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ABSTRACT

Stretchable Electronics surpass existing rigid electronics and benefit humans,
machines, robots etc. where most of the activities are associated with mechanical
deformation and strain. Most of the stretchable electronics are realized by using
strategical architectures to realize mechanical stretching of the devices rather than
imposing strain directly into the materials. However there have been recent development
of stretchable electronics by fabricating them from intrinsically stretchable elastomeric
electronic materials i.e., rubbery electronics from scratch. Here, this novel approach of
using intrinsically stretchable, rubbery electronic materials to fabricate electronic
devices which are stretchable like rubber has been used. Stretchable complimentary
organic transistor based inverters were fabricated using rubbery organic semiconducting
materials and were tested with and without mechanical stretching and their electrical
performances were obtained. It was found that the inverters can function normally even
under mechanical stretching. In addition, stretchable rubbery synaptic transistors were
investigated which were also fully based on rubbery electronic materials and exhibit
synaptic characteristics. These characteristics were retained even when the synaptic

transistor had been stretched by 30%



TABLE OF CONTENTS

ACKNOWLEGEMENT ....ccctiiiiiiiiiiiiiiiiiiiiiiiiiiiietiecieciiacsececacnns ii
AN = I 2. N 0 iv
TABLE OF CONTENTS....ciiiiiitiiiiiiiiiiiiiiiiieiieiiiiiiatiecieentescecnns v
LIST OF TABLES.....ciuiitiiiiiiiiiiiiiiiiiiiiiiiiiiieiieiiectiesieciecncnssann vii
LIST OF FIGURES......cctttiiiiiiiiiiiiiiiieiiiiiiiiieiiectintnaciececasnenes viii
1. INTRODUCTION. .citttiitiiiiiiiiiiiiiiiiiieiieiittiiestectentsasmmnssasons 1
1.1 Background: Stretchable Electronics..............cooevvviiiiineninenn.. 1

1.2 MOtIVALION. ...ttt e 5

1.3 Thesis OUtlNe. .....ooueiniiii e 6

2. STRETCHABLE COMPLEMENTARY ORGANIC INVERTER........7
2.1 INtroducCtion ......c.ooiiiii 7

2.1.1 Organic Thin Film Transistor (OTFT). ....cccevevveviieienn .. 7

2.1.2 Complimentary Organic Inverter.............................. 12

2.2 Device Design, Methods and Fabrication............................ 13

2.2.1 Preparation of AgNWs/PDMS Conductor................... 14

2.2.2 Preparation of Polyurethane (PU) Solution................. 14

2.2.3 Preparation of N2200/m-CNTs Composite Solution.......14



2.2.4 Preparation of sS-CNTs solution................coeeeninnnn. 15

2.2.5 Fabrication of Stretchable Organic Inverter................. 15

2.2.6 Device Measurement. ... .....cocoeeeninininneneniiiniiennn 17

2.3 Results and DiSCUSSIONS. .....euvvuiitiieiiiiiiiiiiieeneea, 17

2.3.1 Performance of P-channel and N-channel TFTs............ 17

2.3.2 Performance of Stretchable Organic Inverter................ 22

3. STRETCHABLE SYNAPTIC TRANSISTOR......ccccoetvtvuiiiennnnnnes 26
3.1 Introduction. ..o 26

3.2 Device Design, Methods and Fabrication............................ 30

3.2.1 Preparation of N2200 Solution..............ccccevviininn.n.. 30

3.2.2 Fabrication of Synaptic Transistor................c.....oee.ee. 30

3.2.3 Material Characterization and Device Measurements......31

3.3 Results and DiSCUSSIONS. .. ...uvvuetiiiiieiiei e, 32

4. CONCLUSION AND FUTURE WORK.....ccoctveiiiiiiiniiiiniinenannne 35
REFERENCES.....ccttitiiiiiiiiiiiiiiiiiiiiieiiiiietateisesassssesasssssasnsnes 37

Vi



LIST OF TABLES

Table 2.1: Organic Inverter Logic Table

vii



LIST OF FIGURES

Figure 1.1: Applications of Stretchable Electronics...............c.cooeiiiiiiiiniiininen.. 2
Figure 1.2: Stretchable Display.........ooooiiiiiii e, 2
Figure 1.3: Figure 1.3: Schematic Illustration of development of Buckled Structures
through Substrate StretChing [7] ....ooeeeni i e 3
Figure 1.4: Schematic illustration of development of Buckled structures through thermal
L2211 0T 0 1 3
Figure 1.5: lllustration of Serpentine Architecture specifically horseshoe design [7]....4
Figure 2.1: Basic schematic of OTFT..........ooiiiiiii e 8

Figure 2.2: Representative current-voltage characteristics of an N-channel OTFT (a)
Output characteristics indicating linear and saturation regimes (b) transfer
characteristics in the linear regime (Vas<< V) (c) transfer characteristics in the
saturation regime (Vas > Vg — Vi), indicating the threshold voltage Vi, where the linear

fit to the square root of the drain current intersects with the x-axis....................... 10
Figure 2.3: Common transistor device structures (a) bottom contact/top gate (BC/TG), (b)
bottom contact/ bottom gate (BC/BG) (¢) top contact/bottom gate (TC/BG)................ 11
Figure 2.4: Logic Diagram of Organic INVEIter...........cccooeiveieeieiieie e sien e 10
Figure 2.5: Schematic of Stretchable Organic Inverter...............cooeviiiiiiinninnn. 13
Figure 2.6: Fabrication Process Flow for Organic Inverter................cco.ooienn... 16
Figure 2.7: Prepared Stretchable Organic Inverter...............ccvieviienininniieenne. 16
Figure 2.8: AFM image of s-CNTs under mechanical strains of 0, 10, 30 and 0%
(RIS ) . ettt e et e e 17

Figure 2.9: Electrical Performance of P-channel TFT part of organic inverters. (a)
Electrical performance when stretched perpendicular to channel length (b) Electrical
Performance when stretched parallel to channel length (c) Field effect mobility vs
strain% vs threshold voltage. ... 19
Figure 2.10: Microcrack mechanism for N2200 doped with m-CNTs under strains. (a),(b)
Optical microscopic images of N2200 doped with m-CNTs without covering PU dielectric
before (a) and after stretching to 30% of strain. (c),(d) Optical microscopic images of N2200
doped with m-CNTs with covering PU dielectric before (c) and after stretching to 50% of
strain (e) Optical microscopic images of cracks across the area between area which covers
With PU and WithOUt PU ... e 20
Figure 2.11: Electrical Performance of N-channel TFT part of organic inverters. (a)
Electrical Performance when stretched perpendicular to channel length (b) Electrical
Performance when stretched parallel to channel length (c) Field effect mobility vs

strain% vs threshold voltage. ... 21
Figure 2.12: Voltage Transfer Curve of the stretchable organic inverter with different
Y/ T S 22
Figure 2.13: Stretching of inverter by 30% Strain in channel length direction...........23

Figure 2.14:Voltage transfer curves under various percentage of strains (a) Strain
applied along channel length (b) Strain applied perpendicular to channel length....... 24
Figure 2.15: Gain vs Strain % vs Vim(V) for organic inverter.............................. 25
Figure 3.1: Schematic diagram of the deformable synapse and its synaptic transmission..25

viii



Figure 3.2: (a) Schematic image of P3HT based Organic Field Effect Transistor (OFET)
with in-plane gate structure (b) Schematic of artificial synapse based on P3HT-based OFET
(c) Schematic of ion-gel gated P3HT transistor at rest state (d) Schematic of ion-gel gated

P3HT transistor when Pre-synaptic spike is applied ...............cccooiiiiiiiiiiiiiina, 28
Figure 3.3: Schematic of N-channel Synaptic Transistor................ccoovviiiiiiiiininnnnn, 30
Figure 3.4: Fabrication Process Flow for Synaptic Transistor....................ccoeevenn.n.. 31
Figure 3.5: Single presynaptic pulse induced EPSC at different frequencies under 0%
] 1= 32
Figure 3.6: Single presynaptic pulse induced EPSC at different frequencies under 30%
1 ;11 1 D OO 32
Figure 3.7: EPSC triggered by two successive presynaptic pulses under 0% strain.........33

Figure 3.8: EPSC triggered by two successive presynaptic pulses under 30% strain....... 33
Figure 3.9: EPSC results for 10 successive pulses under (a) 0% strain (b) 30% strain.....34



CHAPTER 1
INTRODUCTION

In the past few decades, there have been significant technical advances and
device development in electronics. With the advancements in nanotechnology, materials
science of electronic materials, the electronic components have been miniaturized with
nanoscale resolution, thus small form factor [1-5]. The future applications demand
extension of electronics in healthcare and wearable format [1]. However, electronic
technology developed so far are rigid because they have been fabricated on hard and
fragile substrates like silicon and glass. With the fast development of the modern world
electronics, the rigid parts can no longer meet the demand of advanced electronics
scenario specially when deployed with irregular surfaces, dynamic deformable surfaces
and in wearable fashion, where the flexibility and stretchability are needed.
“Stretchability” is the key to merge the sensors on to a complex, intrinsic and
deformable surface. As a result, electronics that are flexible as films and stretchable as
rubber, will soon replace traditional rigid electronics. Future electronics will be highly
deformable and will adapt to different shapes by stretching, shrinking or wrinkling as
desired. Emerging applications will be realized when new electronics adapt

stretchability.

1.1 Background: Stretchable Electronics
Stretchable electronics involves technology in which electronic circuits are

made by depositing stretchable electronic devices onto stretchable substrates or embed



them completely in a stretchable material like Polydimethylsiloxane (PDMS). Some of
the potential applications of stretchable electronics [3] (figure 1.1) are bio-inspired

devices for healthcare monitoring, soft robotics, stretchable displays (figure 1.2) etc.

Figure 1.2: Stretchable Display
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Figure 1.3: Schematic Illustration of development of Buckled Structures through
Substrate Stretching [7]
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Figure 1.4: Schematic illustration of development of Buckled structures through thermal
treatment [7]

Two main ways of achieving elastic properties in stretchable electronics are by
using Out-of-Plane stretchable structures and In-Plane stretchable structures. Such
structures use specific geometries in order to stretch in a prescribed direction. Such
designs allow greater strain by enabling deformation by bending or twisting, thereby
keeping local strains small.

Out-of-Plane structures involve structures with 3D configuration. Common
examples of such structures are metallic thin films on a pre-stretched substrates that are

wrinkled or buckled. To achieve such wrinkled or buckled structures, several techniques
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have been devised. One such way is to deposit metal films over pre-stretched flat
elastomeric substrate and subsequently release the strain (figure 1.3) [7-10]. Another
technique involves the heating and subsequent cooling of metal thin films deposited
over a polymeric substrate which cause ordered wrinkled on the film due to difference
of thermal coefficient of metal and the substrate (figure 1.4) [7]. When stretched, the
buckled substrate will have an initial tendency to flatten which will increase its capacity

to withstand higher strains when compared to thin films on a naturally flat substrate.
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Figure 1.5: Illustration of Serpentine Architecture specifically horseshoe des'igh

[7]

In-Plane structures are the structures which are tangent to the planar substrate.
The most common example of In-Plane structures are serpentine architectures which
are conductive paths deposited over a stretchable substrate that have an in-plane
meandering shapes that enables stretching [7]. The horseshoe design is the most
common example of such serpentine architecture. Such design have been used in island-
bridge structures in which non-stretchable structures were connected via stretchable
interconnects of such serpentine architectural designs as shown in figure 1.5 which
enables the stretching of devices with non-stretchable parts which are present as like

islands.



However, both of the techniques involve structural engineering of electronics
and require laborious tools, techniques, they require complex device design,
complicated fabrication procedures etc. Recently, an approach of developing
intrinsically stretchable electronic materials have been considered to fabricate
intrinsically elastic electronic devices i.e., rubbery electronics [11, 12]. These rubbery
electronics are those electronics which have high elastic properties like rubber In this
approach, intrinsically stretchable electronic materials including stretchable conducting
materials for electrodes, semiconductor for active components and dielectric materials
have been synthesized and deposited/embedded over a stretchable substrate using
conventional thin film deposition techniques. This approach has simple fabrication
process and does not require complicated structural engineering for accommodation of

strain as compared to the methods discussed previously and is much cheaper.

1.2 Motivation

New emerging applications like soft robotics, wearable healthcare systems etc.
where stretchability is a core requirement for proper functioning has given rise to
interest in potential new stretchable electronic devices based on intrinsically stretchable
semiconductors. Using such semiconducting materials systems, the motivation is to:
1. Develop and investigate transistors technologies based on organic materials which
can be the building block of the stretchable organic electronic systems.
2. Investigate the performance of the above stated transistors under mechanical

deformations of various strains.



3. Develop stretchable organic inverters and validate that the concept of combining P-
channel transistors and N-type transistors into a complementary circuit i.e., inverter.

4. Investigate the performance of the above stated inverter under mechanical
deformation

5. To explore a new type of transistor technology inspired from biological
computational systems i.e., biological synapse. The biological synapse has high
computation speed, very low energy consumption etc. Also investigate this new

transistor under mechanical strain.

1.3 Thesis Outline

This thesis include the concept of stretchable electronics with focus on
particularly two technology advancements- 1) intrinsically stretchable P-channel and N-
channel transistors and organic inverters using combination of P-channel and N-channel
transistors, 2) stretchable synaptic transistors.. In chapter two, first an overview of
Organic Thin Film Transistors (OTFT) and organic inverters is covered and then the
detailed fabrication process has been described. Afterwards the device characterization
with and without mechanical stretching is described. In chapter three, first an overview
of the biological synapse has been discussed and then how it analogues to synaptic
transistor has been described. Then the detailed fabrication process has been described
and then device characterization with and without mechanical stretching is described.
In chapter four, the thesis has been concluded and potential future works has been

described.



CHAPTER 2
STRETCHABLE COMPLIMENTARY ORGANIC INVERTER

2.1 Introduction

Organic electronics has been an interesting field of interest academically and
commercially. Most of this interest is due to its low thermal requirements while
fabricating these devices and their high degree of mechanical flexibility. These
characteristics are due to two basic properties of organic semiconductors:
1. Organic semiconductors enjoy semiconducting properties at a molecular level
2. Bonding between organic molecules can be weak, usually formed by VVander Waals
bonds

As no covalent bonds need to be broken or re-formed, organic semiconductor
materials can be manipulated using a small energetic input. Printed and evaporated
materials can form semiconducting channels on nearly any substrate. No epitaxial
growth is required to achieve at least some semiconducting properties, and materials
can be engineered to self-assemble into favourable configurations for device
performance in low thermal input processes since that assembly is not energetically

expensive.

2.1.1 Organic thin Film Transistor (OTFT)
The first OTFT was reported in 1986 that consisted of organic macromolecule,
polythiophene as organic semiconducting material for facilitating the flow of electric

current [13]. Interest in organic semiconductors began to intensify in the late 80's and



early 90's, in large part because of reports describing OTFTs, an organic heterojunction
organic solar cell by Tang in 1986 [14], and organic light emitting diode by Tang and
Van Slyke in 1987 [15]. A number of programs were established at academic and
industrial research centres to investigate one or more of these device architectures.

An OTFT is composed of a semiconducting film deposited over a channel
through which the current flows. At one end of the channel there is an electrode
called source and at the opposite side there is a second electrode called drain. The
physical dimension of the channel are fixed but the portion of the active material
actually available for the conduction of current can be varied by applying a voltage (V)
to a third electrode called gate. The channel is in contact with a dielectric layer working
as a capacitor, and allows current modulation through the gate voltage. The main
constituting elements of an OTFT are: three contacts (source, drain and gate), an active
semiconducting material and a dielectric layer [16][17]. This whole schematic is shown
in figure 2.1. A minimum gate voltage required to collect charge carriers at the organic
layer/dielectric layer interface flowing from source to drain is known as Threshold

voltage (V).

Organic Layer
Dielectric Layer
Gate

l g —— Vds
T ’J; T
Figure 2.1: Basic schematic of OTFT
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At this time, if a small source-drain voltage (Vas<<Vy) is applied between source
and drain electrode, the carriers will flow from one side to the other side, resulting a
small current in the channel. Nevertheless, before injected carriers become mobile, deep
traps should be filled first [18]. For this reason, the effective gate voltage is a deduction
of threshold voltage (Vi) from Vg The amount of the current in the channel is
proportional to Vgs, thus this is called the linear regime of the transistor (figure 2.2 (a)

(b)).In such case,the transistor is modeled as a resistor whose resistivity is determined by
the mobility and geometrical factors (u %), and the charge carrier density is determined

by the capacitance and the applied voltage beyond the threshold (Ci(Vg-Vtn)). This gives

the current in linear region as:

w Vas
Ip = THCi(Vg = Vin — ) Vas 1)

where L, W and Ci are the channel length, the width and the generated capacitance per
unit area respectively. u is the field effect mobility. The x-intercept of the extrapolation
of the fitted curve was used to find the threshold voltage (V).

As the drain current is directly proportional to Vg, and the field effect mobility
in the linear regime (u;;,) can thus be extracted from the gradient of lgs versus Vg at a

constant Vgs. This can be defined as:

Slgs . L
5Vg WCiVgs

Min = (2)

If Vs is further enhanced to a point where Vds=Vg-Vth, the channel will be pinched
off. In the meantime, the current in the channel reaches highest. After this point, further

increasing of source-drain voltage will not lead to substantial improvement of the drain



current but result in a broaden of depletion region. This is the saturation regime (figure 2.2
(a) (c)).
At this point, current can given as:

Ip = 57 HCi(Vg = Vin)? @)
where L, W and Ci are the channel length, the width and the generated capacitance per
unit area respectively. u is the field effect mobility. The x-intercept of the extrapolation

of the fitted curve was used to find the threshold voltage (V).

a) b) Linear Regime C) Saturation Regime
= =
2 < <
S = g
A . ° 1 - (ot E
c saturation = € & ()
E 5 g 3 5
= O 4 E (@) o
o = O £ =
E o c 8 s
g S 1 § o g
8 S
] S
Source-Drain Voltage (V) Gate Voltage (V) Gate Voltage (V)

Figure 2.2: Representative current-voltage characteristics of an N-channel
OTFT (a) Output characteristics indicating linear and saturation
regimes (b) transfer characteristics in the linear regime (Vas<< Vy)
(c) transfer characteristics in the saturation regime (Vgs > Vg —
V), indicating the threshold voltage Vi, where the linear fit to
the square root of the drain current intersects with the x-axis
Figure 2.2 (a) shows typical output characteristics (that is the drain current
versus source-drain voltage for different constant gate voltages) of a n-channel
transistor. From the output characteristics, the linear regime at low Vgs and the
saturation regime at high Vgs are evident.
Figure 2.2 (b) shows the transfer characteristics (that is the drain current versus

gate voltage at constant Vgs) of the same transistor in the linear regime (Vas, V) both as

a semilog plot and as a linear plot. The gradient of the current increase in the linear
10



regime is directly proportional to the mobility according to equation 2 and is constant if
the mobility is gate voltage independent. Most semiconductors, however, show gate
voltage dependent mobilities, and thus, the curve shape may deviate from being linear.

Figure 2.2 (c) shows a transfer curve in the saturation regime. Here the square
root of the drain current should be linearly dependent on the gate voltage, and its
gradient is proportional to the mobility according to equation 3. Extrapolating the linear
fit to zero yields the threshold voltage Vin.

The physical nature of the semiconductor as the well the used gate dielectric
may enable different device structures that can show different transistor behaviour.
Some of the common used structures are the bottom contact/top gate (BC/TG figure 2.3
(@), bottom contact/ bottom gate (BC/BG figure 2.3 (b)), top contact/bottom gate
(TC/BG figure 2.3 (c)) structures. One of the important differences between these
structures is that the position of the injecting electrodes in relation to the gate. In the
BC/BG structure, charges are directly accumulated at the interface of the semiconductor
and dielectric. Whereas in the other two strucutres,the source/drain electrodes and the
channel are separated by the semiconducting layer and hence charges travel through the

undoped semiconductor first before reaching the channel.

a) BC/TG b) Bc/BG C) TCIBG

| | ﬁ
F—q ... ... 1=
Figure 2.3: Common transistor device structures (a) bottom contact/top gate

(BC/TG), (b) bottom contact/ bottom gate (BC/BG) (c) top
contact/bottom gate (TC/BG)

11



Now based on the material used, there are P-channel Thin Film Transistor (TFT)
and N-channel TFT. P-channel TFT consists of a P-type film deposited over the channel
over which the dielectric is applied. Majority carriers are holes. N-channel TFT consists
of an N-type film deposited over the channel over which the dielectric is applied.

Majority carriers are electrons.

2.1.2 Complementary Organic Inverter

For the past few years, the research in OTFTs have grown dramatically due to
their potential applications in integrated circuits and stretchable displays. One of the
major applications of OTFTs is to act as the basic electronic element in complementary
digital circuits. The main advantages of such circuits are low-power dissipation, high
noise margin, easy circuit design etc. In order to develop such circuits, inverter is
necessary to be fabricated first. Till now, one of the major approach to make an organic
inverter had been by integrating a P-channel and N-channel transistors which act
complementary to each other.

Vad

P-type
Transistor

Vout
Vin

N-type
Transistor

Gnd
Figure 2.4: Logic Diagram of Organic Inverter

A complementary inverter consist of a P-channel and a N-channel transistor

connected at the drain and gate terminals, a supply voltage V44 at the P-channel
12



transistor source terminal, and a ground connected at the N-channel transistor source
terminal, where Vi, is connected to gate terminals and Vout IS connected to the drain
terminals (figure 2.4).

When a high voltage (=Vuq) is given at input terminal Vin of the inverter, the P-
channel TFT becomes open circuit and N-channel TFT switched ON so the output will
be from ground. When a low voltage (less than V44, =0V) is applied to the Vin, the N-
channel TFT switches off and P-channel TFT switches ON. So the output becomes Vgg.
This whole logic is given in table 2.1.

Table 2.1: Organic Inverter Logic Table

Input (V) Logic Input Output (V) Logic Output
0 0 Vud 1
Vd 1 0 0

2.2 Device Design, Methods and Fabrication

Liquid metal
.

Polyurethane

m-CNTs doped s-CNTs
N2200 =3

/'
AgNWs/PDMS
Figure 2.5: Schematic of Stretchable Organic Inverter

The design of the fabricated inverter is shown in figure 2.5. It consisted of
AgNWs/PDMS conductor containing two channels. The first channel i.e., top channel
of inverter was for P-channel transistor (s-CNTs film) and the second channel i.e.,

bottom channel of inverter was for N-channel transistor (m-CNTs doped N2200 film).

13



Over both P-channel and N-channel films, a dielectric film (PU) was present over which

the liquid metal was aligned.

2.2.1 Preparation of AgNWs/PDMS Conductor

The AgNWSs were patterned on a glass substrate by drop-casting of the solution
(AgNWs-120, Zhejiang Kechuang Advanced Materials Co., LTD) through a shadow
mask that was prepared by a programmable cutting machine (Silhouette Cameo). The
sample was baked on a hot plate at 90°C till the solution got dry. Now the required
channels were created by the needle as shown in figure 2.5. PDMS precursor (weight
ratio of prepolymer: curing agent is 10:1) was spin-coated on the patterned AgNWs at
300 rpm for 60 s, and then, the sample was cured in the oven at 90°C for 2 hours. The
AgNWs was embedded in the PDMS after curing since the relatively high viscosity of

the PDMS precursor could penetrate through the network of AgNWs.

2.2.2 Preparation of Polyurethane (PU) Solution
The polyurethane dielectric solution was prepared by dissolving the PU into

Tetrahydrofuran (THF) with the concentration of 75 mg/mL at 65°C for 2 hours.

2.2.3 Preparation of N2200/m-CNTs Composite Solution
The preparation of N2200/m-CNTs composite involved preparing the N2200
solution, m-CNTSs suspension and mixing the above solutions with desired ratio. The

N2200 was dissolved in the mesitylene (10 mg/mL) at room temperature for 24 hours.

14



The m-CNTs was dispersed in mesitylene with the concentration of 0.01 mg/mL, 0.1
mg/mL, 0.2 mg/mL and 0.3 mg/mL by applying ultrasonication with consecutive tip
sonication for 2 hours and bath sonication for 1 hours. Thereafter, N2200/m-CNTs
composite with different m-CNTs contents (0.1, 1, 2 and 3 wt.%) was obtained by
mixing the N2200 solution with the pre-prepared m-CNT suspension (0.01 mg/mL, 0.1
mg/mL, 0.2 mg/mL, 0.3 mg/mL) with the volume ratio of 1:1, respectively, followed

by 2 hours bath sonication.

2.2.4 Preparation of s-CNTs Solution
The s-CNTs solution was prepared by diluting the bulk solution from 10

ug/mL to 0.1 pg/mL with deionized water.

2.2.5 Fabrication of Stretchable Organic Inverter

The fabrication of the stretchable organic Inverter consisted of 3 parts:
preparation of AQNWs/PDMS conductor with source and drain electrodes, creation of
semiconductor and dielectric layer and patterning the liquid metal. The s-CNTs
channels were UVO treated for 18 minutes followed by treatment with 1% wt. (3-
Aminopropyl)triethoxysilane (APTES) solution for 10 minutes. After removing APTES
solution, 10 microliters of s-CNTSs solution was applied to the channel and then baked
at 90°C for 10 minutes followed by cleaning with Deionised water for one minute. The
inverter was dried in the vacuum oven at 70 °C for 1 hour. N-channel semiconductor

was prepared in the glovebox in Nitrogen environment. N2200/m-CNTs solution was

15



-

applied to the n-channel and spincoated at 1000rpm for 60s. After annealing at 150 °C
for 30 minutes, the PU solution was spincoated over both n-channel and p-channel at
1000 rpm for 60s followed by baking at 100 °C for 60 minutes in Nitrogen environment.
Finally to pattern the gate electrode, the liquid metal was aligned and applied through a

designed Kapton Film-based shadow mask onto the channel. This whole process flow

i. Glass substrate
preparation

T

_—

iv. Peeling off
PDMS

- /4/
vii. Polyurethane
dielectric layer
patterning by spin-
coating with Kapton
film-based shadow
mask

—

-

=

-

-

ii. AgNWs Patterning
by drop-casting with
kapton film-based
shadow mask

s
S o

= B

v. Flipping over
AgNWs embedded
PMDS

viii. Liquid metal
patterning by screen-
printing with Kapton

film-based shadow
mask

iii. Spin-coating
PDMS precursor
and curing

vi. Semiconductor
patterning by spin-
coating with Kapton
film-based shadow
mask

Figure 2.6: Fabrication Process Flow for Organic Inverter

vDD

l

vin —

G

=

D

5mm

@ vout

Figure 2.7: Prepared Stretchable Organic Inverter
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has been shown in figure 2.6. The prepared stretchable organic complimentary inverter

is shown in figure 2.7.

2.2.6 Device Measurement
The electrical properties of the stretchable complimentary organic inverter were
characterized by using semiconductor analyser (4200SCS, Keithley Instruments Inc.).

The testing was done at 0%, 10% and 30% strain.

2.3 Results and Discussions
2.3.1 Performance of P-channel and N-channel TFTs

The field effect mobilities were obtained from the output current versus voltage
in the saturation region. In this regime, the plot of «/Ids versus Vg was fitted and

extracted the mobilities from equation (3).

Height
nm)

- —

— - -36
Figure 2.8: AFM image of s-CNTs under mechanical strains of 0, 10, 30 and 0%
(released)

Because of the extreme aspect ratio, CNTs are naturally highly curved and
entangled in their macroscale assemblies, making them ideal materials for stretchable
electronics [19,20]. Here the s-CNTSs had been used as a P-channel material for the TFT.

As shown in the AFM image (figure 2.8), upon stretching, the entanglements of the s-
17



CNTs decreases as the strain % increases and even upon the releasing the mechanical
stretching, there is little to no recovery of the entanglements of the s-CNTs. This
indicates that there is a degradation of the P-channel TFT.

The transfer characteristic of the P-channel (s-CNTSs) transistor was measured
under various percentage of strains. A Vgs of -10 V was given and the input voltage was
swept from OV to -40V and the l¢s was measured. Figure 2.9(a) and (b) shows the
transfer characteristic of the P-channel TFT under 0, 10, 30 and 0% (released)
mechanical strains perpendicular and parallel to channel lengths direction respectively.
The pe and Vi of s-CNTSs transistor of stretchable inverter under different levels of
mechanical strains had been calculated and plotted and shown in figure 2.9(c).

When the TFT had been stretched from 0% to 30% strain perpendicular to the
channel length direction, there was a large decrease in p. from 2.29 cm?/V.s to 0.36
cm?/V.s and a slight change in Vi from -13.49 V to -11.27 V for the P-channel TFT.
Upon fully releasing from the mechanical stretching, pe recovers slightly to 0.22
cm?/V.s and Vi recovers slightly to -12.18 V. When it has been stretched for the
direction parallel to channel length, there is a moderate decrease in p. from 2.30
cm?/V.s to 0.59 cm?/V.s and slight change in Vi from -15.25 V to 14.26 V. Upon release
from mechanical stretching, p. recover slightly to 0.62 cm?/V.s and Vi slightly recover
to -15.06 V. All these show that the degradation of P-channel transistor as shown
previously may have caused very low or negligible recovery of pqand Vin When the

mechanical stretching had been released fully.
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Figure 2.9: Electrical Performance of P-channel TFT part of organic inverters.
(a) Electrical performance when stretched perpendicular to channel length
(b) Electrical Performance when stretched parallel to channel length (c)

Field effect mobility vs strain% vs threshold voltage
Here m-CNTs/N2200 had been used as N-channel material.

Microcrack
mechanism [21] was induced for m-CNTs/N2200 by sandwiching the m-CNTs/N2200
(semiconductor) layer between PDMS and PU as shown in fabrication process.
Comparing the m-CNTs/N2200 film with and without PU after stretching, it was
observed that the m-CNTs/N2200 film without PU started forming observable cracks
when stretched t030% (figure 2.10 (b)) but the m-CNTs/N2200 film with PU didn’t
form any observable crack as shown figure 2.10 (d). This may have been due to the fact

that the adhesion between PU and the m-CNTs/N2200 film improved the ductility by
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limiting the localization of strain that was responsible for crack formation [22]. The
spincoating also improved adhesion by conformally coating the m-CNTs/N2200 with
PU, thus limiting delamination [21]. This may have led to minimum or zero degradation
of N-channel film.

£€=30%

: Covered with
PU

50 pm

/Microcrac

100 pn

Figure 2.10: Microcrack mechanism for N2200 doped with m-CNTs under strains.
(@),(b) Optical microscopic images of N2200 doped with m-CNTs without
covering PU dielectric before (a) and after stretching to 30% of strain.
(c),(d) Optical microscopic images of N2200 doped with m-CNTs with
covering PU dielectric before (c) and after stretching to 50% of strain (e)
Optical microscopic images of cracks across the area between area which
covers with PU and without PU

The transfer characteristic of the N-channel (m-CNTs/N2200) transistor was
measured under various percentage of strains. A Vgs of 30 V was given and the input
(Gate) voltage was swept from OV to 40V and the output current was measured. Figure
2.11 (a) and (b) shows the transfer curve of the N-channel transistor of stretchable
inverter under 0, 10, 30 and 0% (released) mechanical strains perpendicular and parallel

to channel lengths direction respectively. The pe and Vi of N-channel TFT under
20



different levels of mechanical strains had been calculated and plotted and shown in

figure 2.11 (c).
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Figure 2.11: Electrical Performance of N-channel TFT part of organic inverters.
(a) Electrical Performance when stretched perpendicular to channel length
(b) Electrical Performance when stretched parallel to channel length
(c) Field effect mobility vs strain% vs threshold voltage

When the N-channel transistor had been stretched from 0 to 30% strain
perpendicular to the channel length direction, there was a slight decrease in p from
0.58 cm?/V.s to 0.45 cm?/V.s and a slight change in Vi from 1.59 V to 1.69 V. Upon
fully releasing from the mechanical stretching, p. recovers to 0.48 cm?/V.s and Vi
changed to 1.67 V. When it had been stretched for the direction along the channel length,

there was a moderate decrease in . from 0.50 cm?/V.s to 0.17 cm?/V.s and a slight
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change in Vi from 1.43 V to 1.53 V. Upon release from mechanical stretching W
recovered to 0.48 cm?/V.s and Vi changed to 1.67 V. This indicated that N-channel TFT

may had less degradation as compared to the P-channel TFT.

2.3.2 Performance of Stretchable Organic Inverter

Now the Voltage Transfer Curve (VTC) (figure 2.12) was measured to find
output voltage (Vout) under various Vqq While the input voltage (Vin) was swept from 0
to 30 V. At Vin near 0, the P-channel transistor was in closed circuit and the N-channel
transistor was in open circuit so conduction took place through the P-channel transistor.
S0 Vout Was high as seen in figure 2.9. But as the Vin increased the P-channel transistor
started conducting less and less and ultimately became open circuit. Simultaneously as
Vin increased, N-channel transistor became more and more closed and ultimately
became closed circuit. At that point, conduction was only through N-channel transistor
which was a closed circuit and was connected to ground. So conduction was from

ground to output with low value as shown in figure 2.11.

0 10 20 30
Vin (V)

Figure 2.12: Voltage Transfer Curve of the stretchable organic inverter with different
Vbbp
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The VTC of the stretchable inverter was measured when it was stretched to
various percentage of strains and the voltage transfer curves was obtained for Vg4 = 10
V under 0%, 10%, 30% and 0%(Released) strain and the strain were applied in both
parallel and perpendicular to channel length direction (figure 2.13). Owing to the
stretchable nature of the inverter, assumption that stretching induced stain to be evenly

distributed across the entire inverter was made.
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Figure 2.13: Stretching of inverter by 30% Strain in channel length direction

From the voltage transfer curve (figure 2.14) it was found that as the strain
percentage increased output voltage decreased for the same sweep of input voltage from
0 to 15 V and as the strain becomes 0 again the output voltage increased back. That was
the case for both when strain was applied in a direction perpendicular and parallel to
channel length. This was due to the fact that upon application of strain, the p-channel
transistor degraded faster than the n-channel transistor.

Now the gain and Vm was calculated and plotted for stretching in both

perpendicular and parallel to channel length. The results are shown in figure 2.15.
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Switching Threshold voltage (Vm) is defined as the point when Vi is equal to
Vout. This value can be obtained from the Voltage Transfer curve by the intersection of
the curve with the line Vin =Vout. In this region, both P-channel and N-channel TFT are

saturated.

Vout (V)

0 5 10 15 0 5 10 15
vV, (V) Vin (V)

Figure 2.14: Voltage transfer curves under various percentage of strains
(a) Strain applied along channel length (b) Strain applied perpendicular to
channel length
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Figure 2.15: Gain vs Strain % vs Vm(V) for organic inverter

As the channel was stretched in a direction perpendicular to channel length, its
gain decreased moderately from 4.007 to 2.945 and the Vi changed very slightly from
4.45 to 4.65 V. When the channel was released from mechanical stretching, gain
recovered slightly to 2.975 and the Vi, recovered slightly to 4.58 V.
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As the channel was stretched in a direction parallel to channel length, its gain
decreased moderately from 3.968 to 2.614 and the Vi, changed very slightly from 5.27
to 5.01 V. When the channel was released from mechanical stretching, gain recovered
slightly to 3.312 and the Vm recovered slightly to 5.24 V.

All these results suggest that the organic stretchable inverter can maintain
normal operations and relatively stable device performance while under a high level of

mechanical stretching.
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CHAPTER 3
STRETCHABLE SYNAPTIC TRANSISTOR

3.1 Introduction

There has been lot of progress in developing soft machines, robots etc. which
imitates soft animals. But the neurological functions have been little realized in such
systems. Synapse are critical biological structure of the neuron which allows the
transmission of electrical or chemical signals. Synapses together with neurons are
responsible for information flow and processing behind human brain. They consume an
extremely small amount of energy, so a human brain consumes only as much energy as
a domestic lightbulb requires. The computation done by the human brain is numerous
and complex. If such capabilities can be mimicked by computers then it would led to
huge advancement in the field of computers when factors such as size, power
consumption etc. are considered. Today’s computers are bulky in size, consume lot of
power and are very expensive. If the potential of the mimicking efforts of the human
brain i.e., synapse are fully realized then this can lead to computers which are small in
size, have higher speed and will consume low power. Till now most of the result which
have been realized by artificial synapse are in the field of pattern recognition [23],
parallel processing [24] , neuron-like electronics etc. Also if we are able to realize
stretchable artificial synapse, then this can lead to huge advancements in wearable
systems. Today’s wearable devices are rigid, non-stretchable, uncomfortable etc. If
stretchable artificial synapse are realized then this can lead to wearable devices being

soft, skin compatible, more flexible etc. This the potential of artificial synapse.
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Neurons generate action potentials (spikes) in their soma [25]. The spikes
propagate through the axon and are transmitted to the next neuron through the synapses.
The synapses transmit the signal by releasing neurotransmitters on receiving signal from
the presynaptic neuron. Neurotransmitters diffuse through the synaptic gap and bind to
the receptor sites at the post-synaptic neuron. The membrane potential of the post-
synaptic neuron increases as it receives more neurotransmitters and if it reaches a
threshold, the neuron fires an action potential. This spiking activity generated by
neurons and transmitted through synapses is responsible for information flow and
processing behind the complex computations performed by the brain [25][26].This

whole process has been shown in figure 3.1.

Synapse
\/—\ ,“‘_
°

Presynaptic
Neuron

Receptors

Neurotransmittors
Postsynaptic
Neuron

Figure 3.1: Schematic diagram of the deformable synapse and its synaptic transmission

The brain store the information in the form of memories. Those memories can
be classified into Sensory Memory (SM), Short Term Memory (STM) and Long Term
Memory (LTM) [27]. SM is the shortest term element of the memory. Next comes STM,
which is the second stage of the memory. And finally comes the LTM which

theoretically can be unlimited. One important characteristic of such synapse is
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excitatory postsynaptic current. When a pre synaptic potential fire an action potential it
causes the flow of ions (neurotransmitters) to the postsynaptic receptors. This flow of
ions is responsible for Excitatory Postsynaptic Current (EPSC).

This understanding of biological synapse and research in advanced materials
have led to development of artificial synaptic devices which mimic the biological
synapse like Synaptic Transistors. This Synapse and Synaptic Transistor analogy has
been well described in figure 3.2 (a), (b) [28] where the gate electrode mimics the
presynaptic neuron and source/drain electrodes mimics the post-synaptic neuron. The
channel current between source and drain electrodes is regarded as synaptic weight.

Take the case of Synaptic transistor developed by Wan group who had
developed a self-learning synaptic transistor [28]. Their concept and schematic diagram

has been shown in figure 3.2.
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Figure 3.2: (a) Schematic image of P3HT based Organic Field Effect Transistor (OFET)
with in-plane gate structure (b) Schematic of artificial synapse based on
P3HT-based OFET (c) Schematic of ion-gel gated P3HT transistor at rest

state (d) Schematic of ion-gel gated P3HT transistor when Pre-synaptic spike
is applied
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Wan group presented an artificial synapse based on P3HT-based OFET which
mimicked neuromorphic functions. In this synapse, transmission of the information
occurred via the motion of ions from presynaptic neuron to postsynaptic neuron. To
represent the synaptic strength, a potential spike signal was applied on the presynaptic
neuron which triggered the EPSC. In this synapse, mobile ions played an essential role
in triggering the EPSC. The conductance of the channel was considered synaptic weight.
During the test of the synapse, a constant Vgs was applied and there was some initial
current. At this stage, most of the negative ions were close to gate electrode (figure 3.3
(c)) and the current of the P3HT channel was small. When a presynaptic spike was
applied at gate, ions moved from the ion gel to semiconductor and a double layer was
formed at the interface of P3HT film and ion gel and lots of holes were accumulated
near the P3HT (figure 3.3 (d)) and a high current (EPSC) passed from source to drain
in the channel just produced. When the spike got over, the EPSC decayed to the initial
current. This whole behavior is similar to the biological synapse.

Till now, most of the works in synaptic transistors had been focused on P-
channel organic synaptic transistors with ion gel as the gate dielectric. But this had some
drawbacks. The electrochemical reaction during the device operation caused
electrochemical doping of the bulk semiconductor layer often and led to the degradation
of the electronic device. To overcome this problem, rubbery polymer dielectric like
Polyurethane (PU) which induces hysteresis, can be a good option. A rubbery N-channel
organic transistor shows good stretching performance with moderate hysteresis for

synaptic behaviors.
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3.2 Device Design, Methods and Fabrication

Liquid metal
Polyurethane N2200

Figure 3.3: Schematic of N-channel Synaptic Transistor
The schematic of the fabricated N-channel synaptic Transistor was shown in
figure 3.3. It consisted of AgQNWs/PDMS conductor containing one channel. The first
layer over the channel was the semiconducting N2200 film. Over which the dielectric
layer of Polyurethane was present. Over the dielectric film (Polyurethane), the liquid

metal was aligned.

3.2.1 Preparation of N2200 Solution

The preparation of the N2200 solution is done by dissolving the N2200 polymer
in Mesitylene (10mg/mL) at room temperature for 24 hours. Then the solution was
sonicated for around 30 minutes till the solute N2200 gets fully dissolved in the

Mesitylene.

3.2.2 Fabrication of Stretchable Synaptic Transistor
The fabrication of the stretchable synaptic transistor consisted of: preparation of

AgNWs/PDMS conductor (as done in chapter 2) with source and drain electrodes,
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creation of semiconductor layer and dielectric layer (as done in chapter 2) and patterning

the liquid metal. The N-channel semiconducting layer was prepared in the glovebox

gg
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zoat polyurethane 7 . v = .C;;ti(;uid- metal

Figure 3.4: Fabrication Process Flow for Synaptic Transistor
under Nitrogen environment. N2200 solution was applied to the channel and spincoated
at 1000rpm for 60s. After annealing at 150°C for 30 minutes, the PU solution was
spincoated over the channel at 1000rpm for 60s followed by baking at 100 °C in
Nitrogen environment for 60 minutes. Finally to pattern gate electrode, the liquid metal
was aligned and applied through a designed Kapton Film-based shadow mask onto the

channel. This whole fabrication process flow has been shown in figure 3.4.

3.2.3 Material Characterization and Device Measurements

The frequency dependent capacitance of the PU dielectric was measured by
using an impedence analyser (M204, Autolab). The electrical properties of the transistor
and synaptic function was characterized by using a semiconductor analyser (4200SCS,
Keithley Instruments Inc.). The presynaptic pulse was applied to the gate electrode using

a function generator (DG4062, RIGOL Technologies Inc.) and the post synaptic current

31



was measured by applying a constant Vs between the source and drain using the power

supply (1627A, BK Precision).

3.3 Results and Discussions

Firstly the specific capacitance per unit area of the PU dielectric was measured
and found to be 0.662nF/cm? at a low frequency region and 0.474 nF/cm? at 300 kHz.
PU is the elastic polymer dielectric that contains hydroxyl group, which results in high
concentration of trap sites [29]. To characterize the single pulse-induced EPSC, a pre-
synaptic pulse (10V) was applied on the gate with Vg¢s of 10 V. The electrons were
collected at the interface between the N2200/m-CNTs and the PU dielectric upon

applying the presynaptic pulse. At the end of the pulse, the channel conductance reached
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Figure 3.5: Single presynaptic pulse induced EPSC at different frequencies under 0%
strain
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Figure 3.6: Single presynaptic pulse induced EPSC at different frequencies under 30%
strain
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an equilibrium due to relaxation [30]. The results were shown in figure 3.5. The
intensity of EPSC was decreased from 200 to 70 nA depending on decrease in pulse
from 1000 to 100ms. Upon stretching by 30% the EPSC decreased as shown in figure
3.6. This was attributed to geometric change in channel.

The EPSC was further tested under two successive presynaptic pulses with A
tore Of two seconds. It was found that the second EPSC peak from second pulse was
larger than the peak from first pulse. Even when it has been stretched by 30% it showed

similar trend. The required results are shown in figure 3.7 and 3.8.
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Figure 3.7: EPSC triggered by two successive presynaptic pulses under 0% strain
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Figure 3.8: EPSC triggered by two successive presynaptic pulses under 30% strain
To characterize the synaptic memory behavior, pulses with frequency of 10 Hz
was chosen and a drain voltage of (10 V) was kept for all pulses during the measurement.
The transistor was tested with and without strain (30%). Figure 3.9(a) shows the EPSC

results for 10 consecutive presynaptic pulses with a width of 50 ms for 0% strain. Figure
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3.9(b) shows the EPSC results for 10 successive presynaptic pulses with a width of 50
ms for 30% strain. Also some other synaptic behavior characteristics like SM, STM and
LTM existing were observed (figure 3.9) in both cases i.e. at 0% and 30% . This implied
that even after application of strain, the transistor retains a significant amount of the
original memory (including SM, STM, LTM) hence can function normally even after

application of 30% strain.
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Figure 3.9: EPSC results for 10 successive pulses under (a) 0% strain (b) 30% strain
This type of synaptic transistor has a lot of potential applications like in soft

machines, neuroprosthetics [31], soft robots [26] etc.
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CHAPTER 4
Conclusion

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

Through this report, some of the new stretchable inverters and synaptic
transistors have been demonstrated which had been fabricated.

The stretchable organic inverters were successfully fabricated by drop casting
method and tested for the electrical performance with and without mechanical stretching
conditions. The inverters were found to be functioning normally even under 30%
stretching conditions. So it can be concluded that organic inverter fabricated by the
process described can work normally even in stretched conditions. The fabrication
method adopted herein to demonstrate the concept of intrinsically stretchable P-channel
and N-channel transistors and thereof the inverter is manual masking, drop-casting and
spin-coating and suitable for prototyping and validation. However, for large scale
fabrication and commercialization of stretchable electronics using intrinsically
stretchable materials, new fabrication steps are required to investigate. The materials
demonstrated here have limited mobility, and hence future research will also direct the
field to develop high-mobility intrinsically stretchable materials. Logic circuits,
operational frequency and power consumption would also be investigated in future
while advancement of the technology from contemporary proof-of-concept stage

towards high-end product development.
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The stretchable synaptic transistors were successfully fabricated by drop casting
method and tested for the electrical performance with and without mechanical stretching
conditions. The transistors were found to be functioning normally even under 30%
stretching conditions. Their memory behavior was also observed and it was found that
the devices retained a significant amount of their memory even when they were
stretched by 30%. So it can be concluded that stretchable synaptic transistor can work
well under mechanical strain conditions. For future work, the performance of the
synaptic transistor can be improved more by directing more research in the materials
aspect. It has also some potential applications like in Soft robotics, Neuromorphic

computing etc.
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