downward
the cylinder or with the film facing upwards. The resistors were measured in three
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Figure 3.10: Resistance variation of two f-MWCNTs resistors fabricated on a paper
substrate as a function of relative humidity at 25 °C, (a) Ragy, is 884 Q for Sensor 1
and the bending radius is 10 mm with the fMWCNTSs film downwards facing the
cylinder, (b) Ragy, is 877 € for Sensor 2 and the bending radius is 20 mm with the
f-MWCNTSs film facing upwards. Figures adapted from Paper V.

status sequentially: flat, under bending, and released. The -MWCNTs resistors
used in this test were fabricated on a paper substrate. It has to be mentioned that
the -MWCNTs resistors fabricated on paper substrates showed less flexibility than
those on PPE films. The resistance variation already reached 20% when the bending
radius was 10 mm for the -MWCNTS resistor on paper with the -MWCNTs film
facing upwards. As a matter of fact, it were not the -MWOCNTs, but the inkjet-
printed electrodes on the paper substrate that limited the overall flexibility. The
mechanical flexibility of inkjet-printed conductive structures on paper substrates
will be discussed in detail in Section 3.3.4.

3.3 Inkjet-printed Metal Conductors on Paper Substrates

3.3.1 Silver Nanoparticle Inks and Thermal Sintering

Conductors such as electrodes, contacts and interconnections are indispensable com-
ponents of electronic devices and systems. Direct writing of conductive structures
by inkjet printing received great research attention. There are different types of
conductive inks, mainly including conducting polymers, organometallic compounds,
metal precursors and colloidal suspensions of metallic nanoparticles [151]. Conduct-
ing polymers have advantages of flexibility, low cost, ease of processability, but they
are 1000 to 10000 times less conductive than the metallic inks [117]. For example,
the conductivity of the polymer PEDOT:PSS is up to 1000 S/m [152]. Metallic inks
are requested in applications where high conductivity (>10* S/m) is needed [153].
The organometallic compounds or metal precursors avoid risks of agglomeration
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Figure 3.11: Illustration of a sintering process for metallic nanoparticle inks.

and nozzle clogging by being in the form of solution [151]. But these inks re-
quire additional thermal or chemical reduction to metallic species, and a relatively
large amount of organic residues and other ionic contaminants often remain after
the reduction, affecting the long-term reliability of the fabricated electronics [154].
The metal nanoparticle inks have shown the highest conductivity up to 50% of
the bulk metal conductivity [155]. Moreover, when paper is used as substrate, the
metal nanoparticle inks are advantageous owing to the limited penetration of the
particles into the porous substrate [153]. Silver nanoparticle inks are widely used
because of their high conductivity and thermal stability [123].

A sintering process is required for the printed metal nanoparticle inks to form
highly conductive structures. The sintering process not only removes non-conductive
organic coatings which stabilize the particles in the suspension, but also pro-
motes the growth and coalescence of the particles [154, 156, 157], as illustrated
in Fig. 3.11. The sintering step can be performed in various ways, for instance,
oven sintering [155], electrical sintering [158], microwave sintering [156], chemical
sintering [159, 160], or photonic sintering by means of flash, laser and other light
sources [153,161,162]. Although the thermal sintering in an oven involves a longer
sintering time than the other techniques, it is still the simplest and most reliable
technique [155].

Low temperature sinterable inks are favored in printed electronics considering
the low heat tolerance of most plastic and paper substrates. In this thesis work,
silver nanoparticle ink (NPS-JL) from Harima Chemicals Inc. was chosen because
of its low sintering temperature. According to the supplier, the recommended sin-
tering condition is 120 to 150 °C for 1 hour. Fig. 3.12 shows the sheet resistances
of inkjet-printed four-probe structures on an inkjet paper (PEL Nano P60 from
Printed Electronics Ltd.) using the NPS-JL ink. Three sample groups were sin-
tered at 100, 120 and 150 °C, respectively. The resistance decreased as the sintering
temperature increased, with a significant reduction occurring from 120 to 150 °C.
The optimal sintering temperature for this ink was found to be 145 °C, because
the evaporation of the solvent as well as the decomposition of the organic coating
mainly finished by this temperature as analyzed from TGA and Fourier transform
infrared spectroscopy (FTIR) results of the ink [35].
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Figure 3.12: Sheet resistances of three groups of inkjet-printed four-probe struc-

tures on PEL inkjet paper which were sintered at 100, 120 and 150 °C for 1 hour,
respectively. Each group includes 25 samples. Figure adapted from Paper V.

3.3.2 Influence of Paper Surface on Conductive Performance

Although paper has attracted great interest as cheap and green alternative sub-
strate to plastics, concerns still exist regarding the conductive performance, relia-
bility and mechanical flexibility of printed devices on paper substrates [106]. Mostly
inkjet photo papers are researched on so far. They are, however, expensive and vul-
nerable to a harsh environment. Cheaper and more robust packaging paper offers
attractive possibilities to printed electronics, particularly for intelligent packaging
applications. By directly using packaging paper as substrate, the manufacturing of
electronics can be merged into conventional package production flow and thereby
reduce both processing steps and cost.

In this thesis work, six different commercial paper substrates were compared
using the silver nanoparticle ink NPS-JL. The paper substrates were divided into
two groups: inkjet paper and package paper. Three inkjet paper substrates were
from Printed Electronics Ltd. (PEL), Kodak Ltd. and Felix Schoeller Group, re-
spectively. The packaging paper substrates were provided by Korsnéas AB, including
three types: UV-coated, Polyethylene (PE)-coated and clay-coated. Surface char-
acteristics of the paper substrates strongly influence the morphologies of printed
droplets and line structures on the substrate and hence the conductivity. Ohlund
et al., concluded that surface roughness and porosity were the most crucial param-
eters of the paper substrates that influenced the electrical conductivity [106]. The
pore size of the clay-coated packaging paper was so large that the nanoparticles
penetrated the substrate, resulting in a dark and non-conductive pattern. Fig. 3.13
compares the sheet resistances measured from the other five paper substrates and
shows their respective SEM pictures. The paper substrates were sintered at 100 °C
in this experiment. The sheet resistance measurement was performed in the same
way as introduced in Section 3.2.3. The printed droplets spread irregularly on the
PE-coated packaging paper, and the formed pattern was not conductive probably
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Figure 3.13: (a) Sheet resistance of inkjet-printed four-pint structures on different
paper substrates. The SEM pictures of the printed structures on (b) Kodak, (c)
Schoeller, (d) PEL, (e) UV, (f) PE, respectively. The printed structures on the
PE-coated packaging paper were not conductive. Figure adapted from Paper IV.

because there was large gap between the particle grains as observed from its SEM
picture. Although the sheet resistance obtained from the UV-coated packaging pa-
per was about 10 times higher than that from the inkjet papers, this resistance value
is acceptable to many applications. Moreover, when the UV-coated packaging pa-
per was sintered at 200 °C, the sheet resistance was reduced to around 0.05 2/sq.
This value is close to what was obtained from the PEL inkjet paper sintered at
150 °C as seen from Fig. 3.12. One of the advantages of the packaging paper is its
heat resistance. Mostly inkjet papers cannot bear a sintering temperature above
150 °C [35], while the UV-coated packaging paper can stand up till 240 °C.

3.3.3 Reliability Evaluation under 85 °C/85% RH Aging Test

Paper swells or shrinks when its moisture content increases or decreases, and there-
fore, the reliability of printed conductors on paper substrates in a humid envi-
ronment becomes an important practical concern, especially when they are to be
applied for humidity sensors. The electrical reliability of inkjet-printed conductors
on two types of paper substrates (PEL inkjet paper and Korsnis UV-coated pack-
age paper) was evaluated by performing an aging test according to an industry
standard [163]. The samples were stored in an environmental chamber with condi-
tions set at 85 °C and 85% RH for 1008 hours in total. The high temperature was
employed to accelerate the penetration of moisture through the substrate [163].
The samples were brought out of the chamber for sheet resistance measurement
every week.
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Figure 3.14: Sheet resistance variation in the 85 °C/85% RH aging test for inkjet-
printed four-point structures on a) PEL inkjet paper with b) SEM picture after
Week 6, and on ¢) UV-coated packaging paper with d) SEM picture after Week 6.
Figures adapted from Paper IV.

Three sets of samples, which were sintered at 90, 120, and 150 °C respectively,
were used in the aging test. Fig. 3.14 illustrates the sheet resistance variation of
the samples sintered at 90 °C. The resistance variation for the samples sintered
at 120 or 150 °C follows the same tendency as the samples sintered at 90 °C. It
can be seen that the resistance substantially decreased after the first week and
became quite stable afterwards for both paper substrates. Zapka et al. reported
that silver nanoparticle inks could be chemically sintered at room temperature or
slightly elevated temperatures by dissolving the ligands from the nanoparticles with
salts [159]. In addition, Andersson et al. found that high moisture content in the
coating polymer of the metal nanoparticles could facilitate the ion transportation
from the paper coating to the ink, depending on the paper coating material and the
polymer type [164]. Therefore, the decrease in resistance was probably caused by a
chemical sintering effect which was triggered by the high humidity level. Moreover,
it was observed that 4 out of 25 samples on PEL inkjet paper broke after Week 4,
while only 1 out of 25 samples on UV-coated packaging paper showed high resistance
after Week 5. The good reliability of the packaging paper in a harsh environment
strengthens its potential as substrate for printed humidity sensors.

3.3.4 Mechanical Flexibility Evaluation

Bending tests were also performed to evaluate the mechanical flexibility of printed
conductors on paper substrates as illustrated in Fig. 3.15. Tensile stress was applied
to the conductor when the conductor was placed facing upwards in the Cond-UP
setup, while compressive stress was applied when the conductor was placed facing
downward the cylinder in the Cond-Down setup. The tested samples were one-
layer conductive strips (1.3-cm wide and 2-cm long) inkjet-printed on PEL paper
substrate using the NPS-JL ink.

Firstly, it was found that the flexibility of the printed conductors was related to
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Figure 3.15: Schematic illustration of the bending test setup of printed conductive
structures on PEL paper in (a) flat, (b) Cond-Up, and (¢) Cond-Down position,
respectively. Figures adapted from Paper V.
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Figure 3.16: Conductance variation of printed conductors on PEL paper which were
sintered at different temperatures. Geas denotes the conductance measured at a
specific bending radius and Gg the initial conductance of the sample when it is flat
before bending. Gg of the samples sintered at 100, 120 and 150 °C is 0.60, 0.71 and
1.15 S, respectively. Figure adapted from Paper V.

the sintering temperature. As shown in Fig. 3.16, under one cycle of the Cond-Up
bending test, the 100 °C samples withstood the bending radius down to 10 mm,
and almost recovered their initial resistances once being released from bending,
whereas the 150 °C samples showed considerable variation in conductance when
the bending radius was 20 mm. The difference in flexibility was probably due to
the oxidation or decomposition of the coating material on the paper substrate at
higher sintering temperature.

It was also found that the printed conductors could stand smaller bending radius
under compressive stress than under tensile stress as shown in Fig. 3.17a. Under
the Cond-Up test, the conductance of the samples sintered at 100 °C remained
almost stable till the bending radius of 20 mm. Then the conductance significantly
reduced when the bending radius decreased to 10 mm, and half of the samples broke.
Under the Cond-Down test, the conductance of the samples increased slightly as the
bending radius decreased. However, all the samples withstood the bending radius
down to 10 mm, and almost recovered their initial resistance once being released. As
mentioned earlier, the -MWCNTSs resistors fabricated on paper substrates showed
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Figure 3.17: Conductance variation of printed conductors on PEL paper substrate
sintered at 100 °C (a) as a function of bending radius, and (b) as a function of
bending cycles in the Cond-Up and Cond-Down setup, respectively. Bending radius
is 20 mm. Each test group includes 8 samples. The mean Gy is 0.62 S. Figures
adapted from Paper V.

Figure 3.18: HRSEM pictures of printed conductors after being bent with a) Cond-
Down, and b) Cond-Down with peeling-off surface metal layer, ¢) Cond-Up, and d)
the enlarged image of the crack in (c). Figures adapted from Paper V.

reduced flexibility as compared with those on plastic films. It can be explained by
the above observation that the printed conductors on PEL paper substrate could
not bear the bending radius below 20 mm under the Cond-Up test.

An 80-times repeated bending test was also done to the printed conductors,
and their conductance variations are shown in Fig. 3.17b. The bending radius
was 20 mm in this experiment. The conductance was measured when the sam-
ples were released from bending. It can be seen that the conductance remained
almost unchanged in the Cond-Up setup, while it gradually increased in the Cond-
Down setup. The different flexibility between the two setups could be explained by
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HRSEM as shown in Fig. 3.18. Under compressive stress, cracking started from
the interface between the conductor and the paper substrate. The surface of the
conductor formed ridges, but the electrical connection was still maintained here
until the thorough rupture of the whole conductive layer. Under tensile stress, the
cracking began at the surface of the conductive layer, and progressed through the
whole conductive layer quickly.



Chapter 4

RFID Sensor and Integration

This chapter will first review the existing RFID tag technologies and the corre-
sponding integration methods of sensing functions. Compared with the solutions
based on a silicon-based chip, the printable chipless RFID sensor tags are very at-
tractive to applications where tags of very low cost are required. Therefore, three
construction methods of chipless RFID humidity sensor tags were investigated and
implemented, based on backscatter modulation, time-domain reflectometry, and
frequency-spectrum signature, respectively. The discussion refers to Papers I, II,
VI, VII and VIII.

4.1 RFID Tag Technologies

An overview of the existing RFID tag technologies is prerequisite for exploring
the RFID sensor solutions. An RFID system typically consists of three elements:
tags, readers and a back-end database. The tags carry the ID information, and the
readers can read the information from the tags. The information acquired by the
readers is then passed to the database which is responsible for managing the data
and related business transactions [165].

Based on their power sources, RFID tags can be classified into three types:
active, semi-passive and passive tags [31]. Active tags have on-board power source,
such as batteries, and periodically send the ID signals to an RFID reader and
possibly to other tags as well. Semi-passive tags transmit the ID signals using the
EM waves sent out by the reader, but still need a battery to power up the on-board
or off-board circuitry. Passive tags rely only on the reader’s radio energy to power
up the tag, and transmit the ID signals in response to the interrogation signals
sent by the reader. The choice of RFID tags depends on application requirements
including performance, cost and other parameters. Active tags have the longest
operation range and are more reliable, but are larger in size and more expensive
($15-8100) [166]. Passive tags have the shortest operation range, but are smaller,
lighter, cheaper ($0.15-$5), battery-free and maintenance-free, thereby becoming

39
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Figure 4.1: Examples of IC-containing commercial passive RFID tags: (a) tags
based on near-field coupling, courtesy to Texas Instruments Inc. [170], and (b) tags
based on far-field coupling, courtesy to Alien Technology LLC. [171]

the most prevalent type in the market nowadays [165-167].

Commercial Passive RFID Tags

The majority of current commercial passive RFID tags contain at least an integrated
circuit (IC) chip and an antenna as shown in Fig. 4.1. They are powered up by
an EM field around the reader and transmit RF signals based on two coupling
principles: reactive near-field coupling (inductive coupling) and radiative far-field
coupling [31]. For the near-field tags, changing the load on the tag’s coil antenna
varies the current in the coil, and hence causes a small variation in the reader’s
antenna that is to be detected. These tags typically operate in the 125-135 kHz low
frequency (LF) or in the 13.56 MHz high frequency (HF) band, and have a short
operation range of less than 30 cm [168]. Nevertheless, the near-field RFID tags
found application in where high security is demanded, and they are less prone to be
interfered by the presence of metal or liquid [169]. The far-field coupling is employed
for longer operation range (up to 10 m). By changing the loading impedance on
the antenna, the amount of the reflected energy is varied and then detected by the
reader. This technique is called backscatter modulation. The far-field RFID tags
usually operate in the 860-960 MHz ultra-high frequency (UHF) band or in the
2.45 GHz microwave band.

A third type of commercial passive RFID tags does not contain any IC chip,
using a completely different physical principle called surface acoustic wave (SAW)
technology [31]. A SAW RFID tag, which typically operates at 2.45 GHz, com-
prises a piezoelectric substrate, an antenna, an interdigital transducer (IDT) and
a set of code reflectors as shown in Fig. 4.2. The tag receives an interrogating
radio-wave pulse through the antenna. The IDT converts the radio wave to a sur-
face acoustic wave based on the piezoelectric effect. The SAW pulse propagates
away from the IDT and passes through the set of reflectors, generating a uniquely
encoded acoustic wave pulse train. The reflected pulses propagate back toward the
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Figure 4.2: Tllustration of SAW tag operation. Courtesy to RFSAW, Inc. [175]

IDT and get transmitted through the antenna back to the reader. The ID data
is encoded based on the time delays produced by the reflectors, known as time
position encoding or pulse position modulation [172]. The SAW RFID tags do not
require direct-current (DC) power and hence consume less power than the above
chip-based tags. They also have other advantages, such as long operation range
(up to 15 m), high reliability in the presence of water and metal, or in a harsh
environment (e.g., at a temperature up to 400 °C) [173]. However, the piezoelec-
tric materials are expensive and require high temperature deposition or treatment
for good crystal formation [174]. Moreover, the manufacturing process of the SAW
devices involves complex nanometer lithography. As a result, the SAW RFID tags
do not cost considerably less than the chip-based tags [169].

Emerging Printable Chipless RFID Technologies

During the past decade, great research efforts were made to develop printable chip-
less RFID tags which are expected to cost $0.01 and less [36,176,177]. Research
work was carried out to develop low-cost RFID tags based on printed organic
transistors. Such all-printed tags operating at 135 kHz and 13.56 MHz were re-
ported [178,179]. However, the electron mobility and integration density of printed
transistors achieved so far are not sufficient for implementing faster and more
complex circuitry [180]. More innovative chipless RFID technologies are emerging,
falling into three main categories based on their encoding principles [177]:

o Backscatter modulation-based chipless RFID tags

This type of chipless tag encodes the ID data by varying the phase information
of the backscattered signals using reactive loading on the antenna, such as
a short-circuit LC ladder [181], left-hand delay lines [182], and microstrip-
based stub reflectors [183]. The encoded bit number is limited, but these tags
have simple architectures, operate over narrowband and hence simplify the
implementation of the RFID reader [177].

¢ Time domain reflectometry (TDR)-based chipless RFID tags

Inspired by the working principle of the SAW tags, several TDR-based tags
by means of transmission lines were proposed in view of printability. The ID



42

Chapter 4. RFID Sensor and Integration

gl

Figure 4.3: Examples of chip-based RFID sensor solutions: (a) an RFID tag inte-
grating an external printed humidity sensor, (b) an RFID humidity sensor based on
a sensitive polymer-loaded antenna, and (¢) an inkjet-printed RFID humidity sen-
sor tag using polyimide as sensing substrate. Figures adapted from [116,196,197],
respectively.

data is encoded either using the delay time of the reflected pulses produced
by transmission lines [184,185] or using the presence or absence of a pulse at
a predetermined time position produced by capacitors [103,186]. These tags
are interrogated by very short pulses which have an ultra-wideband spec-
trum (UWB), and hence require a high-speed and complex UWB transceiver
as reader. The encoded bit number is also limited. Nevertheless, these tags
offer a number of advantages such as longer reading range, lower power con-
sumption, and built-in applicability for positioning applications [30,177].

Frequency spectrum signature-based chipless RFID tags

This type of tags encodes the ID data in frequency domain by means of res-
onating structures, for example, capacitively-tuned microstrip dipoles [187],
space-filling curves [188], C-like scatters [189,190], multiresonant dipoles [191],
spiral resonators [192], split ring resonators [193], and inductive-capacitor
(LC) resonators [194,195]. The encoding is performed by either associating
each bit of the ID with the presence or absence of a resonant peak at a pre-
determined frequency [192,194], or by allocating a predetermined resonant
frequency to each ID code [189,195]. These tags require a wide frequency
spectrum, but offer the advantages such as robustness, high coding capacity
and miniaturization [177].

4.2 RFID Sensor Solutions

In accordance to the RFID tag technologies, the RFID sensor solutions can be gen-
erally divided into two groups: chip-based solutions and chipless solutions. The
chip-based solutions include embedding a sensor in an RFID chip [198], integrating
an external sensor to an RFID chip [164, 196,199, 200], depositing a sensing layer
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on an RFID tag antenna [197,201], or on the coupling area between the antenna
and the chip [202], and using a sensitive substrate for the RFID tag [116]. Several
examples are shown in Fig. 4.3. The chip-based solutions have high coding capac-
ity and comply with the EPC Gen2 standard. However, like the chip-containing
RFID tags, the manufacturing, testing and assembling of the silicon IC chip limit
the cost reduction of the sensor tags. Chipless solutions are more attractive for
applications where the low cost of the tag is the primary concern. As pioneer of the
chipless RFID tags, the SAW tags have built-in capability to measure temperature
because the surface acoustic wave on the substrate is temperature-sensitive [203].
But as mentioned earlier, the SAW RFID tags require expensive piezoelectric mate-
rials and complex manufacturing processes. Their piezoelectric nature also impedes
manufacturing of the SAW tags by printing techniques [192]. RFID sensor solu-
tions based on printable chipless RFID encoding techniques are potentially much
cheaper than the chip-based and the SAW RFID sensor tags. On the other hand,
signal collision between nearby RFID tags is a more challenging problem for the
tags without an IC chip [190], although several anti-collision techniques were pro-
posed [204,205]. Therefore, the chipless solutions show more promise of success in
short-range identification and sensing applications where fewer tags are activated
simultaneously.

In this thesis, three construction methods of printable chipless RFID sensor tags
were investigated as follows:

By monitoring its backscattered power, a passive wireless sensor could be real-
ized by loading a proper antenna with a resistive-type sensor [14,206]. An RFID
sensor tag could then be constructed by placing this sensor together with an chip-
less RFID tag which encodes ID in the phase of the backscattered signal or in the
frequency spectrum [206,207]. Note that the sensor and the RFID tag should work
on orthogonal polarizations to avoid interfering with each other [207]. Utilizing
the backscatter modulation, a flexible humidity sensor was demonstrated for UHF
RFID applications in this thesis. Section 4.3 will first introduce the backscatter
modulation principle. Then the humidity sensor and its design optimization will
be presented and discussed.

A TDR-based chipless RFID sensor solution encodes the ID in the delay time
of the reflected pulse introduced by transmission lines, and performs the sensing
function though modulating the phase/amplitude of the reflected pulse by adding
a capacitive/resistive-type sensor at the end of the transmission lines [208-210].
Based on this principle, a fully-printed RFID humidity sensor tag was demonstrated
in this thesis. Such sensor tag is typically implemented to monitor one target at one
time. In this thesis, a TDR-based sensor for monitoring multiple parameters was
also proposed. Section 4.4 will first introduce the working principle of the time-
coded chipless RFID sensor tag. Then the printed humidity sensor tag and the
multi-parameter sensor design will be presented and discussed.

The third method encodes the ID data in the frequency domain using resonators
or resonating structures, and performs the sensing function through measuring the
resonant frequency variation of one additional resonator covered by sensing mate-
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Figure 4.4: (a) Block diagram of a passive wireless sensor based on backscatter
modulation, (b) photograph of an -MWCNTSs resistor that is connected with a
coplanar waveguide for characterization of the voltage reflection coefficient at high
frequencies. Figures adapted from Paper I.

rial [206,211]. The advantages of this method are coding capacity, miniaturiza-
tion, adaptivity for multi-parameter monitoring and so on [190,211]. As discussed
above, chipless RFID sensor tags are more suitable for short-range monitoring ap-
plications. Therefore this thesis proposed a chipless RFID sensor tag operating
wirelessly through near-field inductive coupling. Section 4.5 will first introduce the
operation principle of this tag. Two detection methods are then introduced and
compared. The sensor design optimization is also discussed.

4.3 Backscatter Modulation-based UHF Humidity Sensor

4.3.1 Sensor Operation Principle

Fig. 4.4a shows the block diagram of a passive wireless sensor based on backscatter
modulation. The sensor is essentially an antenna loaded with a resistor which varies
its own resistance with a targeted physical quantity. When the RFID reader sends
a continuous EM wave signal to the sensor, the sensor will reflect back power which
is termed as backscattered power. The backscattered power consists of two parts:
‘structural-mode’ scattering and ‘antenna-mode’ scattering [212]. The structural-
mode scattering occurs owing to the current induced on the antenna, which is
related to the structure, shape and material of the antenna and independent of
its loading conditions [213,214]. The antenna-mode scattering occurs due to the
mismatch between the antenna impedance and the load impedance [212], thereby
conveying the information of the sensing resistor. The backscattered power received
by the reader, Preaderrx, can be calculated by [14],

i)él
4d

where Peader-tx 1S the power fed into the antenna of the RFID reader, G, and
Gy the gain of the reader antenna and the sensor antenna, respectively, n the

Preader-rx = reader—thf Gg"]( (4 1)
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power refection coefficient, A the wavelength, and d the distance between the reader
and the sensor. The power reflection coefficient of the sensor (1) depends on the
impedance mismatch between the antenna and the sensing resistor as given by [14],

7, — 7}

=Sy =(=—=A
n =Sl (ZL+ZA

)? (42)
where Sp; is the voltage reflection coefficient of the sensor antenna, Za is the
impedance of the antenna, Z the complex conjugate of Z, and Z;, the impedance
of the sensing resistor. Combining the above two equations, it is clear that when
the load impedance on the antenna varies, the backscattered power changes corre-
spondingly. It can be further derived from Eq. 4.2 that the load impedance (Z1,) is
preferred to be comparable to the antenna impedance (Z) to obtain higher sensi-
tivity, i.e., larger variation in the power reflection coefficient (1) corresponding to
a certain change of Zy,. Since the resistive part of the antenna impedance is typi-
cally small to achieve lower power consumption and better radiation efficiency, the
sensing resistor with high conductivity is favored by this wireless sensing principle.

Yang et al. proposed and demonstrated an ammonia sensor based on the backscat-
ter modulation using printed SWCNTs [14]. However, their results were preliminary
and only showed their sensor could indicate the presence of ammonia qualitatively.
In addition, they did not perform measurement above 1 GHz.

In this thesis, a flexible humidity sensor based on an -MWOCNTs resistor was
presented, and a wireless humidity sensor could be readily demonstrated by con-
necting the -MWOCNTS resistor to a printed UHF antenna. It was found that the
parasitic capacitance between the resistor electrodes played a key role in the sensor
response in terms of sensitivity and operating frequency range. By adjusting the
parasitic capacitance, the sensor could measure the humidity level from 30% to
90% RH over the frequency range from 40 kHz to 2 GHz. As shown in Fig. 4.4b, a
short coplanar waveguide (CPW) was used to connect the -MWCNTS resistor to a
vector network analyzer (VNA) for the voltage reflection coeflicient measurement.
According to Eq. 4.1-4.2, the magnitude of S7; can be used as a measure of the
wireless sensor if all the other parameters in the equations are constant.

4.3.2 Sensor Structure Optimization and Performance

The frequency-dependent response (S11) of the humidity sensor based on -MWCNTs
resistors was strongly affected by the electrode structure of the resistor as shown
in Fig. 4.5. Two sensors with different resistor-electrodes were measured at 50%,
70%, and 90% RH, respectively. As illustrated in the insets, IDEs and flat paral-
lel rectangular electrodes (REs) were used for the -MWCNTSs resistor in the two
sensors, respectively. The magnitudes of S1; of both sensors responded similarly
up to around 600 MHz. When the frequency was above 600 MHz, however, the
magnitudes of S1; of the two sensors evolved differently. As seen from the real
lines in Fig. 4.6a, the sensitivity, defined by the difference of (|S11]) between 50%
and 90% RH, started to decrease at 600 MHz for the sensor with IDEs. In stark



46 Chapter 4. RFID Sensor and Integration

........... 50% RH 10 ceveeeeenns 50% RH
4 ----- 70% RH U T | 70% RH 1

90% RH 90% RH
@ g
o 2

-16 1 1 1 1 1 1 1
02 04 06 08 10 12 14 16 18 20
Frequency (GHz) Frequency (GHz)
(a) (b)

Figure 4.5: Measured voltage reflection coefficient (|S11]) of the - MWCNTSs sensors
with (a) IDEs and (b) REs as a function of frequency at 50%, 70%, and 90% RH
at 25 °C. Inset: schematic electrode structure. Figures adapted from Paper I.
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Figure 4.6: (a) A|S11|, defined as the difference of S1; between 50% and 90% RH
in Fig. 4.5, as a function of frequency for the -MWCNTs sensors with IDEs and
REs configuration (real line), and the simulated results (dashed line) with different
values of L and C based on the equivalent circuit of the -MWCNT resistor. R was
experimentally derived to be 78 Q at 50% RH and 100 © at 90% RH from both
sensors. Inset: equivalent circuit of the -MWCNT resistor. (b) Measured voltage
reflection coefficient (|S11]) as a function of frequency for a new f-MWCNTSs sensor
with IDEs (which have the parasitic capacitance of 1.0 pF between the electrodes)
at different relative humidity levels. Figures adapted from Paper I.

constrast, the sensitivity for the sensor with REs started to increase at 600 MHz
and reached its maximum at around 1.8 GHz.
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The dramatic influence of the resistor-electrode structure on the sensor response
could be explained by the total complex impedance of the -MWCNTs resistor. The
equivalent circuit of the -MWCNTs resistor is illustrated in the inset of Fig. 4.6a,
where R is predominantly attributed to the resistance of -fMWCNTs, C represents
mainly the parasitic capacitance between the resistor-electrodes, the inductance L
comes from the metal electrodes, and Zy, represents the total complex impedance of
the R, C, and L network. By simulating this network in Agilent Advanced Design
System (ADS) with varied values of L and C, it was found that the significantly
improved sensitivity of the sensor with REs over the sensor with IDEs was mainly
attributed to the variation of the parasitic capacitanc C' as shown by the dash
lines in Fig. 4.6a. The parasitic capacitances between the IDEs and the REs was
measured to be around 2.2 pF and 1.0 pF, respectively.

Another sensor with redesigned IDEs was fabricated. The dimensional struc-
tures of the new IDEs were designed to have a capacitance of 1.0 pF between the
electrodes using the analytical model of IDEs as presented in Paper VI. As seen
from Fig. 4.6b, the magnitude of Sy of the new sensor responded similarly to that
obtained from the sensor with REs (Fig. 4.5b), which confirms the key role of the
parasitic capacitance between the electrodes on the sensitivity. The small difference
in the responses between these two sensors probably arose from a slightly larger
inductance in the IDEs. Additional measurements at lower RH levels showed that
this sensor could detect the humidity level from 30% to 90% RH over the frequency
range from 40 kHz to 2 GHz, and from 20% to 90% RH over the frequency range
from 40 kHz to around 1.6 GHz.

4.4 TDR-based Chipless RFID Humidity Sensor Tag

4.4.1 Tag Operation Principle

Fig. 4.7a shows the block diagram of an RFID sensor tag based on TDR. The
sensor is composed of an UWB antenna, transmission lines and a sensing resistor.
As mentioned previously, an UWB pulse with very short time duration is used as
interrogating signal for such TDR-based tags. The operation scheme of the tag is
illustrated in Fig. 4.7b. Once being interrogated, the tag would first scatter back
a pulse owing to the structural-mode scattering. After certain time, another pulse
would be reflected back owing to the antenna mode scattering. The time delay
between the two reflected pulses is introduced by the transmission lines as given
by,

_

14

At (4.3)

where [ is the length of the transmission lines, and v is the velocity of propagation
of the pulse along the transmission lines. The length of the transmission lines is
varied to encode the ID in the time delay (At). This chipless RFID technique based
TDR was proposed by Ramos et al. in [215]. It can be seen that the interrogating
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Figure 4.7: (a) Block diagram of a time-coded RFID sensor tag based on TDR, and
(b) operation scheme of the tag. Fig. (b) adapted from [209].
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signal should be such a short pulse that the two reflected pulses do not overlap. The
antenna-mode pulse occurs due to the impedance mismatching between the sensing
resistor and the transmission lines. Excluding the structural model scattering, the
tag could be modeled using an equivalent circuit as drawn in Fig. 4.8, where the
tag antenna is modeled as a voltage generator V,(t) with internal impedance Z, in
the receiving mode. Z¢ indicates the characteristic impedance of the transmission
lines, and R the resistance of the sensing resistor. The voltage waveform of the
reflected antenna-mode pulse can be given approximately by [216],

Ze R=Zc, (t— 2l)e—%al (4.4)

Vet = e =
YT Zc+ZysR+ 2o 5w

where « is the attenuation constant in the transmission line. As the UWB pulse
takes up a very wide frequency spectrum, the attenuation constant at the center
frequency of the pulse could be used in Eq. 4.4 for approximation. Then the energy
of the reflected pulse can be calculated by,

dt (4.5)

2LyT 2 21
Zc 2 R—ZC)26—4ml/"+ Vg(t_?)
2
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Figure 4.9: (a) A fully inkjet-printed TDR-based humidity RFID sensor tag on
polyimide foil without integration of the UWB antenna, and (b) block diagram of
the measurement setup for the tag.

where T is the time duration of this short pulse. The time delay (At) as Eq. 4.3
gives should be longer than the pulse duration (T') to avoid overlapping between
the structural-mode pulse and the antenna-mode pulse in the time domain.

Like the backscattered power, the transmitted energy by the reflected pulses
decays with distance by 20 dB/decade as Eq. 4.1 indicates. Thus the pulse energy
or amplitude received by the reader depends on the reading distance. Girbau et al.
presented a time-code UWB chipless RFID sensor system for temperature monitor-
ing by integrating a stand-alone flat chip temperature sensor [209]. They pointed
out that the structural-mode pulse could serve as a reference to the antenna-mode
pulse, since it is independent of the sensing resistor, and therefore, the ratio of these
two pulses could be used as an actual measure of the sensor to remove the influence
of the reading distance [209].

Employing this tag principle, a fully-printed flexible RFID sensor tag for humid-
ity monitoring was demonstrated in this thesis. This study focused on the charac-
terization of the humidity-sensing performance was focused. In addition, a multi-
parameter sensor based on TDR was proposed and theoretically analyzed.

4.4.2 A Printed Humidity RFID Sensor Tag based on TDR

Fig. 4.9a shows the inkjet-printed sensor tag consisting of a CPW and an -MWCNTs
resistor. CPW was chosen as transmission line because: 1) its uniplanar structure
requires only single-side printing process, and 2) it is easy to change its characteris-
tic impedance by adjusting the ratio of the width of the center signal conductor and
the gap between signal and ground conductors. The UWB antenna was not imple-
mented at the moment, so the characteristic impedance of the CPW was designed
to be 50 Q to match that of the measurement equipment. The dimensions of the
CPW were calculated using the Line Calculation tool in ADS based on the printing
process parameters obtained from experiments. The center signal conductor of the
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Figure 4.10: Time-domain voltage waveform of the interrogating pulse and reflected
pulse from the sensor under 30% RH.

CPW was 4044 pym wide, and the gap between the conductors was 120 ym wide.
The length of the CPW was set to be 16.5 cm to produce a 1.3-ns delay between
the structural-mode and the antenna-mode pulse. The CPW, together with elec-
trodes for the resistor, was printed at 1270 dpi resolution on a 125-pm thick PI foil
(Kapton® HN, Dupont) using an alcohol-based silver nanoparticle ink (CCI-300,
Cabot Corp.). The printed pattern was then sintered in an oven at 300 °C for 30
minutes. The sintered metal layer was about 0.5 pm thick and its conductivity
was around 2x 107 S/m. Then f-MWCNTs were printed on the electrodes to form
a humidity-sensing resistor at the end of the CPW. It should be noted that the
resistance variation range of the -MWCNTs resistor should be kept either below
50 Q or above it to ensure a one-to-one response between RH and pulse energy
for this demonstrator as seen from Eq. 4.5. A surface mount device (SMD) coaxial
connector was assembled to the sample for sensitivity measurement in the setup
as illustrated in Fig. 4.9b. As mentioned in Chapter 2, the PI foil itself was of-
ten used as humidity-sensing substrate, making it not the ideal substrate for this
sensor tag. Because the Cabot ink requires high sintering temperature to provide
sufficient conductivity for this application, PI was used for its high heat tolerance.
By using a low-temperature-sinterable ink, e.g., the NPS-JL, the sensor tag could
be demonstrated on other substrates which are not sensitive to humidity.

Fig. 4.10 depicts the interrogating pulse, and the antenna-mode reflected pulse
measured when the tag was placed under 30% RH. The time duration and the center
frequency of the interrogating pulse were around 0.7 ns and 2 GHz, respectively,
and the 10-dB bandwidth of the pulse was larger than 500 MHz. It can be seen
that the voltage waveform of the reflected pulse at 30% RH was not exactly in the
same shape as the interrogating pulse. The ringing occurring in the interrogating
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Figure 4.11: (a) Variation in time-domain voltage waveform of the reflected pulse
from the sensor under 50%, 70% and 90% RH, respectively, as relative to the re-
flected pulse under 30% RH. Vry and V3py denote the voltage waveform measured
at a specific RH and 30%, respectively, (b) energy of the reflected pulse as a function
of relative humidity.

pulse also became more severe in the reflected pulse. In Fig. 4.8 and Eq. 4.4-4.5,
the sensing resistor was treated as merely resistive for simplicity in the theoretical
analysis. In fact, there was parasitic capacitance and inductance in the -MWCNTs
resistor as discussed previously. The parasitics caused the shape of the reflected
pulse to be different from that of the interrogating pulse [216]. Another important
reason for the different waveforms was the imperfect impedance matching in the
measurement setup. To clearly show the variation in the reflected pulses between
different relative humidity levels, the waveform measured at 30% RH was subtracted
from the waveforms measured at the other humidity levels, as shown in Fig. 4.11a.
The pulse amplitude increased as the humidity level increased. Then the reflected
pulse energy was calculated by integrating the original voltage waveform over the
time duration of the pulse. Fig. 4.11b shows that the pulse energy increases with
the relative humidity level monotonously.

4.4.3 A Multi-parameter Sensor Design

Fig. 4.12a shows the block diagram of a multi-parameter wireless sensor based
on TDR, and the operation scheme of the sensor is illustrated in Fig. 4.12b. The
sensor is composed of an UWB antenna, pairs of transmission lines and sensing re-
sistors. Fach sensing resistor is supposed to be sensitive to a specific target. When
the reader sends out an interrogating pulse, the sensor would first scatter back a
pulse owing to the structural-mode scattering, and then reflect back several pulses
depending on the number of the sensing resistors owing to the antenna-mode scat-
tering. By properly setting the lengths of the transmission lines, the reflected pulses
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Figure 4.12: (a) Block diagram of a TDR-based wireless sensor for monitoring
multiple parameters simultaneously, and (b) operation scheme of the wireless sensor.
Figures adapted from Paper VIII.
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Figure 4.13: Dependence of the energies of the four reflected pulses on (a) the second
resistance Ry when R1=R3=50 2 and R4=100 2, and on (b) the fourth resistance
R4 when R1=Rs=R3=50 Q. R1, R2, R3 and R4 denote the four resistances in order
and Eq, Eo, E3 and E4 the energies of the four reflected pulses in order. Figures
adapted from Paper VIII.
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are discrete in the time domain. Thus the reader could receive each reflected pulse
individually, and then process out the resistances of all the sensing resistors. An
algorithm for analyzing the pulse energies of the sensor with an arbitrary number
(N) of resistors was introduced and verified by circuit simulation in ADS. In sum-
mary, the first resistance could be calculated out from the energy of the first pulse,
and the i-th resistance could be calculated out from the energy of i-th reflected
pulse and the preceding i-1 resistances (2 < i < N). More details of the algorithm
are referred to Paper VIII.

However, the implementation of this multi-parameter sensor is challenging. The
major difficulty is that the voltage amplitude of the reflected pulses decreases sig-
nificantly due to the signal attenuation along the transmission lines and the signal
loss caused by the impedance mismatching. As seen from Fig. 4.11a, the voltage
amplitude of the first reflected pulse was less than half of the interrogating pulse.
A sensor with four pairs of CPW and sensing resistors was simulated in ADS. The
detailed parameters used in the simulation are referred to Paper VIII. Two condi-
tions were simulated and also calculated using the proposed algorithm. As shown
in Fig. 4.13, the simulation and the calculation agreed well. It can be seen, how-
ever, the pulse energy decreased nearly 1000 times from the first pulse to the fourth
pulse. On top of that, it would be even more difficult to detect the variation of the
pulse energy caused by the sensing resistors.

4.5 Chipless RFID Humidity Sensor Tag Based on
Inductive Coupling

4.5.1 Tag Operation Principle

The chipless RFID sensor tag is composed of two planar LC resonators whose
layout is shown in Fig. 4.14a. The two resonators take up separate resonant
frequency bands to serve their own purposes as illustrated in Fig. 4.14b. One
resonator encodes the ID data utilizing frequency-spectrum signature (RFID res-
onator). Its resonant frequency is varied to represent different ID codes by con-
necting/disconnecting certain interdigital fingers to/from the IDEs. This RFID
encoding technique was previously proposed by our group, and a chipless RFID tag
was realized on a paper substrate by inkjet printing [195]. However, paper is not an
appropriate substrate for the RFID resonator as the ambient humidity influences
the resonant frequency as discussed in Chapter 2. Thus the RFID resonator needs
to be printed on a substrate with low moisture absorption, such as polyethylene
terephthalate (PET). As shown in Table 4.1, the humidity variation did not affect
the resonant frequency of an LC resonator printed on PET. The other resonator
is used for sensing the ambient humidity level (sensor resonator). This sensor res-
onator is printed on a paper substrate, and its resonant frequency would decrease
as the ambient relative humidity level increases as shown in Table 4.1.
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Figure 4.14: (a) Schematic layout of a planar LC resonator, and (b) operation prin-
ciple of the chipless RFID humidity sensor based on frequency-spectrum signature.
Figures adapted from Paper II.

Table 4.1: Comparison of an LC resonator printed on different substrates

Substrate (thickness) Resonant Resonant Frequency
frequency at frequency at variation ratio
20%RH 90%RH (%)

PET (125 pm) 142 MHz 142 MHz 0%

PI (125 pm) 161 MHz 157 MHz 2.5%

PEL (200 pm) 157 MHz 131 MHz 16.6%

4.5.2 Tag Detection Methods

Two detection methods were compared: one-antenna setup and two-antenna setup.
In the one-antenna setup, a single-turn loop antenna was connected to a VNA as
reader antenna, and the voltage reflection coefficient was measured and calculated
to remove the background noise as given by,

[AS1] = /(84, — S11) x (81, — S1)* (4.6)

where S}, is measured with the presence of the tag, S1; without the presence of
the tag, and the symbol of ‘*’ denotes a conjugate operation. In the two-antenna
setup, two single-turn loop antennas were connected to the two ports of the VNA
respectively, and the tag was placed in the middle. Then the forward voltage gain
was measured and calculated as given by,

[ASo| = /(8 — S21) x (S5, — S21)* (4.7)

where ), is measured with the presence of the tag, So; without the presence of
the tag. The reading distance in the two-antenna setup was defined as the distance
between the tag and one of the antennas.
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Figure 4.15: (a) Photographs of an inkjet-printed LC resonator which is composed
of a square-shaped loop inductor and a parallel-plate capacitor from (left) top and
(right) back. (b) Measured resonance amplitudes of an inkjet-printed LC resonator
at different reading distances in both one-antenna and two-antenna setups. Six L.C
resonator samples with the same design were tested in each setup. Figures adapted
from Paper VII.

The comparison of the detection methods was performed to inkjet-printed LC
resonators which were composed of a square-shaped loop inductor and a parallel-
plate capacitor as shown in Fig. 4.15a. Six samples with the same design were
printed on PT foils with a silver nanoparticle ink (SunTronic EMD 5603, Sun Chemi-
cal Corp.) using a binary Xaar126 printhead with 50 pl drop volume. The printhead
was inclined to print at 360 dpi resolution. The printed patterns were sintered at
250 °C for 1 hour. Then a through-substrate via was manually drilled and filled with
electrically conductive epoxy to connect one end of the inductor to the other plate
electrode of the capacitor on the backside of the substrate. The swept frequency
range used in the measurement was from 20 kHz to 400 MHz.

The resonant frequencies obtained from the two setups were the same, while the
peak amplitudes were quite different as shown in Fig. 4.15b. In both setups, the
peak amplitude decreased as the reading distance increased. The decreasing speed
of |ASy; | was slightly slower than that of |AS7|. As a result, the maximum reading
distance of the tag in the two-antenna setup was marginally longer (around 4 cm)
than that in the one-antenna setup (around 3 cm). On the other hand, |ASi|
was larger than |ASy;| within its readable distance. In addition, the size of the
objects that the tags are to be attached on is limited in the two-antenna setup.
Therefore, the one-antenna method is advantageous considering its larger response
signal and setup simplicity, and thus chosen for the measurement of the chipless
RFID humidity sensor tag. The inkjet-printed LC resonators on paper substrates
showed good batch-to-batch reproducibility in terms of their resonant frequencies.
The details of the reproducibility study are referred to Paper II.
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Figure 4.16: Resonant frequencies of (a) the resonators with Designs A, B, C,
respectively and (b) of the resonators with Designs D, E, F, respectively, at different
relative humidity levels at 25 °C. All the samples were printed on PEL inkjet paper.
Figures adapted from Paper II.

4.5.3 Sensor Performance and Structure Optimization

The sensing properties of the LC resonators printed on paper substrates were al-
ready discussed in detail in Chapter 2. When applying the resonators in remote
monitoring, the decrease of their peak amplitude with high RH level, as shown
in Fig. 2.11a, should be taken into consideration when determining the maximum
reading distance of the sensor tag.

The sensitivity of the sensor resonator stems from the capacitance variation of
the IDC. The influence of the IDC dimensions on the sensitivity was studied in this
thesis. Fig. 4.16 shows the measured resonant frequencies of six sensor resonators
with different dimensional designs. The dimensions and the response data of the
resonators were listed in Table 4.2, where Ny denotes the number of fingers of the
IDC, W, the finger width and g the space between the fingers. The sensitivity, .5,
in the table is defined as below,

S = Jroow — froo% % 100% (4.8)
fr20%

where the percentage subscript of f. denotes the humidity level where it was mea-
sured at. All the samples showed a similar decreasing trend as the humidity level in-
creased, with the largest reduction in frequency occurring between 70% and 90%RH.
As seen from Table 4.2, the humidity sensitivity (S) increased as the finger num-
ber (N¢) of the IDC increased, and also increased as the spatial wavelength of
the IDC (defined as 2(Wg + g)) decreased. The variation trend of the frequency
agreed with what the analytical model of the IDCs predicted. But the influence
of the spatial wavelength on the sensitivity was not as significant as the analytical
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Table 4.2: Comparison of Different Design Dimensions of IDCs

Design Dimensions Fro0% fr90% S (%)
Group 1

A N¢=40 214 MHz 183 MHz 14.5%
B N¢=50 193 MHz 163 MHz 15.5%
C Ny=60 177 MHz 148 MHz 16.4%
Group 2

D We=¢=350 pm 251 MHz 211 MHz 15.9%
E We=¢=450 pm 263 MHz 222 MHz 15.6%
F We=g=550 ym 260 MHz 221 MHz 15.0%
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model predicted. As previously discussed in Chapter 2, the sensitivity was much
more influenced by the water absorptive capacity of the substrate, equivalently, the
variation ratio of the dielectric constant of the substrate, as seen from Table 4.1.






Chapter 5

Summary and Future Outlook

5.1 Thesis Summary

RFID sensor technology is a key enabler for the Internet of Things (IoT). Low cost,
lightweight and flexibility are three requirements for the RFID sensor tag to provide
ubiquitous intelligence in many application fields, for instance, intelligent packag-
ing. This thesis explored printable chipless RFID sensor technologies as promising
candidates to fulfill the above requirements. Multidisciplinary research was carried
out covering material science, printing technology, and radio frequency engineering.

Multi-walled carbon nanotubes (MWCNTS) were studied as potential resistive-
type sensing material for printable, flexible and high-performance humidity sensors.
In contrast to as-received MWCNTs, MWCNTs functionalized using acid treatment
(-MWCNTs) exhibited significant sensitivity and fast response to the change of
relative humidity (RH) level. The obtained resistance variation was up to 140%
between 20% and 95% RH depending on the network density of the -MWCNTs.
The response time of the -MWCNTs towards the increase of RH was less than
20 seconds. The -MWCNTs also responded immediately to the decrease of RH.
However, full recovery (i.e., full water desorption) of the -MWCNTSs unassisted from
high RH to low RH would take around 2 hours. The major difference between the
as-received and acid-treated MWCNTs was the presence of carboxylic acid groups in
the -MWCNTs identified by Raman and TGA characterization. Thus it is believed
that hydrogen bonding between water molecules and the carboxylic acid groups
was the main contributor to the significant increase in resistance of the -MWCNTs
at higher RH level. Such strong chemical water absorption in turn caused the
long recovery time of the - MWCNTs. The -MWCNTs also demonstrated superior
mechanical flexibility. The largest resistance variation of the -MWCNTs resistors
under tensile stress was less than 2% when the bending radius was as small as
3.5 mm. Additionally, their humidity sensitivity was almost insusceptible to either
applied tensile stress or compressive stress.

Spray-coating was firstly employed to fabricate relatively uniform -MWCNTs
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films for material characterization. Later, an inkjet printing process was devel-
oped to fabricate thin films of the -MWCNTs at a more controllable and cost-
effective way. Using ethylene glycol as the main solvent, a stable -MWCNTs ink
was formulated, and reliable jetting behavior was obtained using a Fujifilm Di-
matix piezoelectric inkjet printer. The printed films were more homogeneous than
the spray-coated ones, although accumulation of nanotubes was still observed in
some places. It was observed that both sheet resistance and humidity-sensitivity of
the -MWCNTs films decreased when the films were annealed at higher tempera-
tures. The degraded humidity-sensitivity could be explained by the decomposition
of the carboxylic acid groups starting at 150 °C, suggesting it is best to keep the
process temperature of the -MWOCNTs below 150 °C.

A flexible humidity sensor based on backscatter modulation was demonstrated
by applying the -MWCNTs. The backscattered power from the sensor was modu-
lated by the resistance of the -MWCNTs resistor, i.e. the ambient humidity level.
It was found that the parasitic capacitance in the -MWCNTSs resistor strongly af-
fected the sensor response, particularly, the operating frequency range. The sensor
was then optimized by adjusting the parasitic capacitance, thereby being capable of
distinguishing from 30% to 90% RH over the frequency range from 40 kHz to 2 GHz.
With the integration of a proper antenna, this sensor could be used together with
a chipless RFID tag based on either backscatter modulation or frequency-spectrum
signature to construct a complete chipless RFID sensor tag.

A printed and flexible chipless RFID humidity sensor tag based on time-domain
reflectometry (TDR) was also demonstrated by applying the -MWCNTs. This tag
encoded ID in the delay time between the structural-mode and the antenna-mode
scattering pulse. The humidity sensing was performed by monitoring the antenna-
mode pulse, as the pulse amplitude (or energy) was modulated by the resistance
of the -MWOCNTs. The sensor tag could measure the humidity change from 30%
to 90% RH. In addition, a multi-parameter sensor based on TDR was proposed.
The sensor concept was proven by theoretical analysis and circuit simulation. How-
ever, implementation challenges exist mainly due to the considerable loss of signal
strength caused by long transmission lines and impedance mismatch.

Compared with the above two chipless RFID sensor principles, the frequency-
spectrum signature principle has many advantages such as high coding capacity,
compact size, immunity to noise, insusceptibility to process variation, and adap-
tivity to multi-parameter monitoring. Therefore, a printed chipless RFID humidity
sensor tag based on LC resonators was proposed for short-range identification and
sensing applications. The tag encoded the ID and sensor information in the reso-
nant frequency of an LC resonator respectively. Moreover, paper was proposed to
serve as sensing substrate, which would merge the manufacturing of the tag into
the production of traditional packages.

Besides the commonly-used inkjet (photo) paper, commercial packaging papers
of lower cost and more robustness were also studied. Firstly, it was found that
the print quality and the electrical performance of inkjet-printed metal conductors
strongly depended on the surface properties of the paper substrate. Among three
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types of packaging paper, only the UV-coated one showed the potential for printed
electronics. In fact, the sheet resistance obtained from the UV-coated packaging
paper was about 10 times higher than that from the inkjet papers when the papers
were all sintered at 100 °C. However, as the packaging paper was more resistant
to heat, the printed metal conductors thereon could be sintered at up to 200 °C
so that their sheet resistance was substantially reduced to 0.05 €2/sq. This resis-
tance value was close to what was obtained from the PEL inkjet paper sintered
at 150 °C. Moreover, the printed conductors on the UV-coated packaging paper
were more reliable than those on the inkjet paper when they were exposed to harsh
environmental conditions for 6 weeks. Furthermore, the mechanical flexibility of
paper substrates was evaluated. The results suggested the bending radius of the
inkjet-printed conductors on the paper substrate should be kept below 10 mm under
compressive stress or below 20 mm under tensile stress.

Regarding the sensing performance, LC resonators printed on paper substrates
showed a very high sensitivity in terms of resonant frequency variation up to 16.6%
between 20% and 90% RH. The LC resonator on the UV-coated packaging paper
exhibited even higher sensitivity than those on the inkjet papers over the humidity
range from 20% to 70% RH, showing the great potential of the ordinary packaging
paper for cheap and flexible humidity sensor applications. The response time of
the LC resonators on paper substrates was around 6 minutes, partially due to
the slow response (around 4 to 6 minutes) of the environmental chamber used in
the test. It also took a long time for the paper substrates to desorb all the water
molecules. In spite of their long recovery time, the paper-based and the f-MWCNTs-
based humidity sensors as presented in this thesis could find applications where the
humidity level changes gradually and slowly, such as environmental monitoring. In
applications where faster recovery time is required, an embedded heater or other
solutions should be considered.

5.2 Future work

Some potential future work is suggested as follows,

e The FMWCNTs ink formulation is not yet ideal for the Dimatix inkjet printer
as its surface tension is still higher than the optimal value. Other solvents with
lower surface tension could be tested. In addition, the coffee-ring effect was
observed in the printed -MWCNTs films. It would be expected that a more
homogeneous film of the -MWNCTs would exhibit even higher sensitivity and
better reproducibility. One way to improve the film uniformity is to increase
the substrate temperature [140]. Another way is to use two mixed solvents
with different surface tension and boiling points, which induces an inward
Marangoni flow [149]. The combination of the above two methods is worth
investigating.
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e Considerable signal attenuation along the inkjet-printed transmission lines

leads to challenging implementation of the TDR-based multi-parameter sen-
sor. It would also impose limits on the coding capacity of the time-coded
RFID sensor tag. Besides the intrinsically limited conductivity, the low thick-
ness of inkjet-printed metal conductors is another main reason for the sig-
nal attenuation. One solution is to overprint the transmission lines for many
times [98], which is however not economical for many applications. An eco-
nomical solution is to employ the printing method using variable thickness.
In this method, the transmission lines are printed in a fashion that only the
area where highest current density occurs is thickened [217]. Moreover, Shao
et al. applied a linear-tapering microstrip line to compensate the accumu-
lated resistance along the line [103]. This tapering technique is also worth
investigating for the sensor tag implementation.

PET and paper substrate were used for the RFID resonator and sensor res-
onator respectively. The separate production of the two resonators would
inevitably increase the cost and process steps. It is desired that the RFID
resonator can be directly fabricated on paper substrates but without being
interfered by the fluctuations of ambient humidity level. One potential solu-
tion is to print a humidity-insensitive dielectric layer below the interdigital
capacitor area to shield the influence of the paper on the resonant frequency
of the RFID resonator.
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