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ABSTRACT
FULLY PRINTED FLEXIBLE AND STRETCHABLE ELECTRONICS
By
Suoming Zhang

Through this thesis proposal, the author has demonstrated series of flexible or stretchable
sensors including strain gauge, pressure sensors, display arrays, thin film transistors and
photodetectors fabricated by a direct printing process.

By adopting the novel serpentine configuration with conventional non-stretchable ma-
terials silver nanoparticles, the fully printed stretchable devices are successfully fabricated
on elastomeric substrate with the demonstration of stretchable conductors that can main-
tain the electrical properties under strain and the strain gauge, which could be used to
measure the strain in desired locations and also to monitor individual person’s finger mo-
tion. And by investigating the intrinsic stretchable materials silver nanowires (AgNWs)
with the conventional configuration, the fully printed stretchable conductors are achieved on
various substrates including Si, glass, Polyimide, Polydimethylsiloxane (PDMS) and Very
High Bond (VHB) tape with the illustration of the capacitive pressure sensor and stretch-
able electroluminescent displays. In addition, intrinsically stretchable thin-film transistors
(TFTs) and integrated logic circuits are directly printed on elastomeric PDMS substrates.
The printed devices utilize carbon nanotubes and a type of hybrid gate dielectric comprising
PDMS and barium titanate (BaTiO3) nanoparticles. The BaTiO3/PDMS composite simul-
taneously provides high dielectric constant, superior stretchability, low leakage, as well as
good printability and compatibility with the elastomeric substrate. Both TFTs and logic
circuits can be stretched beyond 50% strain along either channel length or channel width
directions for thousands of cycles while showing no significant degradation in electrical per-
formance. Finally, by applying the SWNT's as the channel layer of the thin film transistor, we

successfully fabricate the fully printed flexible photodetector which exhibits good electrical



characteristics and the transistors exhibit good reliability under bending conditions owing
to the ultrathin polyimide substrate as well as the superior mechanical flexibility of the gate
dielectric and carbon nanotube network. Furthermore, we have demonstrated that by using
two types of SWCNT samples with different optical absorption characteristics, the photore-
sponse exhibits unique wavelength selectivity, as manifested by the good correlation between
the responsive wavelengths of the devices with the absorption peaks of the corresponding
carbon nanotubes.

All the proposed materials above together with the unique direct printing process may
offer an entry into more sophisticated flexible or stretchable electronic systems with mono-

lithically integrated sensors, actuators, and displays for real life applications.
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CHAPTER 1

INTRODUCTION

In the past half century, the electronic components are bulky and rigid since they are fab-
ricated on rigid substrates such as glass or silicon. However, with the rapid development
of modern society, the rigid products cannot meet the demand in some scenarios, especially
when dealing with the irregular surface where the flexibility and stretchability are needed.
Imagine a robot with a skin-like sensor film mounted on the joint part, the sensor film needs
to be extremely stretchable to accommodate the twisting or bending motion of the joint [1].
Thanks to the recent progress in research of flexible and stretchable platform like polyimide
or Polydimethylsiloxane (PDMS) as well as the active materials including Carbon Nanotubes,

Silver Nanowires, the flexible/stretchable electronics become more of a possibility.

1.1 Background

1.1.1 Flexible and Stretchable Electronics

Flexible electronics, also known as flex circuits, is a technology for assembling electronic
circuits by mounting electronic devices on flexible plastic substrates, such as polyimide,
PET or polyester film [2]. The advancement of flexible electronics has spanned the past
forty years ranging from the development of flexible solar cell arrays [3] made from very thin
single-crystal silicon to flexible organic light-emitting diode displays on plastic substrates [4].
Compared with the conventional electronics based on rigid substrates, flexible electronics are
typically more rugged, lighter, portable, and less expensive to manufacture. Demonstrations
of flexible electronics promise the availability of low-cost and lightweight electronics in the
near future. The recent rapid development of this field has been spurred by the continuing

evolution of large-area electronics with applications in flat-panel displays [5, 6, 7], medical



image sensors [8, 9], and electronic paper [10, 11]. Figure 1.1 shows the applications of

flexible electronics in the smartphone with bendable, rollable and foldable properties.

Figure 1.1 Application of flexible electronics: Bendable, Rollable or Foldable smartphones
[12]

Although exhibiting the extraordinary advantages in low-cost and large area applica-
tions, flexible electronics have inevitably indicated their limitation in certain circumstances
where the ability of overcoming certain amount of strain is needed. For instance, wearable
electronics [13, 14, 15, 16], which could be mounted on cloth or people’s skin, require the
active devices’ ability to overcome the strain caused by the movement of people’s body.
Here comes stretchable electronics (also known as elastic electronics), which is a technol-
ogy for building electronic circuits by depositing stretchable electronic devices and circuits
onto stretchable substrates or embedding them completely in a stretchable material such as
silicones or PDMS. The compatibility of stretchable electronics to the strain ensures its ro-

bust performance when dealing with surface with nonzero Gaussian curvature like a sphere



or an irregular surface like the elbow. There are many potential applications for stretch-
able electronics such as bio-integrated devices for monitoring of human skin [17, 18], organs
[19], disease or health disorders [20], prosthetic skin [21, 22], stretchable display or memory
23], conformal and stretchable sensors [24, 25, 26] for health monitoring of structures of
large deflection and curvilinear surfaces such as aircraft and space satellite wings, as well as

bioinspired digital cameras. Figure 1.2 shows a schematic of a concept stretchable display.

Figure 1.2 Schematic for conceptional stretchable displays

There are typically two strategies to fulfill stretchable electronics. The first one is wavy
structural configuration methods that configure conventional non-stretchable materials into
wavy shapes, which can accommodate large strains without fracturing the active materials.
One example of this approach relies on the buckling phenomena in systems comprised of a
thin rigid layer on an elastomeric substrate. When a stiff thin film attached to a polymer
substrate is subjected to the compressive stress, the film would relieve the surface strain
by forming mechanical buckling. Thus external stretching strain can be accommodated by
relaxing the compressive prestrain, thereby improving the stretchability remarkably in active
devices and passive interconnects. As shown in Figure 1.3a [27], conventional photolithog-
raphy fabricated Si ribbons are attached to the prestretched PDMS substrate and then the
ribbons together with PDMS are peeled off from the wafer and relaxed to form the highly

periodic buckling structure (Figure 1.3b). And Figure 1.3c illustrates the silicon diode being



stretched and compressed in the range of 11% [28]. The buckling method is compatible
with other nanomaterials as well, as seen in buckled Silicon nanowires [29] (Figure 1.3d) and

buckled Carbon Nanotubes [30] (Figure 1.3e).

(a) (b)
Fabricate thin ribbon Si
device elements

Mother
wafer

Bond elements to prestrained
elastomeric substrate

(c) Compressed

. (e)
0L R R A

Unperturbed

Peel back elastomer,
flip over

L =

Stretchable Si devices

Stretched

Figure 1.3 Mechanical buckling for wavy configuration.(a) Schematic illustration of the
buckling process for building stretchable Si devices on elastic substrates. (b) SEM image of
wavy Si ribbons with uniform wavelengths and amplitudes. (c) Stretching test of wavy Si
p-n diode ribbons on a PDMS substrate -11% (top), 0% (middle), and 11% (bottom) [26].
(d) Optical micrograph of buckled Si Nanowires. [27] (e) AFM image of molecular scale
buckled SWNTs [28].

Another example of thiswavy structural configuration method is patterning the active
materials into serpentine or horseshoe shaped structure. Thus, the applied strain would be
taken by part of the pattern (mainly by the peak and valley of the sinusoidal wave according
to the simulation results) rather than by the whole pattern, which is the case of patterning
the materials by straight lines.

As an example, metal interconnects are designed into horseshoe configuration to tune

the stretchability by changing three parameters: the diameter of the circle (D), the width



of the pattern (W) and the angle between the end of the shape and the horizontal line (H).
Consequently, a high elongation was achieved with a high electrical resistance at Hys while
a low elongation with a low electrical resistance at Hy [31]. The high frequency stretchable
interconnects are shown in the bottom figure of Figure 1.4a [32]. The serpentine structure
could also be applied in the conduction lines connecting the rigid device island. As seen in
Figure 1.4b, an array of CMOS inverters with the mesh of serpentine bridges was integrated
on an elastomeric substrate. When the devices were stretched along the x or y direction, the
serpentine bridges effectively compensated the applied strain by changing the geometry of
serpentine shape to protect the active devices. As a result, a maximum stretchability up to
~140% is successfully demonstrated without significant degradation of performance of the
CMOS array.

Instead of investigating the wavy structure using conventional non-stretchable materials,
another approach to realize the stretchable electronics is to explore the intrinsic stretch-
able materials, which could be either the materials with large aspect ratios such as carbon
nanotubes, carbon grease, carbon fibers and metal nanowires or the composite materials
consist of conductive materials and stretchable materials such as SWNTs/AgNPs compos-
ite [33, 34}, SWNTs/PDMS composite [35, 36], AuNPs/PDMS [37, 38|, or AgNWs/PDMS
composite [39].

For instance, Sekitani et al [40] developed the SWNT /polymer composite films with a
uniaxial stretchability up to 70%, as indicated in Figure 1.5a. The SWNTs are uniformly
dispersed into vinylidene fluoridehexafluropropylene copolymer matrix with the help of an
ionic liquid 1-butyl-3-methylimidazolium bis(trifuromethanesulfonyl)imide, acting as stable
chemical dopant. And then the SWNT composite film is coated with dimethyl-siloxanebased
rubber, which exhibited a conductivity of 57 siemens per centimeter and a stretchability of
134%. Figure 1.5b shows the conductivity variation as a function of tensile strain for (1) a
SWNT film, (2) the SWNT elastic conductor and (3) a commercially available conducting

rubber. The SWNT film achieves high conductivity of ~57 S/cm up to 38% strain, but
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Figure 1.4 (a) Top images show the schematic representation of horseshoe-shaped stretchable
interconnects. Bottom photograph shows the prototype stretchable high-frequency intercon-
nects. (b) Optical images of stretching test in electronics with serpentine bridges. From

[29].
dramatically drops afterwards. By contrast, the conductivity of the SWN'T elastic conductor,
even though slightly reduced from the original high conductivity of 57 S/cm, exhibits a large
stretchability of 138% with a conductivity of 6 S/cm, which is still much larger than that of
the commercially available conducting rubber. However, the conductivity of SWNT elastic
conductors demonstrates the significant degradation with the increase of the strain as well
as stretching cycles, as shown in Figure 1.5c¢.

Also, Chun et al [41] have reported another kind of stretchable composite materials
by combining micrometer-sized silver flakes and multiwalled carbon nanotubes (MWNTSs)

and An Ag-MWNT composite film was formed by the conjugation of Ag nanoparticles and
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Figure 1.5 (a) Schematic representation of the synthesis procedure for SWNT film, SWNT
elastic conductor and SWNT paste, (b) conductivity with respect to uniaxial strain for
SWNT film (1), SWNT elastic conductor (2) and commercially available carbon-particle-
based elastic conductor (3), (c) variation in conductance of SWNT elastic conductor under
uniaxial stretching (25%, 50%, 70%, 110% and 130%) cycles. From [37]. (d) Schematic
representation of hybrid Ag-MWNT composite film, (e) conductivity variation with respect
to tensile strain for five different wt% of Ag flakes in hybrid Ag-MWNT composite film; inset
shows the cycling test under 20% tensile strain. From [38]

MWNTs, as seen in Figure 1.5d. Figure 1.5¢ shows the conductivity properties of the

hybrid Ag-MWNT composite films with different Ag flake concentrations. Regardless of the



concentration of Ag flake, the stretchability of the film could be as high as ~35%. Although
the conductivity reduces with the increase of the applied strain, a high conductivity of 706
S/cm is achieved at a strain of 30% for an Ag flake concentration of 8.60 wt%, which is really
good performance.

Even though many efforts including investigating new approach and exploring new ma-
terials have been made in order to realize stretchable electronics, the adopted fabrication
process in most work is still the conventional cleanroom process such as photolithography,
metal evaporation and etching, which either requires high vacuum or is not suitable for
large area applications. On the contrary, printing technology, which is compatible for large
area applications and could be conducted in ambient environment, is considered as the good

candidate for the fabrication process of next generation electronics.

1.1.2 Scalable Fabrication by Printing

Printed Process Traditional Process

Low cost High cost
Large areas Small areas
Flexible/stretchable substrate Rigid substrate
Simple process Sophisticated process
Extremely low cost High cost
Long switching time Extremely short switching time
Low integration density Extremely high integration

density
Low end High end

Figure 1.6 A comparison between printing process and traditional process

Creating electronic components on various substrates using the solution based materials



by printing process, the printing electronics have attracted increasing interest in the past
decade. Compared with traditional cleanroom based process, printing process has many
advantages including low cost, light weight, simple fabrication, suitable for large area ap-
plication and compatible with flexible/stretchable substrate, the comparison for printing
process and traditional process is summarized in Figure 1.6.

Printing technologies, such as flexography printing, screen printing, gravure printing and
inkjet printing, could be clarified into two approaches: sheet-based approach and roll-to-
roll-based approach [42]. Among them, sheet-based screen printing and inkjet printing are
suitable for low-volume, high-precision work [43], while gravure printing and flexographic
printing, which are considered as roll-to-roll-based approach due to the fact that the process
is generally operated on the substrate from a large roll of material, are more adaptive for
high-volume production, like solar cell [43]. The type of the substrate, ink viscosity, required
thickness of the layer and the resolution play an important role when selecting of the applied

printing methods for fabrication of electronic devices.

1.1.2.1 Flexographic Printing

Flexographic printing is a form of printing process which utilizes a flexible relief plate. The
technique was firstly applied in 1890 by Bibby, Baron and Sons in Liverpool England and
used extensively in food packaging in the US from early 20th century. The equipment of this
printing technique is consisting of a series of four rollers: Metering Roller, Anilox Roller,
Plate Cylinder and Impression Cylinder. The Metering Roller transfers the ink from an
ink tray to Anilox Roller, which processes the ink onto the Plate Cylinder with a uniform
thickness. The whole substrate is then moved between the Plate Cylinder and Impression
Cylinder and a pressure would be applied from Impression Cylinder to the Plate Cylinder
to transfer the image onto the substrate. An additional overhead tunnel dryer would feed
through the substrate to remove the remaining solvent or water, resulting in a finished

product [45]. Figure 1.7 shows the Flexographic printing process.



Plate Cylinder

Flexographic
Printing Plate 4

y |
Doctor Blade

Metering Roller

Impression Cylinder

Ink

Anilox Roll Substrate (Label Stock)

Ink Tray

Figure 1.7 Process flow for flexographic printing [44]
1.1.2.2 Gravure Printing

Utilizing the engraved cylinders as the image carriers, the Gravure printing is an old printing
technique, which was developed around the same time as Gutenberg was developing relief-
based printing in mid-fifteenth century. Before printing, the desired image that is consist of
honey comb shaped cell or wells is etched into the surface of gravure cylinder. And while
printing, the cylinder rotates in an ink tray to collect the ink to the cell and the doctor blade
on the side is designed to scrape the excess ink from the non-image area. And then the
printing substrate is passed between the gravure cylinder and a rubber-coated impression
roller; resulting in an ink transferring helped by both the capillary action and the pressing
force applied by the engraved cells of the cylinder. Most of the performed gravure printing
nowadays is web-fed rotogravure printing [47]. The schematic diagram for gravure printing

is illustrated in Figure 1.8.
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Figure 1.8 The schematic diagram for gravure printing [46]
1.1.2.3 Screen Printing

Derived from the older practice of stencil printing like the pochoir method of stenciling,
screen printing is a form of printing in which a thick paste ink is driven through a stencil
mask attached to the screen, transferring ink to the areas not covered by the mask on
the substrate. This technique was also called silk screen printing initially because silk was
adopted as the mask to print through. By using screen printing, firstly, a photo-sensitive
layer is applied to a polyester mesh and then exposed to the light through the positive film of
the image to be printed to harden the non-image area. This process enables the unhardened
area to be washed away, leaving behind a negative image on the mesh through which the

ink can flow. And then the desired image could be produced onto the substrate by a blade

11



Squeeze

Lt

Screen Stencil

"""'i{esidual Ink

Ink film
Ink Permeable

Area

Substrate

Figure 1.9 Schematic diagram for screen printing [48]

called squeegee through the prepared mesh, following by putting the whole substrate through
a drying station that contains UV lamps to dry the ink. The schematic diagram for screen

printing is shown in Figure 1.9.

1.1.2.4 Inkjet Printing

Other than Flexographic printing, screening printing and gravure printing, the inkjet printing
is a non-impact printing method that the nozzle does not touch the substrate when printing
and the image is typically formed digitally without any mask needed. And there are two

main technologies in use for inkjet printing: continuous (CLJ) and Drop-on-demand (DOD)
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Figure 1.10 Schematic diagram for inkjet printing [49]

[50]. In CIJ technology, a high-pressure pump drives liquid ink from a reservoir through the
microscopic nozzle, creating a continuous stream of ink droplets and the formed ink droplets
are subjected to an electrostatic field created by a charging electrode as they form, resulting
in a well-controlled electrostatic charge on each droplets and thus the printing speed and the
quality could be adjusted by controlling the flow of the droplets.

And for DOD technology, it could be divided into thermal DOD and piezoelectric DOD.
In the thermal inkjet process, the print cartridges consist of a series of small chambers, each
containing a heater, all of which are fabricated by photolithography process. To spray a

droplet from each chamber, a pulse of current is applied to the heating element, resulting
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in a significant rise in temperature, thus causing the vaporization of the ink and forming a
bubble, which increases the pressure in the chamber, pushing the droplet of ink out of the
chamber onto the substrate. And for piezoelectric DOD, it uses a piezoelectric material in
the chamber behind each nozzle instead of a heating element. When voltage is applied, the
pressure pulse in the ink is generated due to the shape change of the piezoelectric, forcing
the droplets to disperse. An example of the inkjet schematic diagram is illustrated in Figure

1.10.

1.2 Motivation and Challenges

Nowadays, nearly all established electronics are utilizing the single crystal inorganic mate-
rials, such as gallium arsenide and silicon, which is planar and rigid. By contrast, many
applications in the present are required to perform in the platform which is soft and curvi-
linear, such as human body and smart systems. This mismatch impedes the development of
the electronics capable of conformal, close integration with systems like human body, for the
applications from the detection of electrophysiological signals to the build of human-machine
interfaces [51], which also gives us the inspiration of developing electronics based on flexible
or even stretchable platform. So far, many efforts have been made to conduct the applica-
tions of stretchable electronics, including displays [52], sensors [8, 25, 26, 39], and wearable
electronics [13, 14, 15, 16, 53]. And among them, wearable biocompatible electronics, which
could be directly attached to the skin or even the organ of human beings, have attracted
more and more attentions recently. These wearable electronic devices, whose applications
to monitor the parameters including electrocardiogram, body motion, blood pressure, body
temperature, have demonstrated the ability to detect the vital signs and display the health
conditions of an individual person.

However, one of the challenges faced by those wearable electronic devices is attaching

to human body conformally in order to make the measurement accurate and also keep the
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patient comfortable. One of the key factors which could improve the conformally attaching
issue is the substrate used for those wearable electronics. Researches have investigated several
stretchable substrates, such as Polydimethylsiloxane (PDMS) [28, 40, 54], Polyurethaneacry-
late (PUA) [55, 56], Polyurethane (PU) [57] and Ecoflex [53, 58]. Most of them are polymer
based stretchable materials, which is elastic compared with the conventional Si substrate
and the flexible substrate like polyimide. Another solution to enhance the conformally at-
taching experience is to develop the intrinsic stretchable materials, which could increase the
stretchability of the devices in order to maintain their functions along body’s moving. In this
work, such intrinsic stretchable materials including Silver Nanowires and Carbon Nanotubes
would be demonstrated.

Another confronted challenge for the wearable electronics is their cost. At present, nearly
all wearable electronics are fabricated by the conventional cleanroom based manufacturing
technologies, which typically require multiple sophisticate equipment and have high operating
temperature and high vacuum involved, thus increasing the overall expense. And also the
devices fabricated by the traditional method are typically rigid and are not comfortable to
be attached to human body for long durations. On the contrary, printing techniques could
deliver high cost efficiency as well as comparable performance mainly because the active
pattern are selectively printed onto the substrate, which terminate the adoption of mask as
well as etching process, thus speeding up the fabrication process and reducing the cost. Also,
printing techniques are compatible with low temperature and ambient environment, which
would further decrease the overall cost, resulting in a cheaper end-product. The ink-jet

printing technique would be adopted in this work.

1.3 Anticipated Contributions

In this work, the flexible and stretchable sensors are successfully demonstrated by a direct-

writing printing method. Specifically, the flexible photodetectors based on SWNTs is achieved

15



by the fully printing process and its wavelength selectivity is also illustrated by investigat-
ing the bolometric effect. The fully printed stretchable conductors are presented by two
different approaches and are demonstrated as strain gauge and pressure sensor & stretch-
able display in terms of the applications, respectively. And by utilizing carbon nanotubes
and a new type of hybrid gate dielectric comprising PDMS and barium titanate (BaTiOg)
nanoparticles, the first intrinsically stretchable thin-film transistors (TFTs) and integrated
logic circuits directly printed on elastomeric polydimethylsiloxane (PDMS) substrates have
been reported. Both TFTs and logic circuits can be stretched beyond 50% strain along either
channel length or channel width directions for thousands of cycles while showing no signifi-
cant degradation in electrical performance. In a word, the proposed new materials as well as
printing techniques in this work may offer a new entry into more sophisticated stretchable
electronic systems with monolithically integrated sensors, actuators, and displays, fabricated

by scalable and low-cost methods for real life applications.

1.4 Dissertation Outline

The remaining chapters are organized as follows: Chapter 2 demonstrates the fully printed
stretchable conductors realized by the wavy structure configuration method with illustrating
an application of strain gauge. Chapter 3 presents the fully printed stretchable conductors
realized by another strategy — applying the intrinsic stretchable materials. And applications
of pressure sensors and stretchable display are demonstrated afterwards. Chapter 4 demon-
strates the first reported fully printed stretchable thin film transistors, which can be stretched
beyond 50% strain along either channel length or channel width directions for thousands of
cycles while showing no significant degradation in electrical performance. Chapter 5 shows
the fully printed flexible photodetectors based on SWNTs by investigating the bolometric
effect of the SWNTs based Thin Film Transistors. In addition, the wavelength selectivity

of the photodetectors is presented by applying different types of the SWNTs in the TFTs.
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Chapter 6 concludes the whole work and gives an outlook of the future work.
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CHAPTER 2

FULLY PRINTED STRETCHABLE CONDUCTORS AND STRAIN
GAUGES

By investigating the geometry design, this chapter exploits the strategy that making the
fully printed device fabricated by the non-stretchable material Silver Nanoparticles (AgNPs)
stretchable, following by the demonstration of two applications — stretchable conductor and
strain gauge. We had printed the AgNPs pattern onto the elastomer substrate and showed
the stretchability of the device could be tuned by changing the radius of the serpentine
structure. The device with smaller radius was more sensitive to the strain, resulting a high
gauge factor of 109, demonstrated as a stain gauge to detect the finger motion of human
beings, while the device with larger radius was more stretchable (more than 25%), used
as a stretchable conductor for driving the LED. The printed strategy and demonstrated

application would have broad prospects in stretchable electronics.

2.1 Introduction

People have been investigating flexible electronics for many years due to its flexibility,
light weigh, low cost and suitability for large area applications compared with the con-
ventional Si based electronics [59, 60]. However, its narrow limitation is displayed when
dealing with arbitrarily shaped surface or other place where the stretchability is needed.
Stretchable electronics, well known due to its promising applications on biological sen-
sors [61, 62, 63, 64, 65, 66, 67|, actuators [68], stretchable displays [23, 54|, energy stor-
age devices [69, 70] and wearable electronics [71], would be a good candidate for next ge-
neration electronics. There are typically two mainly strategies to make devices stretch-
able: developing the intrinsically stretchable materials or working with the structure de-

sign from the established materials. The former option is attractive due to its higher
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stretchability compared with the latter one. People had reported the investigated stretch-
able material such as carbon based materials like the carbon grease [72], carbon nan-
otubes [54, 67, 73] or carbon fibers [65, 74], polymer based materials like the polypyr-
role (PPy) and poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) [75,
76, 77], PEDOT/PU composite [78], or composite materials like SWNTs/AgNPs compos-
ite [79], SWNTs/PDMS composite [40, 80, 81, 82], AgNPs/PDMS [83], or AgNWs/PDMS
(84, 85, 86, 87]. The stretchability reported in most of the work mentioned above is more
than 50% without significant change for the performance.

However, due to the instability and low conductivity for the device fabricated using the
former strategy, some people still prefer to adopt the latter strategy to realize the stretch-
ability, which the functional part is exposed under very little amount of strain. By using
the conventional materials like Si [88], Mg [51], AgNPs [89] etc, people had developed the
honeycomb structure [90], buckling wavy structure [28, 91, 92|, or the serpentine structure
[51, 88, 93, 94] to make the stretchable interconnects or devices, such as conductors, tran-
sistors, photodetectors or integrated circuits. Among those conventional materials, AgNPs
is considered as a good candidate in terms of the materials for stretchable electronics owing
to its high conductivity and good stability.

The fabrication process also play an important role by effecting the cost of the devices
besides the materials themselves [95]. And the conventional vacuum based deposition and
photolithography patterning process not only require high vacuum but also waste most of
the materials, thus, increasing the cost of the products. Instead, without involving the high
vacuum and masks for different layers, the printing process is considered as the candidate
for next generation flexible or stretchable electronics due to its environmental friendly, large
area fabrication compatibly property [96, 97]. Herein, we had demonstrated the fully printed
serpentine pattern fabricated by the AgNPs ink and showed the stretchability of the devices
could be tuned by varying their radius, following by demonstrating two applications: the

stretchable conductor to drive the LED when stretched to 20% and the strain gauge whose
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gauge factor is as high as 10% to monitor the finger motion of human beings.

2.2 Fabrication Process and Measurement Setup

Preparation for the substrate: The PUA substrate was made by the mixture of Siliconized
urethane acrylate oligomer (CN990, Sartomer), ethoxylated bisphenol A dimethacrylate
(SR540, Sartomer) and 2,2-Dimethoxy-2- phenylacetophenone (photoinitiator, Sigma-Aldrich)
with the ratio of 10:1:0.01, following by UV light curing for 10 min. The CN990 was chosen
in order to improve the stretchability of the substrate, the SR540 was chosen to adjust the
stiffness of the substrate and the photoinitiator serves as catalyzer.

Device fabrication: The silver nanoink (PG-007AA from Paru Corporation, South Korea)
was printed onto PUA substrate (pre-treated by the oxygen plasma, 60W for 10s) using a
GIX Microplotter (Sonoplot Inc.) with the layout pre-designed by the software, and then the
whole device was put on top of a hotplate to be annealed for 1 hour under 120 °C For strain
gauge application, the liquid metal (LMP-2, ROTOMETALS) and copper wire was put on
the two ends of the devices serving as the connection for measurement, following by pouring
another layer of PUA solution and then cured by the UV light to form the encapsulation.

Device Characterization: Microscopic morphology of AgNPs film were captured by a
Hitachi S-47001I field emission scanning electron microscope (for SEM) and Dimension 3100
SPM (for AFM). The stretching tests were down by a syringe pump and a linear stage. The
electrical characteristics were measured using an Agilent B1500A semiconductor parameter

analyzer.

2.3 Results and Discussion

The schematic diagram of the printed device is presented in Figure 2.1a. Basically, loaded
into the ink dispenser, the silver nanoink (PG-007AA from Paru Corporation, South Korea)

was printed onto a polyurethane acrylate (PUA) substrate using a GIX Microplotter (Sono-
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plot Inc.). To make the device stretchable, the serpentine structure was pre-designed using
the SonoDraw (Sonoplot Inc.). And then the Ag pattern together with the PUA substrate

would be placed on a hotplate under 120 °C for 1 hour in order to improve their conductivity.

a b

Silver
Nanoink

Figure 2.1 Fully printed stretchable conductor and strain gauge using AgNPs. (a) Schematic
diagram of the device. (b) The sample fixed onto a linear stage which is used to do the
stretching test. (c) Optical microscope image of the printed device with the radius of 200
pm, 400 pm, 800 pm and 1600 pm from top to the bottom respectively (d) Optical image
of the device with the radius of 200 um before and after 10% strain stretching.

After finishing the fabrication process, the in situ measurement in terms of the relation-
ship between strain and the relative change of Ag patterns resistance was conducted by a

linear stage shown in Figure 2.1b. The displacement of the device (AL) was controlled by the
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screw with the scale on the back corner of the linear stage and the resolution of the screw is
10 pm. To investigate the relationship of the stretchability and the geometry design, we had
printed the serpentine Ag patterns with different radius (r) varies from 200 pm to 1600 pm
with a ratio of 2, indicated in Figure 2.1c. And we picked the pattern with smallest radius
(200 pm) as an example to show the appearance of the device before and after stretching with
a strain of 10 percent. As illustrated in Figure 2.1d, the original device shown in the upper
part was uniform and smooth, while the device under 10% strain indicated in the lower part
displayed many large cracks throughout the pattern, which could reduce the conductivity of
the device significantly.Also, the SEM image and AFM image of the Ag nanoink have been
given in Figure 2.2a and Figure 2.2b respectively to characterize the surface morphology of
the AgNPs whose diameter is estimated as 200 nm from the images. Additionally, it could
be seen that unlike the nanowires [84, 86, 98] or nanotubes [54, 67, 73], the Ag nanoink
material is consist of particles connected with each other and the particles might be apart
from each other under large stretching strain, resulting in the reduction of conductivity or
even insulating. However, we would still use the Ag nanoink as the materials for stretchable
electronics due to its better electrical performance and stability as far as we could focus on

the geometry design like we did in Figure 2.1c to make it work under higher strain.

0.2 um

0 pm

Figure 2.2 (a) SEM image of the AgNPs film. (b) AFM image of the AgNPs film.
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The relationship of strain and relative change of the resistance for the patterns with
different radius, including the results of the straight line pattern as a comparison, is shown

in Figure 2.3a.
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Figure 2.3 Strechability of the fully printed device using AgNPs. (a) The stretchability of
the device with different radius including that of the straight line device. (b) The extracted
gauge factor as a function of strain for the device with different radius. (c) The gauge factor
as a function of devices radius under different strain of 1%, 5% and 10%. (d) The time
response of the device with the radius of 1600 um while being stretched between 0% strain
and 20% strain back and forth.

As expected, the device with the pattern of straight line could only be stretched less than
2 percent with a significant change in resistance of 12 orders of magnitude (yellow curve),

while the device with the pattern of serpentine structure could be stretched more (the other
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four curves). Furthermore, the pattern with smallest radius (200 pm) could be stretched
to 12% before become insulating (blue curve), and more amazingly, the pattern with larger
radius (1600 pm) could be stretched up to 25% with only 13 times change in resistance,
where the stretchability of the device is limited by the stretchability of the substrate because
the PUA substrate ruptures after 25% strain. And we extract the Gauge Factor (defined
as (AR/R)/(AL/L)) which indicates the sensitivity of the device under strain for all the
devices and plot them as a function of strain, illustrated in Figure 2.3b. The results perform
the similar trend with Figure 2.3a. The pattern with the radius of 200 ym achieves a very
high gauge factor of 108 under 12% strain, which demonstrates the potential application for
the device as a strain gauge due to its better performance than the conventional metal strain
gauge in terms of both stretchability and sensitivity. And the pattern with the radius of
1600 pm, which could be stretched beyond 25% with the gauge factor of 52, demonstrates
its application as a stretchable conductor because of its higher stretchability and better
electrical performance. In Figure 2.3¢, we plot the curve for the radius of the pattern as
a function of gauge factor under different strain. And the gauge factor shows monotonic
trend as the radius increasing, which again indicates the pattern with smaller radius is more
sensitive and the pattern with larger radius is more stretchable.

We also measured the stability of the device by fixing the device onto a syringe pump
and stretch and release the sample back and forth with a speed of 1 cm/min. The upper
graph of Figure 2.3d (blue curve) shows the sketches about how the strain taken by the
sample changes along the syringe pumps moving. And the lower part of Figure 2.3d (red
curve) illustrates the experiment results about how the resistance of the Ag pattern changes
along the syringe pumps moving, which almost follows the same trend with the blue curve
above, demonstrating the performance of the device is repeatable and stable. Moreover, we
had stretched the device with the radius of 1600 ym and 200 pm up to 1000 cycles under
10% strain and plot the results in Figure 2.4a and 2.4b respectively, in which the lower

black circle represents the original value of resistance and the upper red square represents
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the resistance of the devices after multiple stretching cycles. Being stretched to 10%, the
resistance increases two times from ~150 Ohm to ~450 Ohm for the device with the radius
of 1600 pum, by contrast, the resistance of the device with the radius of 200 pum changes
dramatically almost 7 orders of magnitude. Meanwhile, both of the two devices show stable
value in term of the resistance for either release status or stretched status, indicating the

performance of the device is reliable.
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Figure 2.4 The stability of the printed devices with the radius of (a) 1600 ym and (b) 200
pm under stretching test of 10% strain up to 1000 cycles.

As mentioned above, the resistance of the device would reduce when stretched due to
the formed crack under strain, however, the strain distribution is nonuniform throughout
the whole serpentine structure when stretched [31]. So we have done the simulation using
COMSOL to figure out the strain distribution for the device with the radius of 200 pm and
1600 pm under 10% strain, shown in Figure 2.5a and 2.5b respectively. The pattern in the
back with black profile represents the original status of the device when the colorful pattern
in the front shows the devices status under 10% strain. For both of the two devices, the
strain had been mainly concentrated upon the crest or trough of the wavy structure, which is
referred to the red or pink color. And for the other area, the strain is relatively small, which

is corresponded to the blue color. When comparing the two devices, one can see the largest
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strain undertaken by the device with the radius of 200 pm (0.45%) is almost one order of
magnitude more than that stood by the device with the radius of 1600 pm (0.065%), which
could interpret the reason why the device with smaller radius is more sensitive to the strain

and the device with larger radius is more stretchable.
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Figure 2.5 Simulation results and optical images for fully printed AgNPs devices. (a) The
left part is the simulated strain distribution for the device with the radius of 200 pgm under
10% strain and the right part is the optical images of the locations with the highest strain
(Location A) and the lowest strain (Location B) under different amount of strain from 0%
to 15%. (b) Similarly, the left part is the strain distribution for the device with the radius
of 1600 um and the right part is the optical images for the same locations with (a) under
the same strain.

To further confirm the results got from the simulation, we pick up two locations from
the devices at which the strain is nearly largest (Location A) and smallest (Location B) to
check under the Real-time Extended Depth of Field (EDF) microscopy for comparing the
deformation in different regions of the device, shown in the right part of Figure 2.5. For
both of the devices, with the strain increasing, the number of cracks becomes more and the

width of the cracks become larger for location A compared with that of location B, which
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is consistent with the simulation results (the strain undertaken by location A is higher). To
be pointed out, the dark lines in horizontal direction for location B of the device with the
radius of 1600 pm is the buckling (rather than cracks) caused by the compress force in the
vertical direction when the sample is being stretched in the horizontal direction. And when
comparing the microscope image of the location A in both of the two devices, the cracks
in the device with the larger radius are much thinner than that in the device with smaller
radius, which offers another evidence for the fact that the device with larger radius could

stand more strain, and thus, more stretchable.

2.4 Potential Application

Two applications of the printed AgNPs devices are demonstrated as follows.

2.4.1 Stretchable Conductor

Due to its higher stretchability, we come up with the potential application for the device
with the radius of 1600 ym as a stretchable conductor which could be potentially used as
the actuators, interconnects, LED sensors or wearable electronics. In the experiments, we
fixed the device onto the syringe pump and connected the device with a commercial available
LED in series using the liquid metal and conductive needle as the connection. The device
was stretched back and forth from 0% strain to 20% strain. And the time response has been
plotted in Figure 2.6. Both the on current and the off current are stable from cycle to cycle
when the sample was stretched to 20% and the current dropped from ~11 mA to ~2 mA,
where the performance is not perfect but acceptable.

And from the Figure 2.7a and 2.7b, one can find the illumination of the LED is comparable
before and after the sample was stretched, indicating the stretchable conductor is reliable,

which may offer a new path to realize the stretchable display.
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Figure 2.6 The current of the LED when the connected stretchable conductor had been
stretching between 0% strain and 20% strain.
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2.4.2 Strain Gauge

Even though not as much as the device with the radius of 1600 pm in terms of the stretcha-
bility, the device with the radius of 400 pum could still be stretched to 20% for single segment
(higher than conventional metal strain gauge), which means it could still be wrapped onto
some irregular surfaces where the strain is limited. Additionally, the device with radius of
400 pm is very sensitive to the strain so that it achieve the gauge factor of 10% under 20%
strain, which is way higher than the conventional metal strain gauge, ensuring its better
performance as a strain gauge. In this work, we propose its application as a strain gauge to
monitor the finger motion. Basically, we printed several segments of the serpentine pattern
with the radius of 400 pm to make sure the length of the pattern is longer than the dis-

placement of the finger joint when bended and use the liquid metal droplet and the copper
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Figure 2.7 Fully printed AgNPs device as a stretchable conductor. The illumination of the
LED when the connected stretchable conductor was under(a) 0% strain (release status) and
(b) 20% strain (stretched status).

wire as the connection when doing the measurement to avoid the mechanical failure during
the movement of the finger. Besides, to further protect the connections and to make the
Ag pattern more stretchable, another layer of PUA had been poured on top of the whole
device including the connections and cured under the UV light to form the encapsulation.
And finally the device with encapsulation was attached to the glove by a double-side tap,
shown in the insert figure of Figure 2.8a. Since the performance for the device with multiple

segments would be slightly different with that of the device with single segment, we had
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re-measured the stretchability of the device using the syringe pump (Figure 2.8a). When the
finger moved forward from gesture I to VI and move backward from gesture VI to I step by
step (Figure 2.8¢), the relative change of the devices resistance showed accordingly change,
as shown in Figure 2.8b, where each stage clearly corresponds each gesture in Figure 2.8c,
and we estimated the strain for each gesture according to the relative change of the resistance
we get from Figure 2.8b and corresponded that to Figure 2.8a. From the results presented,
we demonstrate our fully printed stretchable strain gauge is compatible for detecting the

finger motion of human beings with a large range of strain.
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Figure 2.8 Fully printed AgNPs device as a strain gauge for detecting the finger motion. (a)
The relative change of resistance as a function of strain for the printed device with multi-
ple serpentine sections and the insert figure shows how we did the finger motion detection
using the printed device. (b) The resistance response at each corresponding stage of (c).
Photograph of the strain gauge attached to the finger with different bend angles.
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2.5 Summary

In summary, we have successfully fabricated the fully printed stretchable devices by the Ag
nanoink on an elastomer PUA substrate using a serpentine structure. And the performance
of the devices is tunable by varying the radius of the serpentine pattern. The device with
smaller radius had been demonstrated as a strain gauge to monitor the finger motion of
human beings due to its high sensitivity to the strain when the device with larger radius
had been demonstrated as a stretchable conductor to drive a conventional LED due to its
higher stretchability. The strategy presented here will be beneficial for the development of
stretchable electronic applications, such as interconnects, wearable sensors, actuators and

stretchable light emitting displays.
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CHAPTER 3

PATTERNING SILVER NANOWIRES ON VARIOUS SUBSTRATES USING
A DIRECT PRINTING METHOD FOR STRETCHABLE CONDUCTORS,
SENSORS AND DISPLAYS

A unique direct printing method is developed to additively pattern silver nanowires (AgNWs)
with length of up to ~40 pm. Uniform and well-defined AgNW features are printed on vari-
ous substrates by optimizing a series of parameters including ink composition, printing speed,
nozzle size, substrate temperature, and hydrophobicity of the substrate surface. The capabil-
ity of directly printing such long AgNWs is essential for stretchable electronics applications
where mechanical compliance is required as manifested by a systematic study comparing
the electrical and electromechanical performance of printed AgNW features with different
nanowire lengths. Such printed AgNWs are used to demonstrate biaxially stretchable con-
ductors, ultrasensitive capacitive pressure sensor arrays, and stretchable electroluminescent
displays, indicating their great potential for applications in low-cost wearable electronics.
This strategy is adaptable to other material platforms like semiconducting nanowires, which
may offer a cost-effective entry to various nanowire-based mechanically compliant sensory

and optoelectronic systems.

3.1 Introduction

Materials with high electrical conductivity and excellent mechanical compliance are crucial
to realize stretchable electronics [99]. Researchers have explored a wide range of materials,
among which are carbon nanotubes [100, 101], graphene [102], metal nanowires [103, 104],
conductive polymers [105], and metal nanoparticles dispersed in elastomers [106]. Silver
nanowires (AgNWs), in particular, are considered as one of the most promising candidates

owing to the combination of superior conductivity, relatively low cost, and the ability to
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form highly stretchable and transparent films [107]. In recent years, AgNWs have been
extensively investigated as not only stretchable conductors but also electrodes of various
flexible and stretchable functional devices like light emitting diodes [108, 109], solar cells
[110], and electronic skins [111]. Despite the significant progress in the field, patterning
AgNWs by additive manufacturing methods such as inkjet printing that can significantly re-
duce the fabrication cost and improve the design flexibility [112] has rarely been investigated
and proven extremely challenging. In most published studies, the AgNW networks were
deposited by drop casting or rod coating that does not possess patterning capability unless
combined with specially engineered hydrophobic/hydrophilic micropatterns to manipulate
wetting of the AgNW dispersion on substrate surfaces [113]. There are several reports of
patterning AgN'W networks by stencil printing [104] or spray coating [114] through a shadow
mask, albeit with patterning resolution limited to millimeter scale and inevitable material
waste. Indeed, the use of masks greatly compromises the adaptability and flexibility of these
methods.

Direct writing methods such as fountain pen nanolithography have been proven powerful
tools for delivering nanomaterials onto various substrates with high resolution and versatility
[115]. The reasons that the direct printing of AgNWs can be extremely challenging are
multifold [116]. First, the AgNWs used as stretchable conductors are usually at least tens
of micrometers long [103], which significantly exceeds the empirically determined printable
size of a/50 (a is the size of the printing nozzle) for regular inkjet printers. Hence the nozzle
tends to be clogged very easily. An additional issue is the lack of effective control over the
ink bleeding and solvent evaporation because of the low volume content of AgNWs in the
ink. As a result, the printed AgNW features often possess rather rough edges and poor
uniformity. Recently, researchers have tried reducing the nanowire length by ultrasonication
scissoring [116, 117] or tuning the ink rheology by adding polymers to facilitate direct printing
[118]. Although very sharp and uniform features can be obtained, the conductivity and

stretchability are greatly compromised because of the dramatically reduced nanowire length
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or the presence of polymer additives. Herein, we report a method for directly printing AgNWs
with length up to ~40 pum on a variety of substrates including silicon wafer, polyimide,
glass, polydimethylsiloxane (PDMS), and 3M VHB tape. By optimizing a series of printing
parameters, we were able to obtain very well defined and uniform AgNW features that can be
used as stretchable interconnections as well as electrodes for capacitive pressure sensor arrays
and stretchable electroluminescent (EL) displays. This unique additive patterning method
may find applications in a wide range of nanowire-based functional stretchable electronic

and optoelectronic systems.

3.2 Fabrication Process and Measurement Setup

Materials: Water-based AgN'W dispersion was purchased from ACS Materials, LLC. PDMS
(Sylgard 184) and Ecoflex (0010) were purchased from Dow Corning and Smooth-on, re-
spectively. Ethylene glycol and Triton X-100 were purchased from Alfa Aesar and Sigma
Aldrich, respectively. Liquid metal (Galinstan) and PELCO colloidal silver paste were pur-
chased from Rotometals and Ted Pella, Inc., respectively. Orange (D611), green (D512),
and blue-green (D502) phosphors were purchased from Shanghai KPT Co., Ltd. Polyimide
(P1-2525) was purchased from HD Microsystems. Carbon nanotube (CNT) paste (VC101)
was purchased from SouthWest NanoTechnologies.

Printing AgNWs: The water-based AgNW dispersion was first centrifuged to remove Ag
particles and nanowire aggregates. 20 vol% ethylene glycol was then added to the dispersion
to tune the ink rheology and to avoid nonuniform features caused by severe coffee-ring effect
of pure water. The ink was subsequently printed on pristine surface of Si wafers, glass
slides or polyimide films using a Sonoplot Microplotter at a substrate temperature of ~60
°C. Specifically, the glass micropipette (purchased directly from Sonoplot) was gradually
brought into contact with the substrate surface, which induced a meniscus to appear and

to bridge the micropipette and the substrate. The micropipette was then moved back-and-
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forth along a predesigned trajectory in a controlled manner, dragging the meniscus around,
and leaving some AgNWs on the surface after each pass. Generally, sufficiently conductive
features can be obtained by ~40 printing runs. For printing on PDMS, the surface of PDMS
was treated with O2 plasma (30 W, 15 s), and 0.01 vol% Triton X-100 was added to the
ink to tune its surface energy. Unless otherwise noted, we used the following optimized
parameters for printing AgNWs: nozzle size of ~200 pum, nozzle moving speed of 5 mm/s,
intentionally controlled contact angle of ~60° (for the sake of meniscus formation) and
substrate temperature of ~60 °C. The printed AgNW features were measured and used
directly without any annealing step.

Fabricating Capacitive Pressure Sensors: Parallel AgNW lines were first printed on
PDMS films. A copper wire was then attached to each AgNW line using colloidal silver
paste as measurement lead. The sensor array was then assembled by sequentially stacking
an AgNW-PDMS film, an Ecoflex film, and the other AgNWPDMS film in a manner such
that the two sets of AgN'W lines face and are perpendicular to each other. Each intersection
of the top and bottom AgNW lines defines one pixel.

Fabricating EL Displays: PDMS and phosphors were mixed thoroughly with a weight
ratio of 2:1 and then casted to form thin films of ~130 pym thick. AgNW lines were then
printed onto both sides of the composite film to fabricate the display array. The EL display
array adopts a similar structure with the pressure sensor array. For the MSU-shaped display,
AgNWs were printed with the desired pattern on one side of the PDMS/phosphor composite
film, and CNT paste was painted onto the other side as the back electrode. For the EL
device used for luminance measurements and stretching tests, continuous AgNW networks
were blade-coated on both sides of a composite film which was then sliced into narrow strips.
Coppers wires were used as the measurement leads and all devices were fully encapsulated
in PDMS before testing.

Electrical and Stretchability Measurements: All electrical characteristics including the I-V

curve, the resistance and the capacitance were measured using an Agilent B1500A Semicon-
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ductor Parameter Analyzer. Scanning electron micrographs and optical micrographs were
captured with a Hitachi S-470011 field emission SEM(FESEM) and an Olympus BX51 optical
microscope, respectively. The stretching tests were conducted automatically using a syringe
pump (Legato 110). For recording the capacitance-pressure characteristics of the pressure
sensor, a set of weights was used to apply incremental pressure to the sensor. For EL display
characterization, AC voltage was generated from a function generator (Agilent 33220A) and
then amplified by a voltage amplifier (Trek 2210). All measurements were carried out under

ambient conditions.

3.3 Results and Discussion

Glass
Nozzle

Figure 3.1 (a)Printer used for this work. (b)Schematic diagram illustrating the printing
process.

The printing process is illustrated in Figure 3.1. Briefly, AgNW ink is loaded into a
glass micropipette by capillary force. The micropipette is then brought into contact with
the substrate surface. A liquid meniscus is subsequently formed if the AgNW ink wets the
substrate surface. Finally, the micropipette is moved along a predefined path back-and-
forth in a controlled manner and drags the meniscus around. AgNWs are consequently

deposited on the trajectory of the meniscus. Unlike conventional inkjet printing, this direct
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writing process does not involve delivering discrete liquid droplets onto the substrate and
thus has no problem of uncontrollable solvent evaporation or ink bleeding. In fact, the
solvent dries almost immediately after the meniscus passes. Additionally, nozzle clogging can
be effectively alleviated by using micropipettes with bigger openings and expelling AgNW
aggregates regularly. It is nontrivial, however, to obtain uniform and sharp printed features.
A number of parameters including nozzle size, micropipette moving speed, hydrophobicity of
substrate surface, substrate temperature as well as solvent composition, need to be carefully
optimized. And the details have been illustrated as follows.
1. Effect of nozzle size on the printing results.

Figure 3.2 shows the optical micrographs of the AgNWs printed using nozzles with open-
ings of ~ 500 pum (Fig. 3.2a) and 200 pum (Fig. 3.2b). Both nozzles could give very uniform
features, albeit the 200 pum nozzle led to a finer feature and sharper edges. Most of our

results are based AgNWs printed using a ~ 200 pm nozzle.

a b

100 pm
||

Figure 3.2 Optical micrographs of AgNWs printed on Si wafer using nozzles with openings
of (a)500 pm and (b)200 pm

2. Effect of nozzle moving speed on the printing results.
Figure 3.3 presents the optical micrographs of three AgNW features printed with different
nozzle moving speeds. As expected, higher moving speeds lead to lower nanowire densities.

On the other hand, the nanowires have more time to aggregate at the bottom of the nozzle if
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the printing speed is too low. Therefore, considering this trade-off between network density

and uniformity, we chose a printing speed of ~ 5 mm/s for most of our samples.

Figure 3.3 Optical microcope images of the AgNW features printed on Si wafer with nozzle
moving speeds of (a) 0.5 mm/s, (b) 5 mm/s and (c) 50 mm/s.

3. Effect of substrate hydrophobicity on the printing quality.

Figure 3.4 Micrographs of AgNW network printed on Si wafer with different contact angle
of (a) <20°, (b) ~ 60°, (c) >90°

The wetting behavior of the ink on substrate surface plays a critical role in meniscus
formation, which in turn controls the morphology of the printed features. Pristine surface of
silicon wafer (contact angle ¢ ~ 60°) was found to offer the best results for water based inks
(Figure 3.4b). Treatment with Oy plasma or Rain-X renders the Si surface very hydrophilic
(p <20°) or hydrophobic (¢ >90°). As shown in Figure 3.4a and ¢, a contact angle of <20°
leads to very wide features while almost no nanowire can be printed on hydrophobic surface.

So, we intentionally tuned the contact angle to be ~ 60° for all substrates before printing
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AgNWs on them.

4. The effect of substrate temperature on the printing quality.

a b

Figure 3.5 Micrographs of AgNW networks printed on Si wafer under different temperatures:
(a) room temperature, (b) 60 °C and (c) 100 °C.

As expected, substrate temperature also plays an important role. As shown in Figure
3.5, if the temperature is too low, the solvent evaporates very slowly so that only very few
nanowires can be left on the surface after each printing pass. On the other hand, at very high
substrate temperatures, the solvent will evaporate so fast that lots of aggregates are formed
and deposited on the surface. Therefore, the substrate temperature needs to be carefully
controlled during the printing process. We found that a good balance between nanowire
network density and uniformity could be achieved when the substrate temperature was set
to around 60 °C.

5. Dot-by-dot printing versus continuous printing.

We had also tried printing the AgNWs network in a dot-by-dot manner. Briefly, the tip
was brought into contact with the surface, and then lifted completely, leaving a large droplet
behind on the surface. The same process was repeated after moving the tip to an adjacent
location. After repeating such process for many times, very conductive features could be
obtained, albeit with an apparently poorer uniformity than those by continuous printing, as
shown in Figure 3.6a and in comparison with Figure 3.6b.

6. Effect of surfactant concentration on the printing results on PDMS substrate.

Triton X-100 was used to tune the AgNW ink surface tension and to facilitate the print-
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Figure 3.6 Micrograph of AgNW network printed (a) in a dot-by-dot manner and (b) in a
continuous printing manner.
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Figure 3.7 Effect of surfactant concentration on the printing results on PDMS. (a) Resistance
of the AgNW networks printed on PDMS (100 printing passes) as a function of surfactant
concentration in the AgNW dispersion. (b) Micrographs of AgNW networks printed on
PDMS (one printing pass) using inks with different amount of surfactant.

ing on PDMS. The concentration of Triton X-100 needs to be very carefully controlled.
Insufficient amount of Triton X-100 leads to inadequate wetting thus unsuccessful printing
while too much Triton X-100 may affect the electrical conduction between AgNWs due to

its insulating nature. By comparing the resistance of AgNW features printed from inks with

different amount of Triton X-100 (other parameters were kept the same), we found that a
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concentration of 0.01 vol.% gave the best electrical performance, as shown in Figure 3.7a.
A close look at the microscopic morphology of the printed features provides some insights.
Specifically, at a very high concentration (~ 1 vol.%), lots of particles appeared in the printed
feature, which was likely due to the precipitation of Triton X-100 while the solvent evapo-
rates. Such a high content of Triton X-100 induces a significant increase in feature resistance
because all AgNWs are wrapped by thick layers of Triton X-100 which greatly suppress the
electrical conduction. Considering the above, we used AgNW inks with 0.01 vol.% or 0.1
vol.% Triton X-100 for devices fabricated on PDMS.

a

Figure 3.8 Printed AgN'W patterns on various substrates. (a) MSU shaped AgNW patterns
printed on PDMS. Scale bar: 1 cm. (b) Straight line patterns of AgNWs printed on silicon
wafer, glass slide, polyimide thin film, and VHB tape. Scale bars: 2 cm.

By adjusting the above parameters, we were able to achieve optimal conditions for suc-
cessfully printing uniform AgNW patterns onto various substrates, as shown in Figure 3.8a
and b. Figure 3.9 presents the dark field optical micrograph and scanning electron micro-
scope (SEM) image of the dense AgNW network printed on Si wafer, revealing very good
uniformity, and well-defined sharp edges.

We have systematically studied printing of AgNW inks with different average nanowire
lengths, namely 4.4, 15.6 and 38.5 um. Figure 3.10 a,b presents their SEM images and

nanowire length distribution, respectively. All three kinds of AgN'WSs can be printed with very
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Figure 3.9 Optical micrograph (top) and SEM image (bottom) of the AgN'W network printed
on Si wafer with a feature width of ~ 270 pm. This feature was printed with a nozzle opening
of = 180 pum. Scale bars: 50 and 1 pm, respectively.

well-defined and uniform features. It is impressive that the AgNWs with length significantly
exceeding the rule-of-thumb printable size (<10 pm for typical micropipettes used here)
can still be printed very easily, which is likely due to the flow-induced alignment as the
nanowires pass through the nozzle [116]. This is manifested by the well-aligned AgNWs
on the inner wall of the micropipette. The electrical performance of the printed AgNW
patterns, as shown below, greatly depends on the nanowire length. Figure 3.10c shows the
resistance versus number of printing passes for all three kinds of AgNWs measured from
printed features of ~ 5000 pym long and ~ 500 pm wide. Regardless of nanowire lengths,
the feature resistance initially decreases drastically by more than an order in magnitude and
starts to reduce with a much lower rate after a certain number of printing passes, implying the
percolating conduction of the AgNW networks. As expected, longer nanowires require fewer
printing passes to form a conductive network and have lower electrical resistance compared

with patterns with shorter nanowires for a given number of passes. Figure 3.10d presents
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the resistance as a function of printed feature length (feature width is ~ 500 pm). All three
kinds of AgNWs show excellent linearity, indicating the AgNWs are uniformly distributed

throughout the entire pattern.
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Figure 3.10 Electrical and electromechanical characterization of the printed AgNW features
with different nanowire lengths. a) SEM images of the AgN'W network with average nanowire
length of ~4.4, ~15.6 and ~38.5 pm (from top to bottom). Scale bar: 5 um. b) Nanowire
length distribution of the three different AgNW inks. ¢) Feature resistance as functions of
number of printing runs for AgNWs with different nanowire lengths. The printed features are
~5000 um long and ~500 pum wide. Inset: Same data presented in log scale. d) Resistance
as a function of printed feature length for all three kinds of AgNW inks (feature width is
~500 pm for all samples). e) Relative change in resistance as a function of tensile strain
for features with average nanowire lengths of ~38.5 and ~4.4 um. f) Cyclic stretching test
results for the feature with an average nanowire length of ~38.5 ym. Inset: Measurement
setup. Scale bar: 1 cm.

As mentioned above, AgNW is a promising candidate for stretchable conductors and we
have found that the stretchability greatly depends on the nanowire length. Figure 3.10e
shows the stretchability of patterns printed using AgNWs with different lengths. When
stretched to 20% tensile strain, the resistance of printed features with 4.4 ym long AgNWs

increases drastically to nearly ten times of its pristine value. In contrast, the resistance of
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features with 38.5 um long AgNWs changes by 90%. This difference can be interpreted
by the fact that longer nanowires tend to have greater curvature and better capability to
retain good interwire contacts upon stretching. The irreversible in resistance was induced
by the cracking of AgNWs under tensile strains, which could be clearly seen in the in situ
microscopic images showing the morphological change of the AgNW network under tensile
strains. The reliability of printed patterns with 38.5 um long AgNWs upon cyclic stretching
tests is shown in Figure 3.10f. The patterns could maintain excellent conduction at both
relaxed and stretched states throughout the course of up to 2000 stretching cycles with a
maximum tensile strain of 20%.

In order to further improve the stretchability of the printed AgNW features, we pre-
stretched the PDMS substrate to 30% strain along both parallel and perpendicular direc-
tions before printing. After printing the AgNWs onto the prestretched PDMS substrate, the
preapplied strain was released and biaxial stretching tests were conducted on the AgNW pat-
terns. As shown in the top panel of Figure 3.11a, the stretchability was greatly improved by
prestretching the substrate during the printing process. The feature resistance only increases
very slightly by ~38% (from 145 to 200 2) when stretched to 125% areal strain (50% strain
along both horizontal and vertical directions). We have also investigated the durability of the
AgNW patterns printed on the prestretched PDMS substrates. As illustrated in the bottom
panel of Figure 3.11a, the feature resistance at 0 and 125% areal strains only shows very
slight change throughout the 500 stretching cycles. The application of the printed AgNW
pattern as stretchable interconnection was subsequently demonstrated by incorporating it
into the driving circuit of a light-emitting diode (LED). As shown in Figure 3.11b, the I-V
curves of the LED essentially overlap with each other during the process of stretching the
AgNW interconnect to an areal strain of 125%. Hence, the LED shows no noticeable vari-
ation in luminance, as presented in the two insets of Figure 3.11b. When the areal strain
is further increased to 156%, the I-V curve shows slight downshift, but is still sufficient to

drive the LED. In principle, the stretchability could potentially be improved even further
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by using greater prestrains during printing. To the best of our knowledge, this is the first

report of printed, biaxially stretchable conductors based on AgNWs.
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Figure 3.11 Biaxially stretchable conductors based on the printed AgNWs. a) Feature resis-
tance as functions of areal tensile strain (top) and stretching cycles (bottom) for a AgNW
feature printed on a biaxially prestretched PDMS substrate. Insets: The sample at relaxed
state (left) and being stretched to an areal strain of 125% (right). b) The current-voltage
(I-V) curves of the LED-driving circuit using the printed biaxially stretchable AgNW con-
ductor as interconnect with the areal strain varying from 0% to 156%. Insets: Photographs
of the circuit while the interconnect is under 0 (left) and 125% (right) areal tensile strain.
Scale bar: 2 cm.

The capability of direct printing offers a viable approach of additively pattern AgNWs for
stretchable sensor and display applications. Pressure sensing is one of the basic functionalities
of human skin and has been a research focus in the electronic skin field for many years [119].
Piezoresistive and piezocapacitive effects are the most widely explored working mechanisms
of pressure sensors [120]. Capacitive pressure sensors usually adopt a parallel plate capacitor
structure and register changes in capacitance when normal pressure is applied. A high
sensitivity and small hysteresis can be obtained by using an elastomer as the dielectric
medium [121]. Although AgNWs have been used as electrodes of capacitive pressure sensors
in a couple of studies [103], most of them were patterned through shadow masks that are
subtractive and not additive [107, 111]. Here, as a proof-of-concept demonstration, we have

fabricated a soft capacitive pressure sensor array using the printed AgNWs as electrodes.
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Briefly, parallel AgNW lines were first printed on two PDMS films. The AgNW /PDMS films
were subsequently laminated in a face-to-face and orthogonal manner with a layer of soft

silicone rubber (Ecoflex 0010, Smooth-on) as spacer.
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Figure 3.12 Soft capacitive pressure sensor array using the printed AgNW features as stretch-
able electrodes. a) Relative change in capacitance as a function of applied pressure for an
individual pixel. Inset: Structural schematic of the pressure sensor. b) Photograph of a 10 x
10 pressure sensor array with a line width of &~ 600 um and a pitch size of ~ 1600 um. Scale
bar: 1 cm. ¢) Photographs of placing different objects on the sensor array to demonstrate its
pressure mapping capability. From left to right: a 10 g weight, M-, S-, and U-shaped objects.
d) The corresponding 2D pressure contour plot determined from the measured capacitance
change and the calibration curve in (a).

As illustrated in the inset of Figure 3.12a, each pixel is formed by a parallel plate capacitor
with the AgNW lines and Ecoflex as electrodes and dielectric layer, respectively. Figure

3.12b shows the photograph of a 10 x 10 pressure sensor array. We first investigated the
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capacitive response of a single pixel to external pressure. When the pixel is pressed, the
Ecoflex rubber will become thinner and, due to Poisson effect, the electrode area will also get
enlarged slightly. Consequently, the pixel capacitance will increase according to equation C
= eA/t, where g, A, and t are the dielectric constant, overlapping area of the two electrodes,
and thickness of Ecoflex, respectively. As shown in Figure 3.12a, the relative change in
capacitance (AC/Cj) increases proportionally with a slope (sensitivity) of 10.6% kPa ™"
in low-pressure regime and starts saturating after the pressure exceeds =1.5 kPa. The
saturation phenomenon can be attributed to the strain stiffening of the Ecoflex rubber [122].
Our pressure sensor exhibits unambiguous capacitive response within the measured pressure
range of ~100 Pa to 6 kPa which is well below the usual sensing regime (>10 kPa) of
human skin [119]. It should be noted that, a sensitivity of 10.6% kPa~! and minimum
detectable pressure of ~100 Pa are very respectable values considering the dielectric layer
is not texturized to special microstructures [121]. For practical applications, the applied
pressure can be determined reciprocally from the AC/Cy pressure curve shown in Figure
3.12a. Next, we demonstrate the use of the 10 x 10 pressure sensor array to spatially map
the pressure profiles applied by a cylindrical weight and MSU shaped objects. As depicted
in Figure 3.12d, the 2D pressure profiles determined from the electrical signal (AC/Cy)
replicate the shape of all objects with high fidelity, implying the sensor array’s potential
application as high resolution and ultrasensitive electronic skin. In the future, the line width
and interline spacing of the printed AgNW features can be reduced by using nozzles with
smaller openings, which could lead to further improved resolution of the sensor array.
Finally, by replacing the Ecoflex 0010 between the two AgN'W electrodes with a compos-
ite composed of PDMS and EL phosphors, we have demonstrated a printed stretchable EL
display. It is well known that EL phosphors, like ZnS doped with transition metals, can emit
light under AC voltage stimulation, which was speculated to be caused by electric field in-
duced tunneling through embedded junctions and subsequent radiative recombination [123].

The light intensity of the EL display increases with the magnitude and frequency of the AC
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voltage. By changing the type and concentration of dopants, polychrome light emission can
be realized. While EL phosphors have been widely used in the form of powder EL cells
for back lighting of liquid crystal displays, they are very brittle and thus not suitable for
flexible or stretchable display applications. An extensively used strategy to make stretch-
able materials from brittle inorganic micro-/nanoparticles is to disperse them in a polymer
matrix like silicone such that the desired electrical properties of the inorganic particles and
the elasticity of silicone are preserved simultaneously [124, 125, 126]. The same strategy
has proven to work well for phosphors. In recent years, a couple of groups have reported
stretchable EL display/lighting devices based on composites composed of silicone and phos-
phors [127, 128, 129]. Here, we demonstrated silicone/phosphor composite-based stretchable
EL displays in various configurations using our printed AgNWs as electrodes. As shown in
Figure 3.13a, the EL device adopts a similar structure with the pressure sensor, with the
Ecoflex layer replaced with a PDMS /phosphor composite. The light emission performance of
the EL devices was studied systematically. Figure 3.13b presents the light emission spectra
of a green EL device under various stimulation conditions. The peaks of the EL spectra
center at ~510 nm and show no noticeable changes when the excitation frequency changes
from 0.5 to 1 kHz and magnitude changes from 1 to 2 kV. The luminance is plotted as func-
tions of excitation frequency and magnitude in Figure 3.13c,d, respectively. As expected,
the luminance increases dramatically as the excitation frequency is increased from 10 Hz to
1 kHz or as the voltage is increased from 300 V to 2 kV. The relation between luminance

and excitation voltage can be fit very well using the established equation [123].
fc/Vl/Q
L= LO X e (3.1)

The devices were then subjected to stretching tests and the results are shown in Figure
3.13e,f. The devices could withstand tensile strains up to 20% for more than 1000 cycles,
albeit with noticeable degradation in luminance at 20% strain. The degradation in lumi-

nance could be attributed to the gradual loss in conductance of the AgNW electrodes or
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the electrical contacts between the electrodes and measurement leads as they get stretched.
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Figure 3.13 Stretchable electroluminescent (EL) displays using the printed AgNWs as elec-
trodes. (a) Schematic of the device structure. (b) EL spectra of the device made of green
phosphors under different stimulation conditions. (c¢,d) EL intensity of the device made of
green phosphors as functions of frequency (¢, measured at 1 kV) and magnitude (d, measured
at 500 Hz) of the AC voltage. (e) Normalized EL intensity plotted as a function of tensile
strain when measured under AC voltage with different magnitudes and a frequency of 1 kHz.
Inset: Photographs of a device made of green phosphors under 0 and 20% tensile strains.
Scale bars: 5 mm. (f) Normalized EL intensity versus stretching cycles measured under AC
voltage with a magnitude of 1.5 kV and a frequency of 1 kHz. (g) Photographs of a 6 x 6 EL
display array made of green phosphors (left), an MSU display pattern using orange, green,
and blue phosphors for M, S, and U, respectively (middle), and the MSU-shaped display
under 0 and 20% tensile strains (right). Scale bars: 1 cm.
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The stability in light emission performance under tensile strain can be further improved by
using longer nanowires or using more robust conductive glue as the electrical contacts during
the electrical measurements. Figure 3.13g presents EL display devices in different configu-
rations that were enabled by the direct printing of AgNWs. The demonstrations include a
6 x 6 green display array (left) and an MSU shaped polychrome (orange, green, and blue)
display with different types of phosphors patterned in one composite film. The polychrome
display worked very well under a tensile strain of ~20%, albeit with some degradation in

light intensity.

3.4 Summary

In summary, we have developed a direct printing process for additively pattern AgNWs with
length up to ~40 pum on various substrates. Well-defined and uniform AgNW features could
be obtained by optimizing the printing conditions including nozzle size, ink formulation, sur-
face energy, substrate temperature, and printing speed. Systematic characterizations were
performed to investigate the electrical and electromechanical properties of the printed fea-
tures with different nanowire lengths. By printing the AgNWs on a biaxially prestretched
PDMS substrate, we have realized a stretchable conductor that could maintain stable con-
ductance under an areal strain of up to 156% (256% of its original area). Additionally, using
the printed parallel AgNWs as electrodes, we have demonstrated an ultrasensitive capacitive
pressure sensor array and an EL display on mechanically compliant substrates, implying
the great potential of this unique additive patterning method in wearable electronics appli-
cations. Furthermore, the same strategy can be adapted to other material platforms like
semiconducting nanowires, which may offer a cost-effective entry to various nanowire-based

mechanically compliant sensory and optoelectronic systems.
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CHAPTER 4

FULLY PRINTED STRETCHABLE THIN FILM TRANSISTORS AND
INTEGRATED LOGIC CIRCUITS

This chapter reports intrinsically stretchable thin-film transistors (TFTs) and integrated
logic circuits directly printed on elastomeric polydimethylsiloxane (PDMS) substrates. The
printed devices utilize carbon nanotubes and a type of hybrid gate dielectric comprising
PDMS and barium titanate (BaTiO3) nanoparticles. The BaTiO3/PDMS composite simul-
taneously provides high dielectric constant, superior stretchability, low leakage, as well as
good printability and compatibility with the elastomeric substrate. Both TFTs and logic
circuits can be stretched beyond 50% strain along either channel length or channel width
directions for thousands of cycles while showing no significant degradation in electrical perfor-
mance. This work may offer an entry into more sophisticated stretchable electronic systems
with monolithically integrated sensors, actuators, and displays, fabricated by scalable and

low-cost methods for real life applications.

4.1 Introduction

Stretchable electronic systems built on soft substrates offer more conformal surface cover-
age and better durability than flexible electronics and have generated significant research
interest recently for potential applications in wearable/implantable health monitoring and
diagnostic devices [130, 131, 132], electronic skin for prosthesis or soft robotics [133, 134],
stretchable displays [135, 136] and more. Nevertheless, the required large area and low-cost
fabrication of high-performance intrinsically stretchable electronic devices have remained
extremely difficult. There are three key technical challenges faced by large-area stretchable
electronics: (1) high-performance and robust stretchable electronic material platforms; (2)

scalable and low-cost fabrication processes; and (3) integration of stand-alone stretchable
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devices into functional systems. Stretchable electronics are generally realized through two
approaches, namely, structural stretchability enabled by the use of buckling or serpentine
structures in stiff materials or intrinsic stretchability endowed by new elastomeric or com-
posite materials [137]. The first structural engineering approach utilizes high-performance
rigid semiconductors (e.g., silicon or III-V materials) and conventional clean-room-based
microfabrication processes, which have led to the demonstration of numerous types of so-
phisticated stretchable electronic systems [130, 138, 139]. Despite the great success, this
first approach may not be suitable for certain large-area applications due to the high manu-
facturing cost. Moreover, only a fraction of the area is actually occupied by active devices,
and the rest of the area is filled with voids and thus wasted. In this regard, intrinsically
stretchable materials are of particular interest because they are usually solution processable
and even printable and, thus, potentially suitable for large-area and cost-effective manufac-
turing [140, 141]. A number of new materials have been under exploration, among which are
silver nanowires [142], carbon nanotubes [143, 144, 145], graphene [146], conductive poly-
mers [147], and organic semiconductors [148]. Intrinsically stretchable thin-film transistors
(TFTs) have been demonstrated recently by a variety of approaches based on the above
materials [149, 150, 151, 152, 153, 154, 155]. However, printing has never been used as
the fabrication process, and all previous reports were only limited to proof-of-concept level

demonstrations of individual transistors.

4.2 Fabrication Process and Measurement Setup

4.2.1 Materials

Polydimethylsiloxane (Sylgard 184, 10:1) slabs with a thickness of ~0.5 mm were prepared as
the stretchable substrates. High-purity semiconducting carbon nanotubes (IsoNanotubes-S
98%, 0.01 mg/mL, Nanolntegris) were used as the channel semiconductors. Highly func-

tionalized unsorted carbon nanotubes (P3-SWNT, Carbon Solutions, Inc.) were used for
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the source, drain, and gate electrodes of the TFTs. Barium titanate nanoparticles (BaTiOs,
99%, 50 nm, cubic), Triton X-100 (laboratory grade) and poly-l-lysine (0.1% w/v in wa-
ter), and 4-methyl-2-pentanone (99%) were purchased from US Research Nanomaterials,

Sigma-Aldrich, and Alfa Aesar, respectively.

4.2.2 Ink Formulations

To prepare the inks for printed electrodes, 5 mg of P3-SWNT carbon nanotube powder was
dissolved in DI water by successive bath sonication (Crest CP360D, power level 9, 3 h) and
probe sonication (VirTis VirSonic 100, 10 W, 5 min) followed by ultracentrifugation (13000
rpm, 1 h) to remove remaining agglomerations. Triton X-100 (0.1% wt) was finally added
into the solution to facilitate the printing on PDMS. The ink for hybrid gate dielectric
was prepared by first mixing PDMS (base only), BaTiO3 nanoparticles, and 4-methyl-2-
pentanone followed by magnetic stirring for 30 min. The mixture was then subjected to
successive bath sonication (power level 9, 4 h) and probe sonication (15 W, 10 min) to break
the large aggregations of BaTiO3. The weights of PDMS and 4-methyl-2-pentanone were
fixed at 1 and 4 g, respectively, while the weight of BaTiOg was varied from 0.5 to 2 g.

Lastly, 0.3 g of curing agent was added to the dispersion before printing.

4.2.3 Device Fabrication

The fabrication steps used for TFTs and integrated logic circuits are detailed below, as
shown in Figure 4.1:
1. Treat the surface of polydimethylsiloxane (PDMS) substrates (Sylgard 184, 10:1,
~ 0.5 mm thick) with Og plasma (30 W, 500 mTorr, 3~5 sec). This step renders
the PDMS surface hydrophilic due to the formation of a very thin layer of silica.
2. Functionalize the treated PDMS surface with amine-group by immersing it in

poly-L-lysine (0.1% w/v in water, Sigma-Aldrich) for 10 min followed by rinsing
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with deionized (DI) water and blowing dry with No.

3. Semiconducting single-walled carbon nanotubes (sSWCNT)(0.01 mg/ml, 98%
semiconducting enriched, Nanolntegris) are deposited onto the functionalized PDMS
surface by dropcasting for 30 min followed by rinsing with DI water and blowing
dry with No.

4. The channels of the TFTs (width ~ 2500 pm, length ~ 150 pm) are defined
by printing unsorted carbon nanotube (CNT) solution (0.5 mg/ml, with 0.1 mg/ml
TritonX-100) for 40 ~ 50 layers as the source and drain electrodes.

5. S1813 (Microchem) photoresist is printed onto the channel as a protective layer.
The semiconducting carbon nanotubes out of the channel region are subsequently
etched away by O9 plasma (60 W, 500 mTorr, 1 min). (Step 5 is skipped for devices
with semiconducting carbon nanotubes printed in the channel)

6. BaTiO3/PDMS ink is printed as the gate dielectric followed by curing at 150 °C
for 20 min.

7. The surface of the gate dielectric is rendered hydrophilic by O9 plasma treatment
(30 W, 500 mTorr, 2 sec).

8. Unsorted carbon nanotube solution (same as step 4) are printed onto the gate
dielectric for 20~30 layers as the top gate electrode.

Steps 1-8 conclude the fabrication of the stretchable TFTs. For the integrated logic
circuits, several additional steps are added:

9. More unsorted carbon nanotube solution is printed for 40~50 layers as the inter-
connection in the logic circuits and to define the channel of load resistor.

10. Carbon nanotubes are printed in the channel of the load resistor layer by layer
until an optimal resistance value is achieved.

11. Finally, before stretching tests, PDMS is printed to cover the whole carbon nan-
otube features as an encapsulation layer to prevent the devices from catastrophic

cracking
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Figure 4.1 Schematic diagrams illustrating the fabrication processes of printed stretchable
TFTs.

4.2.4 Characterizations

The electrical characteristics of TFTs and logic gates were measured by an Agilent B1500A
semiconductor parameter analyzer. Resistance of the printed CNT electrodes was measured
by a Keithley 2100 multimeter controlled by a LabView program. The gate dielectric layer
material was characterized by the CV module (B1520A) of the Agilent B1500A analyzer.
Stretching tests were performed automatically with a syringe pump. Scanning electron mi-
crographs, atomic force micrographs, and optical micrographs were captured with a Hitachi
S-470011 field emission scanning electron microscope (FESEM), a Dimension 3100 atomic
force microscope (AFM), and an Olympus BX51 optical microscope, respectively. All mea-

surements were conducted under ambient conditions.
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4.3 Results and Discussion

In this work, we take one significant step forward by demonstrating fully printed stretch-
able integrated circuits on PDMS substrates. Unsorted carbon nanotubes (CNTs) and
high-purity semiconducting single-walled carbon nanotubes (sSSWCNTSs) are used as the
source/drain/gate electrodes and channel semiconductor, respectively.

» b Pl 0% strain

200 nm

~50% strain

100 nm

SID electrodes 500.NM.

Figure 4.2 Fully printed and intrinsically stretchable carbon nanotube thin-film transistors
(TFTs) and integrated logic circuits. (a) Schematic illustrating the structure of a printed
stretchable TFT. Unsorted carbon nanotubes, high-purity semiconducting single-walled car-
bon nanotubes (sSSWCNT), and BaTiO3/PDMS composite are used as the source/drain/gate
electrodes, channel semiconductor, and gate dielectric, respectively. (b) Optical micrograph
of a TFT printed on a PDMS substrate. (c-e) Scanning electron micrograph of the carbon
nanotube network in the source/drain electrodes (c¢) and channel (d) and atomic force micro-
graph of the BaTiO3/PDMS gate dielectric (e). (f) Optical photograph of a representative
sample consisting of four TFTs, a resistive load inverter, and a resistive load two-input NOR
gate and NAND gate, at tensile strains of 0% (top), ~ 25% (middle), and ~50% (bottom).

As shown in the schematic (Figure 4.2a) and optical micrograph (Figure 4.2b), our
stretchable TFTs were fabricated using an all-printing process and adopt a top-contact,
top-gated device structure (refer to the Fabrication Process and Measurement setup section
for more details). Compared with silver or gold nanoparticle inks, the most widely used

conducting materials in printed electronics, CNT electrodes provide better electrodesemi-
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conductor contacts due to the perfect structural and electronic consistency between carbon
nanotubes [156]. In addition, carbon nanotubes are a perfect choice for stretchable elec-
trodes because of their ultrahigh aspect ratio and the formation of highly deformable mesh
structures in macroscale assemblies [143]. Parts ¢ and d of Figure 4.2 reveal the dense un-
sorted CNT network in the source/drain electrodes and the monolayer sSSWCNT network in
the TFT channel region. The gate dielectric is a composite consisting of PDMS, the same
material as the stretchable substrate, and BaTiOg nanoparticles, a ceramic material with a
relative permittivity of up to ~ 200. This hybrid dielectric material combines the best of
both worlds; i.e., the high permittivity of BaTiO3 and superior stretchability of PDMS, as
shown below, deliver excellent electrical performance, mechanical robustness, and compati-
bility with the substrate. The atomic force micrograph (AFM) of the printed BaTiO3/PDMS
is shown in Figure 4.2e. Figure 4.2f presents photographs of a representative sample with
printed TFTs and integrated logic circuits (inverter, NOR, and NAND gates) in the relaxed
state and under tensile strain of ~ 25% or ~ 50%.

The unsorted carbon nanotubes used for the electrodes and interconnections are purified
with nitric acid and contain 1.0-3.0 atomic percent carboxylic acid [157], and thus, they can
be well dispersed in pure water without the assistance of any surfactant (Figure 4.3a). In
order to investigate the performance of print CNTs when used as Source/Drain electrode,
we have fabricated two identical devices on Si/SiO9 substrates with printed CNTs and ther-
mally evaporated metal electrode as the source/drain electrodes, respectively. The device
structure is illustrated in Figure 4.3b and the microscope images of the devices are shown in
the insert figure of Figure 4.3e and f. For the device with printed CNTs as the electrodes, we
have taken the SEM image for both of the CNT electrodes region and CNT channel region,
which are both dense and uniform, shown in Figure 4.3c and d, respectively. As shown in
Figure 4.3e and f, The device with printed carbon nanotube source/drain electrodes (Fig-
ure 4.3f) exhibits comparable electrical characteristics with that using evaporated Ti/Au as

source/drain electrodes (Figure 4.3¢) in terms of both field effect mobility (16 cm ™2V~ 1s~1
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vs. 17.7 em™2V~1s71) and on/off current ratio (700 vs. 177). The low drain bias out-
put curves of the device with carbon nanotube electrodes (Figure 4.3g) exhibit very good

linearity, indicating negligible Schottky barrier at the CNTs/sSWCNTSs interface.
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Figure 4.3 Fully-printed all-CNT back-gated TFT on Si/SiOg substrate. a, Photograph of
the unsorted carbon nanotube ink. b, Schematic of the back gated TFT printed on Si with
the unsorted carbon nanotubes as source/drain electrodes. c,d, Scanning electron microscopy
(SEM) images showing the carbon nanotube networks in the source/drain electrodes (c¢) and
channel (d). Scale bars in ¢ and d represent 200 nm and 1 pm, respectively. e,f, Represen-
tative transfer curves of the back-gated TFTs with evaporated Ti/Au (e) and printed CNT
(f) as source/drain electrodes for Vpg from 0 to -0.5 V in -0.1 V steps. Insets of e and f
show the micrographs of the corresponding TFTs. Scale bars represent 300 pm and 1000
pm, respectively. g, Output curves of the TFT with printed CNT as source/drain electrodes
at low drain bias. Vg varies from 0 V to 40 V in 10 V step.

The device shown in Figure 4.3f is printed on Si/SiO9 substrates. However, Directly
printing aqueous solution on PDMS surface is very difficult because of the high hydropho-
bicity of PDMS. Although PDMS surface can be rendered hydrophilic by O9 plasma or UV
ozone treatment, it recovers the hydrophobicity very quickly, especially at high temperatures
[158]. We solved this challenging problem by adding a small amount of Triton X-100 to lower
the surface tension of water. In order to investigate the influence of Triton X-100 on the
wetting behavior of water on PDMS, we treated PDMS surface with O9 plasma at a power

of 30 W for 3, 6 and 10 sec, followed by heating the PDMS at 100 °C for 1 hour. Contact
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angles of water with different concentrations of Triton X-100 on the treated PDMS were
measured before and after heating. The results are presented in Figure 4.4a. Pure water
exhibit contact angles of ~110° and ~40° on pristine PDMS surface and PDMS treated with
O9 plasma at 30 W for 10 sec, respectively. Adding 0.01% or 0.1% Triton X-100 drastically

decreases the contact angles, as shown in Figure 4.4b.
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Figure 4.4 Contact angle of water with and without Triton X-100 on PDMS treated with
O9 plasma. a, Optical images of water droplets with different concentration of Triton X-100
on PDMS (O9 plasma treatment: 30 W, 3 sec) before and after heating at 100 °C for 1
hour. b,c, Contact angle of water with different concentrations of Triton X-100 plotted as a
function of O9 plasma treatment time before (b) and after (c) heating at 100 °C for 1 hour.

However, after the PDMS is heated at 110 °C for 1 hour, the surface hydrophobicity
is recovered, as manifested by the high contact angles of pure water on all PDMS surfaces
(Figure 4.4c). In contrast, the contact angles of water with 0.01% and 0.1% Triton X-100
on Oy plasma treated PDMS, regardless of the treatment durations, settle at ~ 60° and ~
40°, respectively. The above results indicate that a small amount of Triton X-100, combined
with mild O9 plasma treatment, can significantly improve the wetting of water on PDMS

surface, even at elevated temperatures. Furthermore, it was found that the CNT solution
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with 0.1% Triton X-100 yield better printing results than that with 0.01% Triton X-100,
which is in agreement with the literature results that a contact angle of below 50° is desired
for ink-jet printing [159]. Further increasing the Triton concentration beyond 0.1% will
result in very low contact angles and may produce uncontrollable ink bleeding. Therefore,
inks with 0.1% Triton X-100 were used for all of our printed devices. It should also be
pointed out that while the Triton X-100 is a widely used surfactant, the main purpose of
adding it here is for tuning the surface tension of the ink instead of facilitating the dispersion
of carbon nanotubes. As described previously, the unsorted carbon nanotubes used in this
work contain 1.0-3.0 atomic percent carboxylic acid groups and can be dispersed in pure
water directly without any surfactant. In fact, 0.1% Triton X-100 is significantly lower than
the concentration needed to disperse CNTs without functional groups [160]. Lastly, because
the concentration of Triton X-100 used in our inks is very low, the electrical properties of

the CNTs are not affected noticeably.
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Figure 4.5 Characteristics of the printed CNT electrodes. (a) Resistance of CNT features
(length ~6 mm, width ~0.5 mm) printed on PDMS as a function of the number of printing
runs. The error bars are standard deviations obtained from more than five samples. (b)
Relative change in resistance (AR/Rg) as functions of tensile strain for CNT features with
(blue squares) and without (red circles) PDMS encapsulation layer. (¢) AR/Rq of a printed
CNT feature (with PDMS encapsulation) when the sample is being repeatedly stretched
between 0% and 60% strain.

Since the CNT solution has a quite low concentration (<0.5 mg/mL), multiple printing
runs are required to obtain a conductive feature. Figure 4.5a presents the resistance of

the printed CNT features after various numbers of printing runs. The resistance drops
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dramatically during the first ~20 runs and reaches several kQ) after ~40 runs, which is
sufficiently low to work as the source/drain electrodes for CNT TFTs (channel resistance is
greater than hundreds of k(2). Extensive studies have shown that, due to the one-dimensional
attributes of CNTs and the mesh structure of their macroscale assemblies, CNT thin films
exhibit excellent stretchability [143]. Additionally, the increase in resistance under tensile
strain can be further alleviated by a polymeric encapsulation layer [161]. Comparing the
pristine CNT features printed on PDMS with those encapsulated by an additional PDMS
layer, one can clearly see that the encapsulated CNT film exhibits better stretchability, with
a change in resistance of ~ 200% under 60% tensile strain (Figure 4.5b). The critical role
of PDMS encapsulant in improving the stretchability of the CNT film can be attributed to
the greatly mitigated stress concentration in CN'T networks by the surrounding cross-linked
PDMS molecules, which prevents the occurrence of macroscale cracks that are responsible
for a more pronounced increase in resistance of the unencapsulated features. After hundreds
of stretching cycles with a maximum strain of 60%, the resistance of an encapsulated CNT
features settles at around 5 times of its original value (Figure 4.5¢).

One of the greatest challenges in realizing intrinsically stretchable TFTs is the high-
performance stretchable gate dielectric material that can simultaneously offer high gating
strength, good mechanical robustness, and solution processability [143, 149]. Conventional
inorganic gate dielectrics like Si09 and AloO3 are rigid and brittle and, thus, not suitable for
stretchable devices unless engineered to a wrinkled configuration by sophisticated approaches
[149]. In addition, they usually require vacuum-based deposition processes (evaporation
or atomic layer deposition), which are costly and not suitable for low-cost applications or
green manufacturing. A number of alternative material platforms, like polymeric dielectrics
[151, 155], ion gels [150, 153, 154], and hybrid dielectrics [162], have been proposed. Solution-
processed polymeric dielectrics have been widely used for both flexible and stretchable TFTs,
but most of them exhibit rather low dielectric constants and gating strength, which leads to

high operating gate voltages. Tonic gels (block copolymer networks swollen by ionic liquids)
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have also attracted extensive research interest as stretchable gate dielectric materials due
to their gigantic capacitance and superior stretchability [163]. The practical applications
of ion gels are, however, greatly hampered by their instability in ambient conditions, dif-
ficulties in suppressing gate leakage current, and possible electrochemical reactions at the
dielectric/conductor or dielectric/semiconductor interface. In contrast, hybrid dielectrics
consisting of inorganic dielectric nanofillers dispersed in a polymer matrix show the best
overall performance by combining the high permittivity of inorganic dielectrics with the so-
lution processability and mechanical robustness of polymers. A large variety of inorganic
high-k dielectric and polymer composites have been explored [162]. For instance, several
groups have demonstrated that the BaTiO3/PMMA composites show excellent performance
as the gate dielectric for printed flexible CNT TFTs [164, 165, 166]. Despite the progress,
almost all studies focus on hybrid dielectrics that are only flexible and cannot survive large
tensile deformations.

Here in this work, we have developed a highly stretchable hybrid gate dielectric material
by blending cubic phase BaTiO3 nanoparticles (particle size ~50 nm) and PDMS (see the
details in the Section 4.2). And in order to mix the BaTiOs nanoparticles and PDMS
together, a proper solvent should be carefully chosen. An ideal solvent should not only be
able to dissolve the active materials but also have appropriate values of vapor pressure and
surface tension that are suitable for printing. Hexane is usually used for dissolving PDMS
[167, 168]. The high vapor pressure of hexane, however, means it evaporates too fast and
makes it a bad choice for printing PDMS. Here, we choose 4-methyl-2-pentanone as the
solvent for PDMS. As shown in Table 4.1, the solubility parameter of 4-methyl-2-pentanoe
is close to that of PDMS, making it a good solvent for PDMS. In addition, the vapor pressure
is close to that of water and thereby very suitable for printing. Finally, the surface tension
is 23.6 mN/m, which is about 1/3 of water and ensures good wetting on PDMS surface. As
a result, 4-methyl-2-pentanone is ideal for dissolving PDMS for printing process.

Systematic electrical characterizations (Figure 4.6 and 4.7) reveal that the BaTiO3/PDMS
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Table 4.1 Physical properties of the solvents for PDMS

Vapor pressure at 25°  Sur face tension  Solubility parameter

(mmHyg) (mN/m) (call/2em=3/2)
H>O 17 72 23.5
Hezane 150 18.43 7.24
CeH120 19.9 23.6 8.4
PDMS 9.3

hybrid dielectric exhibit superior performance in almost all aspects, including dielectric con-
stant, high frequency characteristics, leakage current, and stretchability. Before mixing the
BaTiOs and PDMS, we have calculated the volume content of BaTiOg nanoparticles using

the following equation:

MBaTiOs/PBaTiOs
MBaTiO3/PBaTiO3 + MPDMS/PPDMS

(4.1)

where m represents the mass and p represents the density. Based on the reported density
values of BaTiO3 (5.85 g/cm3) and PDMS (0.965 g/cm?), the volume content of BaTiOs3 is
calculated to be 0.08, 0.148 and 0.258 for composites with weight ratios (PDMS:BaTiO3) of
1:0.5, 1:1, and 1:2, respectively. The solutions with various BaTiOg contents are spin coated
on Si or glass to fabricate parallel capacitors and used to characterize the dielectric constant
of the BaTiO3/PDMS films. As shown in Figure 4.6a, the relative permittivity increases
dramatically and reaches ~9 at a BaTiO3 volume content of ~26%. Inks with higher BaTiOg
contents are very difficult to be dispersed evenly. The relative permittivity versus BaTiO3
volume content can be fitted very well by the well-known Lichteneckers equation 4.2 that is

widely used to describe composite dielectric systems with spherical fillers [169]

In(eer) = f xIn(epy) + (1= f) x In(emr) (4.2)

where ecr, €y, Emp are the relative permittivities of the composite, nanofiller and polymer
matrix, respectively. And f is the volume content of the nanofiller. The fitting parameters
obtained here, €. ~ 307.9, ey ~ 2.6, are close to the relative permittivity of cubic phase

BaTiOg and PDMS, respectively. The results here imply that hybridization is an effective
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approach to greatly enhance the dielectric constant of polymers while maintaining their

desirable mechanical property and solution processability.
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Figure 4.6 Characteristics of the BaTiO3/PDMS gate dielectric. (a) Relative permittivity
of the composite gate dielectric as a function of the volume content of BaTiOg nanoparticles
measured from parallel plate capacitors fabricated on glass substrate. The error bars are
standard deviations obtained from more than five samples. Inset: cross-sectional schematic
of the parallel plate capacitor. (b) Capacitance measured at various frequencies for the
composite gate dielectrics with BaTiOg volume content of 15% (blue squares) and 26% (red
circles), respectively. (c) Leakage current density of the composite gate dielectric with a
thickness of around 2 pm.

The gigantic capacitance in ionic gel dielectric originates from the establishment of elec-
trical double layers, which relies on the migration of mobile ions in an electric field and is
very slow [163]. In contrast, our BaTiO3/PDMS composite only undergoes dielectric polar-
ization when placed in an electric field and thus exhibits significantly better high frequency
performance. Figure 4.6b shows the capacitance-frequency characteristics of parallel plate
capacitors made with the BaTiOz/PDMS dielectrics with ~15% or ~26% BaTiO3 by vol-
ume. As expected, the capacitance is virtually independent of frequency in the range of 100
Hz-1 MHz. We also characterized the leakage current density of our BaTiO3/PDMS hybrid
dielectric using the parallel plate capacitor with a dielectric layer thickness of ~2 pm. As
shown in Figure 4.6¢, regardless of the volume content of BaTiO3, the leakage current density
remains below 10 nA /em? under a voltage of 200 V (electric field of ~1 MV /em). For a TFT
with a channel footprint of 2000 x 200 um, such leakage current density corresponds to a

gate leakage current of ~40 pA. The extremely low leakage current implies that the BaTiOg
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nanoparticles have very good compatibility with the PDMS matrix and the dielectric layer

is free of pinholes.
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Figure 4.7 (a) Relative change in capacitance (AC/Cy) as a function of tensile strain mea-
sured from a parallel plate capacitor printed on PDMS. Inset: cross-sectional schematics of
the capacitor at relaxed state and stretched state. (b) AC/Cy at 0% (red circles) and 50%
(blue squares) strains measured during repeated stretching tests for more than 2000 cycles.
(c) Leakage current density of the composite gate dielectric measured at 0% (red circles) and
60% (blue squares) strains.

As discussed above, one of the most intriguing merits of hybrid dielectrics is that they
inherit the mechanical properties of polymers [162], which is manifested by the stretching
tests on the parallel plate capacitors fabricated on PDMS substrates. Unsorted carbon
nanotubes were printed as the top and bottom electrodes of the capacitors (see Section 4.2
for fabrication details). The inset of Figure 4.7a illustrates the device structure and its
geometric variations under tensile strains. When the capacitor is subjected to tensile strain,
it will extend along the stretching direction (I direction) and shrink along the other two
perpendicular directions (w and t directions) due to the Poisson effect. The capacitance at

zero strain can be written as

lpw
Co = €zero Ot 0 (4.3)
0
and The capacitance under tensile stretch can be written as
Alg) (A
C = 5M (4.4)

A3to
where £,¢ro represents the permittivity of the dielectric at zero strain and ¢ is the permittivity

under strain. Here, the extending ratio along the stretching direction, A1, equals to 1 + ¢,
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where € is the tensile strain. For an isotropic material like PDMS, the compression ratios
along the other two directions, A2 and A3 should have the same value. Given that the
permittivity is independent of tensile strains, the capacitance under tensile strain can be
written as C = (1 + €)Cy, so that the relative change in capacitance is AC/Cy = e. In
other words, the relative change in capacitance is linear to the tensile strain with a slope of
1 [161]. The experimental data of AC/Cy versus tensile strains for a parallel plate capacitor
using BaTiO3/PDMS dielectric (Figure 4.7a) can be fitted very well by a linear function
with a slope of ~0.8. The deviation from the theoretical slope of 1 could be explained by the
possible anisotropy induced by the presence of BaTiOs nanoparticles in PDMS. In addition,
the permittivity of the composites might be slightly dependent on tensile strains, which
deserves further study. The increase in capacitance upon stretching leads to a stronger gating

strength and thus, as will be discussed below, benefits the performance of the stretchable

CNT TFTs.

Figure 4.8 Optical micrographs of a BaTiO3/PDMS feature printed on PDMS while the
substrate is at relaxed state (0% strain), stretched to 40% or 100% strain, and returned to
0% strain. Scale bars in all images represent 200 pm.
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Cyclic stretching tests were performed to study the durability of the BaTiO3/PDMS
composite dielectric. Figure 4.7b presents the AC/Cy (Cq represents the pristine capaci-
tance) of a device repeatedly stretched between 0% and 50% strains for 2000 cycles. The
AC/Cq at 0% and 50% strain both show very slight increasing trend with roughly the same
rate over the entire stretching test, which is different from the capacitors with pure silicone
dielectric [161]. The reason for this synchronous shift is unclear at this moment and requires
more detailed studies. One possible explanation is the reassembly of BaTiO3 nanoparticles
by migration inside the PDMS molecule network under the stimulation of cyclically changing
stress fields [170]. We also monitored the change in leakage current during the stretching
tests as shown in Figure 4.7c. It is impressive that the leakage current showed virtually no
change when the device is stretched to 60% strain, implying the superior robustness of the
BaTiOg/PDMS dielectric and no formation of pinhole or crack during the stretching process.

An additional advantage of the BaTiO3/PDMS hybrid gate dielectric is its excellent com-
patibility with the PDMS substrate, as manifested by the fact that no sliding between the
dielectric and PDMS substrate was observed at a tensile strain up to 100% (as shown in
Figure 4.8), which is significantly better than ionic gels [154]. Lastly, to confirm that the
BaTiO3/PDMS works well as gate dielectric for CNT TFTs, before fabricating stretchable
TFTs on PDMS, we first printed the BaTiO3/PDMS hybrid dielectric on TFTs with evap-
orated Ti/Au source/drain electrodes on Si substrates. Comparing Figure 4.9a and b, one
can find the device with one layer of printed BaTiO3/PDMS gate dielectric considerably
outperforms the device with 300 nm SiO9 as dielectric in terms of field-effect mobility (7.72
em?V 571 vs. 3.11 em®V~1s71) and on/off current ratio (3.67 x 10° vs. 7.91 x 10% ).
In addition, the representative output characteristics of the top-gated TFTs with printed
hybrid dielectric (shown in Figure 4.9¢) show typical MOSFET-like behavior. We have mea-
sured a number of such devices and the results are summarized in Figure 4.9d. The scattered
data points indicate that the TFTs on silicon substrate with printed BaTiO3/PDMS as gate

dielectric usually exhibit field-effect mobility of around 7 em?V~1ts™! and on/off ratio above
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Figure 4.9 Electrical characteristics of top-gated TFTs on silicon substrate with
BaTiO3/PDMS as gate dielectric. a,b, Transfer characteristics of devices with 300 nm SiO9
(a) or printed BaTiO3/PDMS (b) as gate dielectric. Insets of a and b show the cross sec-
tional schematics of the corresponding devices. ¢, Representative output characteristics of a
TFT with the printed BaTiO3/PDMS hybrid dielectric. d, A scattering points statistics of
the electrical performance of devices with BaTiO3/PDMS as gate dielectric.

10°. The above results suggest the BaTiOs /PDMS composite indeed works well as gate
dielectric for CNT TFTs.

Based on the stretchable CNT electrodes and BaTiO3/PDMS hybrid gate dielectric de-
veloped above, stretchable TFTs were successfully fabricated on PDMS substrates by an
all-printing process. Such printed TFTs typically have channel lengths (L) and channel
widths (W) of ~150-200 pm and ~2500 pm, respectively. Figure 4.10 presents the repre-
sentative transfer (Igp - Vg) and output (Igp - Vpg) characteristics of the stretchable
TFTs. The transfer curves presented in Figure 4.10a show good overlap between the for-

ward and backward sweeps, indicating that hysteresis is nearly absent in our devices. In

addition, according to the gray dashed line in Figure 4.10a, the gate leakage current remains
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at a reasonably low level (~100 pA for Vg = 30 V), which is in good agreement with the
values measured from parallel-plate capacitors in Figure 4.7c. Linear scale transfer curve
and tranconductance (gy,) versus Vg of the same device are shown in Figure 4.10b. The
output characteristics presented in Figure 4.10c show unambiguous saturation behavior at
high drain voltages that is typical for field-effect transistors and excellent linearity at low bias
regime (Figure 4.10c inset), indicating negligible Schottky barrier at the interfaces between
the channel semiconductor and source/drain electrodes. Most of our devices exhibit field ef-
fect mobility around 4 cm?V~1s~! and on/off ratio greater than 500 with maximum values

of 7 em2V~1s™1 and 3000, respectively, which is respectable for the all-printing process.
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Figure 4.10 Representative electrical characteristics of the fully printed stretchable TFTs
on PDMS. (a) Semilogarithmic scale plot showing the forward and backward sweep transfer
characteristics (Igp - Vgg) of a TET measured at Vpg of -5 V (red) and -0.5 V (blue) and
the gate leakage current curve (Igo - Vg) measured at Vpg of -0.5 V (gray dashed line).
(b) Igp (blue) and transconductance (red) as functions of Vg plotted in linear scale for the
same device in panel (a). (¢) Output characteristics of the same TFT with Vg varying from
30 V to -30 V. Inset shows the Ipg - Vpg curves under low drain bias indicating negligible
Schottky barriers at the semiconductor and S/D electrode interfaces.

Next, we investigated the electromechanical properties of the CNT TFTs printed on
PDMS by performing systematic stretching tests along both channel length and channel
width directions. The optical micrographs in Figure 4.11a and b reveal the geometric vari-
ations of two devices being stretched along L. and W directions, respectively. When the
device is stretched along L direction, the channel length elongates and channel width de-
creases (due to Poisson effect), while the opposite changes (W increases, L decreases) will

take place under tensile strain along W direction. The geometric variations are also reflected
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by the dimensional changes of the source/drain and gate electrodes, whose boundaries are
marked by dashed lines. The geometric changes in the channel, as shown below, will have

an effect on the TFT characteristics.
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Figure 4.11 (a, b) Optical micrographs showing two devices stretched along channel length
(a) and channel width (b) directions, respectively. Scale bars represent 1 mm.

Figure 4.12a and d present the evolution of transfer curves at Vpg of -0.5 V while the
device is stretched up to 50% strain along the channel length and channel width directions,
respectively. The on-state current drops by about one-half of its pristine value at 50% tensile
strain along the L direction, while a very small decrease is observed under the same strain
along the W direction. Meanwhile, the off-state current is drastically suppressed for both
cases. The effects of tensile strain on the TFT drain current (Ig) can be interpreted by three
primary factors, namely the geometric change of the channel, the initiation and propagation
of cracks in the sSSWCNT network, and the enhancement in gating strength due to thinner
gate dielectric. First, assuming the sSSWCNT network and gating strength do not change,
Ipg is proportional to the ratio of channel width to channel length (W/L), so Ipg would
decrease when stretched along L direction and increase when stretched along W direction.

Second, it is well-known that the surface of PDMS will be covered by a very thin layer of
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silica after O9 plasma treatment, which is a crucial step for our printing recipe. The silica
skin is extremely brittle and, hence, forms ubiquitous cracks when the PDMS substrate is
subjected to tensile strain. Consequently, many cracks appear in the otherwise continuous

sSWCNT network following the deformation of the silica skin [161].
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Figure 4.12 (a, d) Transfer characteristics at Vpg of -0.5 V, while the devices are stretched
to various strain levels along the channel length (a) and channel width (d) directions, respec-
tively. (b, e) Transfer characteristics at Vpg of -0.5 V, while the device is stretched to 50%
strain for the 1st time (red), the 370th time (green), the 760th time (blue), and the 1400th
time (orange) along channel length (b) and channel width (e) directions, respectively. (c, f)
Field-effect mobility (left axes) and on/off current ratio (right axes) as functions of tensile
strain (upper panel, in the 1st cycle) and stretching cycles (lower panel, at 50% strain) along
channel length (¢) and channel width (f) directions, respectively.

As a result, many percolating pathways are cut off, leading to a reduction in Ipg. Con-
sidering both the influence of geometric change of the channel and structural change of the
sSWCNT network, one can easily understand the distinct behaviors of on-state current when
stretched along different directions. It is worth mentioning that the formation of cracks in
the channel has a larger influence on the metallic percolation pathways than on the semi-

conducting ones because the sSSWCNT ink used here contains only 2% metallic nanotubes,
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which is beneficial for the improvement of on/off current ratio under tensile strain. Finally,
the BaTiO3/PDMS dielectric layer will also become thinner under tensile strain (see Figure
4.7a), which contributes to a stronger gating strength and consequently further suppression
of the off-state current. The upper panels of Figure 4.12b,e present the device field-effect mo-
bility (left axis) and on/off current ratio (right axis) as functions of tensile strains along the
L direction and W direction, respectively. Device mobility (u) is extracted using the equa-
tion in linear region pu = gL/ (WV pgsCoy), where gy, and C,, are transconductance and
gate capacitance, respectively. Gate capacitance is determined by direct capacitancevoltage
(CV) measurements on the TFTs and considering the geometric changes of the channel. Re-
gardless of stretching direction, mobility decreases by about 1/3 of its original value under
50% strain, reflecting the microscopic structural changes in the sSSWCNT networks discussed
above. On the other hand, the on/off ratio increases by almost 1 order of magnitude due to

the significantly suppressed off-state current.
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Figure 4.13 Output characteristics of a fully-printed stretchable CN'T TFT at pristine state
(0% strain) (a), after being stretched to 60% strain (dashed lines in panel b) and after
returning to 0% strain (solid lines in panel b).

Figure 4.13 presents the output characteristics of another device being stretched along
the channel length direction. By comparing Figure 4.13a and b, one can find that the current
level drops to about 1/3 of the pristine value after the initial stretch to ~ 60% strain. After
that, the current level settles and remains nearly unchanged after the tensile strain is released

(Figure 4.13b). Regardless of the tensile strain, the device maintains very standard MOSFET
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characteristics with clear saturation regions in the output curves.
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Figure 4.14 Electrical characteristics of a stretchable TFT when being stretched to 100%
strain along the channel length direction. a, Evolution of the transfer characteristics at
various tensile strain values up to 100%. b, Field-effect mobility and on/off current ratio as
functions of tensile strain.

The maximum tensile strain our devices can withstand is primarily limited by the stretch-
ability of the PDMS substrates. Certain devices remain working properly under strains that
are significantly higher than 50% as long as the PDMS substrate does not rupture. Figure
4.14 presents the electrical characteristics of one of such devices when being stretched up to
100% strain along the channel length direction. As expected, the drain current (Ipg) does
drop due to the geometric changes of the channel and the cracks induced in the sSSWCNT
network. Nevertheless, the off-state current shows a much more pronounced decrease than
the on-state current does because of the low content of metallic carbon nanotubes (only 2%)
in the channel and the enhanced gating strength caused by thinner gate dielectric under
strain. As a result, the on/off current ratio increases to almost 10% at 100% strain. In the
meantime, the field-effect mobility drops to roughly half of the pristine value, which is well
acceptable considering the high tensile strain.

The stretchable CNT TFTs were then subjected to long-term cyclic stretching with a
maximum strain of 50%. The transfer characteristics at 50% strain after different numbers of
cycles are shown in Figure 4.12a (stretching along L direction) and Figure 4.12d (stretching
along W direction). The device field-effect mobility (left axis) and on/off current ratio (right

axis) at 50% strain are plotted as functions of stretching cycles in the lower panels of Figure
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4.12¢ and f for stretching along the L and W directions, respectively. Upon repeated stretch-
ing, the on-state current, off-state current, and mobility drop further while the on/off current
ratio continues to increase, which could be attributed to further expansion of the cracks and
probable initiation of new cracks in the sSSWCNT networks. All device performance metrics

start to stabilize after hundreds of stretching cycles
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Figure 4.15 Extra data about the stretching tests conducted on the same devices presented
in Figure 4.12 of the main paper. a,c, Transfer curves measured at Vg of -0.5 V under 0%
(blue) and 50% (red) strains during the 1400th stretching cycle when the device is stretched
along channel length (a) and channel width (c¢) directions. b,d, Field-effect mobility (red
circles) and on/off current ratio (blue squares) at 0% strain as a function of stretching cycle
when the device is stretched along channel length (b) and channel width (d) directions.

Figure 4.15 presents more data about the stretching tests conducted on the same devices
presented in Figure 4.12. Figure 4.15a and c show the transfer curves measured at Vpg =-0.5
V under 0% (blue) and 50% (red) strain during the 1400th stretching cycle when stretched

along channel length (Figure 4.15a) and channel width (Figure 4.15¢) directions, respectively.
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Regardless of the stretching direction, the on-state (off-state) current at 50% strain is slightly
higher (lower) than that at 0% strain, which can be explained by the enhancement of the
gating strength under tensile strains. The difference between the transfer curves at 0% and
50% strains is overall very small for both cases, indicating the TFT electrical performance
has almost stabilized after more than 1000 stretching cycles. Figure Figure 4.15b and d
present the field-effect mobility (red circles) and on/off current ratio (blue squares) at 0%
strain as functions of stretching cycles for the device stretched along channel length (Figure
4.15b) and channel width directions (Figure 4.15d), respectively. For both cases, the mobility
shows slight decreasing trend and the on/off ratio keeps increasing steadily, which could be
explained by the constant evolution of the sSSWCNT network during the repeated stretching
process.

Overall, the difference between the transfer curves at 0% and 50% strains is practi-
cally negligible for both devices, indicating the TFTs are stabilized and show almost strain-
independent electrical performance after more than 1000 stretching cycles. The above results
of stretching tests reveal that our printed CN'T TFTs exhibit excellent mechanical robustness
and can maintain very stable electrical performance under harsh conditions often encoun-
tered in real life wearable electronics applications.

We have also successfully demonstrated fully printed stretchable integrated logic circuits
on PDMS;, including inverter, NOR and NAND gates. Figure 4.16 shows the optical micro-
graphs of a resistive load p-type inverter (left), a resistive load two-input NOR gate (middle)
and a two-input NAND gate (right). We followed similar procedures as those reported in our
previous work to fabricate the logic gates [164]. In brief, after fabricating the driving TFT,
unsorted CNT's were printed in the load resistor layer by layer until an optimal performance
was achieved. Systematic electrical and electromechanical characterizations were conducted
on the stretchable logic circuits.

Figure 4.17a presents the inverter voltage-transfer characteristics (VT Cs) with a Vpp

of 10 V under various strains along the channel length direction of the driving TFT. The
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Figure 4.16 Optical micrographs of a printed resistive load inverter (i), a resistive load two-
input NOR gate (ii), and a two-input NAND gate (iii).
inverter exhibits more pronounced rail-to-rail output voltage swing as the tensile strain is
increased to 60%, owing to the improved on/off ratio of driving TFT. In addition, repeated
stretching tests indicate that the stretchable inverter exhibits very stable performance, as
shown in Figure 4.17b.

The output voltage of a resistive load inverter is determined by the voltage division
between the channel resistance (Repgnner) of the driving TFT and the load resistance (Rypqq)

and can be expressed as

VpbpR
DD{%oad (4.5)
channel T Rioad
When the TFT is turned on (low Vjpy for a p-type TFT), Ry,,q is significantly higher than

Vour = 7

Rehannel; hence, Vopr is approximately equal to V pp; similarly, Voyr is close to 0 when
the TFT is turned off (high Vjpy for a p-type TEFT) because R ;gnner 18 much greater than
Rioad- From Equation 4.5 and considering the evolution of transfer characteristics of the
driving TF'T discussed in Figure 4.12, one can easily understand the dependence of inverter
VTCs on tensile strains in Figure 4.17a.

Panel ¢ and d of Figure 4.17 present the output characteristics of the two-input NOR

gate and NAND gate measured with a Vpp of 10 V, while the circuits are at pristine state
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Figure 4.17 Fully printed stretchable integrated logic circuits on PDMS. (a) Inverter voltage
transfer characteristics (VTCs) measured with a Vpp of 10 V, while the device is stretched
to various strain levels along the channel length direction of the driving TFT. Inset shows
the inverter gain as a function of tensile strain. (b) Inverter VIT'Cs measured at a Vpp of
10 V while the device is at pristine state (0% strain, red) and at 0% strain after 70 (blue)
and 100 (green) stretching cycles with a maximum strain of 50% along the channel length
direction of the driving TFT. (¢, d) Output characteristics of the NOR gate (¢) and NAND
gate (d) measured at a Vpp of 10 V while the device is at pristine state (0% strain, blue
circles) and stretched to 60% strain (red squares) along the channel length direction of the
driving TFTs. For both NOR gate and NAND gate, input voltages of 80 and 0 V are treated
as logic 1 and 0, respectively.

(blue circles) and under 60% strain (red squares) along the channel length direction of the
driving TFTs. As expected, the NOR and NAND gates both function properly by showing
unambiguous output logic 1 and 0 states. Furthermore, the contrast between the two logic

states becomes even more pronounced when the circuits are stretched to 60% strain due to the

significantly improved on/off current ratio of the driving TFTs. Lastly, the NOR and NAND
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gates both exhibit very stable electrical performance during repeated stretching tests. Figure
4.18 shows the output characteristics of a NOR gate measured during the 1870th stretching
cycle (Figure 4.18a) and a NAND gate measured during the 10th stretching cycle (Figure
4.18b). As expected, both logic gates show negligible changes in electrical performance
while being stretched to high tensile strain values. We have tested the NOR gate up to 2000
stretching cycles and the circuit exhibited with very stable performance. The NAND gate
also exhibited very stable performance during the stretching tests. It accidentally failed after
the 10th stretching cycle due to the breakage of the PDMS substrate instead of the electrical

failure of the devices.
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Figure 4.18 Output characteristics of (a) a NOR gate measured during the 1870th stretching
cycle and (b) a NAND gate measured during the 10th stretching cycle.

4.4 Summary

In summary, by materials and ink formulation development, we have successfully demon-
strated intrinsically stretchable thin-film transistors and integrated logic circuits on PDMS
using an all-printing process. The devices and circuits can withstand thousands of stretching
cycles with tensile strain exceeding 50% along any directions while maintaining respectable
and stable electrical performance. This work is significant as it enables a promising approach

to realize low-cost and large-area fabrication of stretchable electronics, which may find a wide
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range of applications in wearable electronics or printed stretchable displays. There is still
plenty of room for follow-up research along this direction in further improving the electrical
performance, stretchability, and stability of the devices by optimizing the channel semicon-
ductor, gate dielectric layer, and substrate. Although other semiconducting materials like
P3HT [148], layered MoSo [152], and SnO9 nanowires [171] have been exploited as the chan-
nel material for stretchable TF'Ts, carbon nanotubes are still the overall best choice. Using
surfactant-free inks with longer nanotubes could potentially diminish the number of intertube
junctions and reduce the tube-to-tube junction resistance, which could further improve the
device mobility toward that of individual carbon nanotubes [143]. Using longer nanotubes
are beneficial to the improvement of stretchability. As for the dielectric materials, higher
permittivity is needed to further lower the operating voltage. According to a recent study,
composite dielectric with carbon nanotube as fillers at a concentration near the percolating
threshold shows gigantic permittivity [172], which is worth consideration in future studies.
As for the substrate, although PDMS is widely used for stretchable electronics, its intrinsic
hydrophobicity complicates the printing process and the brittle silica skin formed on its sur-
face after O9 plasma treatment is prone to form microscopic cracks. Additionally, PDMS also
has high O9 and HoO permeability, which could compromise the stability of light-emitting
devices under ambient conditions. Therefore, alternative elastomeric substrates with easy-
handling surface and low gas permeability are needed to further simplify the fabrication
process and to improve the device stability. Finally, more research effort should also be
devoted to the development of stretchable light-emitting devices, sensors and actuators, as
well as circuit design and integration of these elements into more sophisticated circuits and
smart systems. There is no doubt that numerous research efforts are still needed to ulti-
mately bring stretchable electronics from academic research to real life commercial products.

The results reported in this paper represent an encouraging leap toward this goal.
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CHAPTER 5

FULLY PRINTED FLEXIBLE PHOTODETECTOR BASED ON CARBON
NANOTUBES

In this chapter, we have reported methods for fabricating SWNT-based thin-film transistors
using a fully printed process and systematically studied their photoresponse. Bolometric
effect was observed in such devices upon laser illumination, which leads to gate-voltage-
dependent photoresponse characteristics. Additionally, the photodetectors exhibit good re-
liability under bending conditions owing to the ultrathin polyimide substrate used and the
superior mechanical flexibility of the carbon nanotube network. Such photodetectors would
be useful for the development of ubiquitous, low-cost and large area flexible electronic sys-
tems. Additionally, we have demonstrated the wavelength selective photodetectors utilizing

the observed bolometric effect.

5.1 Introduction

Photodetectors play an important role in modern technology. Generally speaking, the oper-
ation of photodetectors can rely on photovoltaic, photo-thermoelectric, or bolometric effects
[173]. In particular, bolometers, which are widely used in astronomy and particle physics,
transduce the absorbed radiation into a rise in temperature, which in turn induces variations
in resistance that can be read out as electrical signals [174]. Over the past two decades, the
development in nanomaterials provides new platforms for bolometers with improved sensitiv-
ity, speed and flexibility. Semiconducting single-wall carbon nanotubes (sSWCNTs), featured
with direct bandgaps and unique one-dimensional van Hove singularities and excitonic states,
have been extensively studied for photodetecting applications [175]. An intriguing attribute
of sSSWCNTs is the structure-dependent bandgap, which enables the wavelength-selective

detection of a wide spectrum of light ranging from visible to infrared region. Although a
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photothermal signature was recently unveiled [176], the photocurrent of individual sSWC-
NTs is predominantly photovoltaic in nature, where the incident photons generate strongly
bound excitons, which are subsequently separated into free electrons and holes under an
electric field [175]. In macroscale assemblies of carbon nanotubes, however, contribution
from direct photocurrent can be neglected due to the ultrafast relaxation of excitons and the
lack of a sufficient electric field [177, 178]. Instead, the absorbed energy is effectively trans-
ferred to the crystal lattice through strong electron-phonon interaction, which results into a
rise in temperature, i.e. the bolometric effect [179]. Bolometric response of various carbon
nanotube samples, including thin films and polymeric composites, has been demonstrated
to be a viable method for photodetection [179, 180, 181, 182, 183, 184, 185].

Several groups have reported bolometers or bolometric effect involved photodetector fab-
ricated by carbon nanotubes [186, 187, 188, 189, 190, 191, 192, 193, 194]. However, most
reported results used the traditional fabrication process including metal deposition, electron-
beam lithography and etching. These processes either require high vacuum or are not suitable
for large area flexible applications. Printing has been proposed as a viable solution to enable
the application of flexible and large surface electronics [185, 195, 196, 197]. And compared
with roll-to-roll and screen printing, the ink-jet printing is maskless and only applies the ma-
terials onto the active region, thus saving the materials, resulting in lower cost and operation
flexibility.

Herein, we report the bolometric-effect-based photoresponse in thin-film transistors fab-
ricated using printing process. The photoresponse (i.e. change in resistance) was found to be
dependent on the gate voltage applied. For a negative gate voltage, when the device is fully
turned on, the carrier mobility decreases due to increased phonon scatterings as the temper-
ature rises upon laser illumination, leading to an increase in resistance. For a positive gate
voltage, when the sSSWCNT network is depleted, the contribution from increase in carrier

concentration at elevated temperatures dominates, resulting in a decrease in resistance.
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5.2 Results and Discussion

Figure 5.1a shows the schematic diagram of fully printed back-gated thin film transistor used

in this work.
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Figure 5.1 a. Schematic diagram of fully printed SWNTs based TFTs. b. Optical image of
the transistor and SEM image of printed SWNTs on top of BTO layer.

To begin with, we spin-coated an ultrathin polyimide (HD MicroSystems, P1-2525) film
with the thickness of ~10 micrometers on top of silicon wafer, serving as the substrate. The
ultrathin substrate is essential to the flexibility of the devices and circuits. Next the back-
gate electrode was printed using the silver nanoparticle ink (PG-007 AA, Paru Corporation,
South Korea) by GIX Microplotter (Sonoplot Inc.), followed by annealing at 180 °C for 10
min to improve the conductivity of the silver electrode. Subsequently, an ink composed of
BaTiO3 nanoparticles and PMMA (PD-100, Paru Corporation, South Korea) was printed
as the hybrid dielectric layer. The whole wafer was placed on a hot plate at 60 °C while
printing to avoid the coffee ring effect. In case of possible gate leakage, we printed the
dielectric layer two more times. And then poly-L-lysine solution (0.1% w/v in water; Sigma
Aldrich) was printed on top of the dielectric layer followed by DI water rinsing and nitrogen
blowing to functionalize the surface, serving as the amine-terminated adhesion layer. Thus,
the commercially available 0.01 mg/mL semiconducting nanotube solution (NanoIntegris

Inc.) could be printed onto the channel region uniformly. And in order to get an optimal
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performance for the transistors, the nanotubes were printed for multiple times to increase
the density of the channel. Finally, Source/Drain (S/D) electrodes were printed by the same
method with printing the back-gate electrode using the same silver ink. Once the whole
fabrication process was done, the polyimide substrate was peeled off from the silicon wafer,
resulting in an extremely flexible thin film transistor. Figure 5.1b illustrates the optical
image of the printed transistor, and it could be seen every region is well-defined, which
ensures the good performance. In addition, the SEM image is given to show the uniformity

of printed SWNTs network.
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Figure 5.2 a. Transfer characteristics of fully printed TFTs based on SWNTs with and
without the laser illuminating. b. Output characteristics of fully printed TFTs based on
SWNTs with and without the laser illuminating. ¢. The relative change of resistance as a
function of the laser intensity under different gate bias.

Figure 5.2a and b shows the representative transfer and output characteristics of a printed
thin-film transistor with and without laser illumination, respectively. A red laser diode with
a wavelength ()\) of 650 nm and an intensity of ~4 W/cm? was used. The devices exhibit
conventional field-effect-transistor-like output characteristics with clear current saturation.
With the laser turned on (dashed lines), the output current (Ipg) underwent drastic changes.
It can be clearly seen that the changes of Ipg in response to laser illumination depend on
the applied gate voltage (V). At Vg of 40 V and 25 V, when the channel is depleted,
Ipg increases slightly upon laser illumination, whereas under more negative V, when the

transistor is turned on, a significant decrease in Ipg can be observed.
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As with the free standing films of SWCNTSs [179], we attribute the photoresponse in our
devices to bolometric effect, i.e. a rise in the temperature of SWCNT network upon light
irradiation, rather than photovoltaic effect. The conjecture of bolometric effect is reasonable
considering the following facts: i) carbon nanotubes possess an extremely high absorption
coefficient (104 to 10° em™1) over a wide spectrum extending from ultraviolet to far-infrared
region [179]; ii) carbon nanotubes exhibit strong thermal response to electromagnetic radia-
tion as evidenced by the temperature rise up to 100 K merely due to the environmental black-
body radiation [179] and ignition phenomenon upon exposure to conventional photographic
flashlight [195]; and iii) the monolayer network of SWCNTs in our TFTs has extremely small
heat capacity which can lead to a significant increase in temperature due to the absorption of
a small amount of energy. In contrast, it is unlikely for the photovoltaic effect (the creation
of electron-hole pairs upon light illumination) to be the predominant factor governing the
photoresponse in our devices due to a number of reasons: i) With negative gate bias, the
current in our device decreases drastically under light illumination, which is contradictory to
what is expected from photovoltaic effect; ii) The channel of our device consists of random
networks of short carbon nanotubes with numerous tube-to-tube junctions. It will be very
difficult, if not impossible, for the photo-generated carriers to reach the electrodes.

In general, the increase in temperature of a semiconductor can result in an increase of
carrier concentration due to more thermally excited free carriers as well as a drop in carrier
mobility due to increased phonon scattering. Two factors compete with each other in affect-
ing the conductivity of the material [198]. At a very positive V, the carrier concentration is
rather low because the SWCNT network if fully depleted by the electrostatic coupling from
the gate electrode. As a result, the increase in carrier concentration at elevated tempera-
tures upon light illumination would have a stronger influence on the conductivity than the
reduction in mobility, resulting in an increased output current. In contrast, as the device
transitions into the inversion mode (very negative V;), the carrier concentration is very high

so that the conductivity is dominated by the effect from decrease in carrier mobility.
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Figure 5.2c presents the relative change in channel resistance (AR/Ry), extracted from
the output characteristics and plotted as functions of laser intensity for various values of
V. An unambiguous increasing trend in the magnitude of AR/R can be observed as the
laser intensity increases, regardless of the applied V. The increase in photoresponse is due
to larger temperature changes caused by larger amount of absorbed radiation at higher laser
intensities. In addition, the evolution of photoresponse can be clearly identified as Vg was
swept from 40 V to -35 V. A transition point (AR/Rg = 0%) exists somewhere between V¢
= 10 V and 25 V (the blue and red lines in Figure 5.2¢), where the effects from increase in
carrier concentration and the reduction in mobility contribute equally to the conductivity.
As a result, the output current would ideally remain unchanged irrespective of the laser

intensity.
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Figure 5.3 Time response of fully printed SWNTs based TFTs a. under various gate bias
when fixing the laser intensity to 5.2 W/ cm2. b. under illuminated laser with various laser
intensity when fixing the gate bias to 40 V. c¢. under illuminated laser with various laser
intensity when fixing the gate bias to -40 V.

Figure 5.3a compares the photo-switching characteristics measured at different gate volt-
ages with a laser intensity of 5.2 mW/ cm?. Again, opposite photoresponse is observed when
the device is in on (Vg = -40 V) and off (Vg = 40 V) states. And the transitive gate bias
is estimated as ~20 V. The photo-switching behaviors measured using the same laser wave-
length with different intensities at Vo = 40 V and V5 = -40 V are shown in Figure 5.3b,c,

respectively. Higher laser intensities result in larger photoresponse, which is in agreement
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with the results in Figure 5.3c. The rise/fall time is also extracted as 2 ms ~ 4 ms, which is

comparable to the other reported results.
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Figure 5.4 Bending tests on the fully printed SWNTs based TF'Ts under a. different curvature
radius and b. different bending cycles.

Thanks to the ultrathin flexible polyimide substrate as well as the remarkable mechanical
flexibility of the gate dielectric and SWNTs network, the systematic bending tests for the
fully printed TFTs is illustrated in Figure 5.4. As shown in the insert figure of Figure 5.4b,
we wrap the devices onto a glass tube for the bending test. And the response of the TFTs
under laser illuminating exhibits only minimal variations even when the curvature radius
goes down to 3 mm (Figure 5.4a) and almost remains constant throughout the process of
up to 1000 bending cycles (Figure 5.4b) with a curvature radius of 5 mm. The stability
and reliability of the devices under different curvature radius and bending cycles ensure its

potential application in the flexible electronics field.

5.3 Potential Application - Wavelength Selective Photodetector

Based on the observed bolometric effect on the SWNT's based Thin Film Transistors, we have

demonstrated the application of wavelength selective photodetectors by applying different

86



types of SWNTs for the TFTs. Specifically, Two TFTs are fabricated using the conventional
cleanroom process with a global Si gate, SiOg dielectric and Ti/Au S/D electrodes. And
the (9,8) single chirality nanotubes and the 99% semiconducting nanotubes are used as the
channel materials, respectively. The photoluminescence (PL) spectroscopy maps of the (9,8)
nanotube sample before and after the chirality-based sorting process are shown in Figure 5.5
a,b, respectively. From the data, one can easily see that the various semiconducting species
in the starting material were effectively removed, leaving behind only (9,8) chirality as the

main species, whose purity is estimated to be 73.8% among all semiconducting species.
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Figure 5.5 Photoluminescence excitation mapping for the (9,8) nanotube sample obtained
(a) before and (b) after the chirality-based enrichment process.

The output characteristics of the two TFTs are measured when the devices are illumi-
nated by the lasers with different wavelength of 520 nm, 650 nm, 807 nm, and 980 nm, as
shown in Figure 5.6.

we compare the photoresponse of two devices. Figure 5.7a compares the absorption spec-
tra of these two carbon nanotube samples. The single chirality (9,8) SWCNT sample exhibits
several sharp absorption peaks at wavelengths around 555, 660 and 813 nm, whereas the 99%

semiconducting nanotube sample from Nanointegris exhibits two broad peaks around 500

87



and 1024 nm. Both types of devices went through the same measurements performed in
Figure 5.2 using four laser diodes with different wavelengths, namely, 520 nm, 650 nm, 807
nm, and 980 nm. The photoresponse (AR/Rq) of both types of devices were extracted from

the output characteristics (Figure 5.6) and summarized in Figure 5.7b.

0.0 .
05 o me === %
| | = Y o=~ | T  aaeeee== =
—_ P —_
-2 <
i A0 - ==m L
= =
V.=
) @Q - —
~8 — .75V £ 0 v,= =
1l ooy e
-— .25V .
ov ) = 'g-‘sl"
~ [— --25V ~~“Solid lines: laser off L
2.0 S0V Dashed lines: laser on =usds ¥ Solid| ! ff
1 . i — 50V Dashed ljnes: | n
9 9 0
e Ves (V)
0
> o
-
_ -
5} 7
—_— -
~ 30}y
@ ve=
-] — 4ov - — 40v
25V - 25V
45f— -0V - 0V
5V & : 5V
_ olid lines: laser off
= 220V Dashed lines: laser on — 20V Solid lines: laser off
- =35V -35V Dashed lines: la
-60 X
-9 -6 -3 -6 -3 9 -3 0
Vos (V) Ves (V) Ves V)

Figure 5.6 (a-d) Output characteristics (Ipg-Vpg) of a (9,8) nanotube thin-film transistor
measured before and after laser illumination with (a) A = 520 nm, (b) A = 650 nm, (c)
A = 807 nm, and (d) A = 980 nm. (e-h) Output characteristics of a 99% semiconducting
nanotube thin-film transistor measured before and after laser illumination with (e) A = 520
nm, (f) A = 650 nm, (g) A = 807 nm, and (h) A = 980 nm.

It can be seen that the dependence of photoresponse on gate voltage applies to the
semiconducting-enriched SWCNTSs as well (i.e. positive AR/R( for negative gate voltages
and negative AR/Rq for positive gate voltages). More importantly, the trend in photore-
sponse for different wavelengths correlates well with the corresponding absorption spectra
in Figure 5.7a. Specifically, the device with single chirality (9,8) nanotubes (orange color
in Figure 5.7b) exhibit larger photoresponse than the device with 99% semiconducting nan-
otubes (red color) at wavelengths of 520, 650 and 807 nm, each of which situates closely
to the absorption peaks of (9,8) nanotubes. In contrast, for the laser with a wavelength of

980 nm, the absorption of (9,8) nanotubes become much weaker compared with the 99%
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semiconductor-enriched nanotube sample, who has a strong and broad absorption peak at
around 1024 nm. Not surprisingly, the device with 99% semiconductor-enriched nanotubes
exhibit much larger photoresponse at a wavelength of 980 nm compared with the device with

single chirality (9,8) nanotubes.
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Figure 5.7 Wavelength-selectivity of the bolometric-effect-based photodetectors with differ-
ent types of carbon nanotubes. (a) UV-Vis-NIR absorption spectra of two different types
of SWCNTSs, including single chirality (9,8) SWCNTSs (orange) and 99% semiconductor-
enriched SWCNTs from Nanolntegris, Inc. (red). (b) Photoresponse of devices made with
the above two kinds of SWCNTSs measured under different laser wavelengths of 520, 650,
807, and 980 nm. The histogram in the upper half of the graph corresponds to a Vg = 5
V and bottom half corresponds to a Vi = 5 V. Same as panel 4a, the orange columns and
red columns correspond to (9,8) SWCNT sample and 99% semiconducting SWCNT sample,
respectively.

5.4 Summary

To conclude, we successfully fabricate the fully printed thin film transistor based on SWNT's
which exhibits good electrical characteristics. And the bolometric effects are observed for the
transistors when shone by laser. Additionally, the transistors exhibit intriguing reliability
under bending conditions owing to the ultrathin polyimide substrate as well as the supe-

rior mechanical flexibility of the gate dielectric and carbon nanotube network, which would
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be beneficial for the development of ubiquitous, low-cost and large area flexible electronic
systems.

Furthermore, we have demonstrated that by using two types of SWCNT samples with
different optical absorption characteristics (a 99% semiconductor-enriched sample and a sin-
gle chirality (9,8) carbon nanotube sample), the photoresponse exhibits a unique wavelength
selectivity, as manifested by the good correlation between the responsive wavelengths of the

devices with the absorption peaks of the corresponding carbon nanotubes.
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CHAPTER 6

CONCLUSION AND FUTURE WORK

In this chapter, all the completed work would be concluded and several ideas for the potential

future work would be proposed.

6.1 Summary of Thesis

Through this report, the author has demonstrated various flexible or stretchable sensors and
displays including strain gauge, pressure sensors, stretchable electroluminescent displays,
stretchable thin film transistors and photodetectors fabricated by the printing process.

By patterning the conventional non-stretchable materials Ag nanoparticles into serpen-
tine structure, fully printed stretchable devices are achieved on the PUA substrate. And the
performance of the devices is tunable by varying the radius of the serpentine pattern. The
device with smaller radius had been demonstrated as a strain gauge to monitor the finger
motion of human beings due to its high sensitivity to the strain while the device with larger
radius had been demonstrated as a stretchable conductor to drive a conventional LED due
to its higher stretchability.

By investigating the intrinsic stretchable materials AgNWs, we have developed the di-
rect printing process to fabricate the stretchable conductors on various substrates including
Si, glass, Polyimide, Polydimethylsiloxane (PDMS) and Very High Bond (VHB) tape. Sys-
tematic characterizations were performed to investigate the electrical and electromechanical
properties of the printed features with different nanowire lengths. By printing the AgNWs on
a bi-axially pre-stretched PDMS substrate, we have realized a stretchable conductor which
can drive an LED under an area strain of up to 156% (256% of the original area). Addition-

ally, using the printed parallel AgNW lines as electrodes and the elastic material Ecoflex as
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the dielectric, we have demonstrated an ultrasensitive capacitive pressure sensor array, with
which the pressure as low as 100 Pa is able to be detected. And with the pressure sensor
array, we have also demonstrated the mapping results of 3D printed letter "M”, ”S”, " U” and
even a metal weight. More interestingly, by replacing the Ecoflex dielectric layer with a com-
posite composed of PDMS and electroluminescent (EL) phosphors, we have demonstrated
a printed stretchable EL display. Light with different color could be achieved by chang-
ing the type and concentration of dopants, and the display with "MSU” could withstand
tensile strains up to 20% for more than 1000 cycles, albeit with noticeable degradation in
luminance.Furthermore, the same strategy may be adapted to other material platforms like
semiconducting nanowires, which may offer a cost-effective entry to various nanowire-based
mechanically compliant sensory and optoelectronic systems.

Additionally, the intrinsically stretchable thin-film transistors (TFTs) and integrated
logic circuits are reported by directly printing on elastomeric polydimethylsiloxane (PDMS)
substrates. The printed devices utilize semiconductive type carbon nanotubes as the channel
materials, metallic type carbon nanotubes as the electrode and a type of hybrid gate dielectric
comprising PDMS and barium titanate (BaTiO3) nanoparticles as the dielectric layer, all the
components are intrinsically stretchable. As one of the key innovation, the BaTiO3/PDMS
composite simultaneously provides high dielectric constant, superior stretchability, low leak-
age, as well as good printability and compatibility with the elastomeric substrate. And both
the printed TFTs and logic circuits can be stretched beyond 50% strain along either channel
length or channel width directions for thousands of cycles while showing no significant degra-
dation in electrical performance. As the first reported fully printed intrinsically stretchable
thin film transistors and logic circuits, this work may have broad prospects in stretchable
electronics and offer an entry to more sophisticated stretchable electronic systems.

Finally, by applying the SWNTs as the channel layer of the thin film transistor, we
successfully fabricate the fully printed flexible photodetector which exhibits good electrical

characteristics. Additionally, the transistors exhibit intriguing reliability under bending con-
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ditions owing to the ultrathin polyimide substrate as well as the superior mechanical flexibil-
ity of the gate dielectric and carbon nanotube network. Furthermore, we have demonstrated
that by using two types of SWCNT samples with different optical absorption characteristics,
the photoresponse exhibits unique wavelength selectivity, as manifested by the good corre-
lation between the responsive wavelengths of the devices with the absorption peaks of the

corresponding carbon nanotubes.

6.2 Future work

Based on the results achieved so far, several potential projects may be carried out for the

next step. And they are listed as follows:

6.2.1 Human Motion Controlled Robotic System

Similarly to the strain sensor presented in Chapter 2, many different sensors have been devel-
oped to detect the human motion. For instance, Takeo Yamada [199] et al have demonstrated
a strain sensor fabricated with carbon nanotube to detect the breathing, phonation, finger
motion and knee bending. Jungjin Park [200] et al have adopted graphene strain sensors to
detect the human motions including joint movement, phonation, swallowing, and breathing.
And Shu Gong [201] et al have taken one step further by controlling the movement of a
robotic arm with the strain sensors fabricated with the composite of Gold nanowires and
polymer. As shown in Figure 6.1, the strain sensors are mounted in the finger joint location
a smart glove which has been integrated with pre-programmed Graphical User Interface and
a bluetooth radio on a chip. And after collecting the data from the strain sensor, the chip
would transmit the data to a computer wirelessly to actuate the correspond motors in the
robotic arm based on a thresholding algorithm. There are two motors (gripper motor and
elbow motor) corresponding to four actions (gripper open/close, elbow up/down) that can

be individually controlled by four different finger motions (the thumb finger:gripper close,
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the index finger:gripper open, the middle finger:elbow down, the little finger:elbow up).
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Figure 6.1 Reprint from ref [201], (a) Plot of resistance response as a function of bending
degree for the flexion sensors. (b) Schematic diagram of the remote controlling configuration.
(c-g) The whole process of the remote controlling performance of four flexion sensors sewed
on a textile glove. Relaxed state (¢) — clamping object (d) — lifting object up (e) — putting
object down (f) — releasing object (g)

However, the gauge factor of the strain sensors in Shu Gong [201]’s work is below 15,
while that of our strain sensor reported in Chapter 2 is as high as 109, so for next step, we
may investigate a smart glove by integrating our strain sensor and the microcontroller onto
a glove. And instead of controlling the movement of the robotic arm with the pre-stored
motion, we can control the robot to move synchronously with finger motion. And we may
even be able to send the feedback signal to a smartphone and have a better control with a

developed mobile app.

6.2.2 Real-time Monitoring of the Blood Pressure

It is important to monitor the perfusion of the circulation in a human body. Nowadays, We

can easily monitor the blood perfusion in large vessels using a pulse rate monitor. Recently
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Photoplethysmography (PPG) technology has been used to develop small, wearable, pulse
rate sensors, which is consisting of infrared light-emitting diodes (LEDs) and photodetec-
tors, offering a simple, reliable, low-cost means of monitoring the pulse rate noninvasively
[202]. The principle behind PPG sensors is optical detection of blood volume changes in the
microvascular bed of the tissue. The sensor system consists of a light source and a detector,
with red and infrared (IR) light-emitting diodes (LEDs) commonly used as the light source.
The PPG sensor monitors changes in the light intensity via reflection from or transmis-
sion through the tissue. The changes in light intensity are associated with small variations
in blood perfusion of the tissue and provide information on the cardiovascular system, in

particular, the pulse rate [203, 204, 205].
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Figure 6.2 ref [202], (a) schematic of transmission mode PPG, (b) schematic of reflection
mode PPG, (c) a representative PPG waveform

The wearable PPG has two modestransmission and reflectanceas shown in Figure 6.2a

and b, respectively. In transmission mode, the light transmitted through the medium is
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detected by a PD opposite the LED source, while in reflectance mode, the PD detects light
that is back-scattered or reflected from tissue, bone and/or blood vessels [202]. Figure 6.2c
offers a representative PPG waveform.

Even though the real time monitoring of the pulse is achievable, the most important
cardiopulmonary parameter is blood pressure, which is very sophisticated to monitor. L.Y.
Chen et al [206] have presented a wireless, real-time pressure monitoring system with passive,

flexible, milimeter-scale sensors to continuously monitor the blood pressure of an individual.
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Figure 6.3 ref [206], (a) Placement of a modified 2.5 x 2.5 mm? round sensor shown in inset
on the radial artery of a human subject. (b) Measured pulse pressure waveform of a human
subject with a heart rate of 82 b.p.m. over 12s period with a time resolution of 90 ms.

2 sensor device was placed on the radial

As shown in Figure 6.3a, a round 2.5 x 2.5 mm
artery of a healthy adult male subject and secured by the silicone tape. The pressure
waveform was measured and wirelessly transformed with the readout antenna placed directly
above the surface sensor in real time. As shown in Figure 6.3b, the measured waveform clearly
indicates a steady pulse of about 82 b.p.m, and the characteristic pulse waveform shape can
be obtainedthe peak systolic wave followed by the dicrotic notch, the latter related to the
aortic valve closure [207].

For next step, we may achieve the low cost blood pressure monitoring sensor with the

pressure sensor developed in Chapter 3. And we can also develop the mobile app and

integrate it together with the sensor to form a more complete, low-cost and easy-fabricated
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real-time blood pressure monitoring system.

6.2.3 Stretchable System Integrated by Sensors and Displays

Future electronics will be highly deformable and will adapt their shapes by stretching, shrink-
ing, and wrinkling as desired. Imagine if smart watches were substituted by stretchable mem-
branes which can be wrapped around the wrist, detecting and offering a constant stream of
activity and healthy data that would undoubtedly be more accurate than the bulky sensors,
or if mobile phones and tablets were able to be stretched up to the desired size without losing
resolution, or if the internal medical devices grew and moved along with their hosts. That
would be huge. Report released by Research and Markets recently forecasts that stretchable
electronics will be worth more than $900 million by 2023, which would be opportunities as
well as challenges. And by then, the stretchable electronics would not be limited as single
components such as electrodes, simple conductors and dielectrics or devices such as thin film
transistors, diodes and solar cells. Instead, the stretchable electronics would bring in an
integration of devices, interconnects and functional sections to form a stretchable interactive
system.

C. Wang et al [208] have developed a flexible electronic system, which have the flexible
transistors, OLED display and pressure sensors integrated. As shown in Figure 6.4a and b,
an array of the display pixel are fabricated on a super-thin and flexible Polyimide substrate,
resulting in a flexible display. And by evaporating OLED materials with different type of
emissive layers, a green color display (Figure 6.4c) and a full color display (Figure 6.4d) have
been achieved. And Figure 6.4e shows the full-colour display being fully turned on in bent
states, with a pixel yield of ~85%, confirming that the OLED and metal thin film in the
display array are durable on bending. And by laminating the PSR layer on top of the whole
array, a 16 x 16 pixel arrays of display integrated with the pressure sensor are demonstrated,
the circuit schematic has been illustrated in Figure 6.4f. The PSR is connected to each pixel

through the LiF/Al cathode of the underlying AMOLED. The top surface of the PSR is
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u

Figure 6.4 Reprint from ref [208], (a)Schematic layout of a single pixel, consisting of a
nanotube TFT, an OLED and a pressure sensor (PSR) integrated vertically on a polyimide
substrate. (b)Schematic diagram of an array of pixels (16 x 16) functioning as an interactive
e-skin, capable of spatially mapping and visually displaying an applied pressure profile.
(c)Photo of a single-colour (green) AMOLED being fully turned on and bent. Voltages of
-5 and 10 V are applied to all of the scan and data lines, respectively. The pixel yield,
as defined by the percentage of OLEDs in the matrix that emit light, is higher than 97%.
(d)Photograph of a full-colour (red, green, blue) AMOLED display with all pixels being
turned on. (e)Photo of the same full-colour display shown in d being bent. (f)Circuit
schematic of the e-skin matrix. (g)Photograph of a fabricated device, showing that light is
locally emitted where the surface is touched. Only the pixels being pressed are turned on.
(h)PDMS slabs with C, A, and L shapes are prepared and used to apply pressure onto the
sensor array. (i)Green, blue and red colour interactive e-skins are used to spatially map and
display the pressure applied with C- (left), A- (centre) and L- (right) shaped PDMS slabs,
respectively
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coated with conductive silver ink as the ground electrode. Upon pressure, the PSR would
transit from insulating to conducting, resulting in the current flow through the OLED and
having the light emitting. And in Figure 6.4i, e-skin devices with green, blue and red color
OLEDs are used to map and display the C-, A- and L-shaped PDMS slabs, respectively.
Applying pressure through the letter-shaped PDMS slabs produces recognizable letters with
good spatial resolution [208].

Similarly to C.Wang’ work [208], Figure 6.5 demonstrates a concept stretchable systems
consist of printed OLED and various sensors, their driving TFTs and the functional stretch-
able photovoltaics (PV) on a stretchable substrate, rather than flexible substrate. Here,
the sensors could be used to detect pressure, temperature, strain or photons, while OLED
could also be replaced with other display components, as long as they are stretchable. Such
stretchable systems integrated by displays, sensors and power devices have many potential
applications. For instance, it could be used as a self-powered monitor system for peoples
health with all the sensors detecting the vital signal of the patient and supplying real-time

and intuitive results displayed on the screen.
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Figure 6.5 Schematic for a conceptional stretchable electronics system.

Stretchable electronics, which might be the next revolutionary technology, is going to

change the way how we live.
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