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ABSTRACT

Touch sensors have studied intensively to mimic the sense of human touch by using resistive, or ca-
pacitive sensors and so on for mobile devices and android robot. However, most of touch sensors simply
detect pressure or pressure distribution without psychological feelings such as soft, roughness or pain. To
produce artificial psychological feeling, we tried to develop touch sensor arrays based on piezoelectric.
Touch sensors based on piezoelectric materials have several advantages such as self-powered, high resolu-
tion, multi touch, and simple design. Various piezoelectric characteristics of ZnO nanowire have been stud-
ied for a novel tactile sensor concept. To make device structure with high performance efficiency, the crystal
orientation of seed layer, the kind of metals, the length of wire, the change of pressure, and the cell size ef-
fect have been studied in the point of piezoelectric effect. The combination of Au electrode and thin ZnO
seed layer formed by sputtering at room temperature shows a good piezoelectric power generation from the
grown ZnO nanowire, since ZnO nanowires on the gold (Au) layer makes a Schottky barrier with good crys-
tallinity. The length of ZnO nanowires are proportional to the growth time. With increasing length of wire,
the electrical signal was increased from about 80 mV to 150 mV. The current was also increased from 250
nA to 400 nA. Smaller cell structure produces higher piezoelectric power density due to the increase of ef-
fective edge area. Because the resolution of human fingers is very small, about 1mm?, the small size effect of
ZnO wire array cell gives other design merit for touch sensor application. To produce touch feeling using
ZnO wire sensor concept, 3x3 array patterns were fabricated, and then, the power signals were measured
when giving external pressure by using several material such as sharp tip or blunt tip. The generated signals
are different with materials, shapes and degree of pressure. Therefore, we can produce some psychological
feelings using the ZnO wire array structure and signal processing. Since the maximum of process tempera-
ture growing ZnO is 90°C, the structure design and fabrication process is quite proper to apply to a flexible
substrate and tactile sensor concept. This result can be applied to other fields such as self-power generation

or piezo-mechanical device.
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I. INTRODUCTION

1.1 Motivation

People have many opportunities to shake hands in their life. This simple act can al-
low people to feel many things such as the other person’s strength, emotion, and so on. The
skin is the body’s largest organ. It covers the entire body and detects contact and sends a
variety of information to the brain. Especially, the skin on one’s fingers is very sensitive
and can detect textures, hardness, and so on. Therefore, it is important to interact with oth-
ers through the sense of touch.

Nowadays, the general trend is touch screens and their core technology is touch sen-
sors. People can touch the screen of a mobile phone with their hand and this allows them to
see what they want to see. The mobile phone has gradually satisfied human’s sensibility.
Also, interest in and development of touch sensors that imitate the human sense of touch
has increased. These sensors can be applied to android robots or implanted in the human
body to support disabled people.

Many research groups have studied touch sensors similar to the sense of human touch
by using resistive, or capacitive sensors and so on [1]-[3]. Because the resolution of human
fingers is very small, near Imm, the touch sensor should be fabricated to a very small and
array shape. However, there have been difficulties to make tiny arrays. Also, existing touch
sensors simply detect pressure or pressure distribution without psychological feelings such
as pain, roughness, texture, and so on. Above all things, the battery consumption of touch

sensors is a problem. To solve this problem, a self-powered system is needed. Therefore,



the purpose of this research is to develop a self-powered touch sensor using piezoelectric
materials that do not require batteries. Also, because piezoelectric materials can translate
mechanical energy to electrical energy or the opposite, psychological touch sensation is
made by using an electrical signal processing system. ZnO nanowires are optimized piezoe-
lectric materials and can be made to very tiny dimensions. Currently, nano-generators using
ZnO nanowires are fabricated [4], and their structure are used for nano-sensors such as UV
sensors [5], pH sensors [6], and so on [7]-[9]. However, a touch sensor using nano-
generator is not shown not yet. Therefore, in this research, touch sensors will be fabricated
to a size of a human body cell by using ZnO nanowires. The individual touch sensors will

detect physical pressure, and show what object is.

1.2 Related works

1.2.1 Piezoelectric nano-generator

Various studies using ZnO nanowires were carried out. ZnO is ideal for nano-
generators for converting nano-generators for converting nano-scale mechanical energy into
electricity owing to its coupled piezoelectric and semiconductive properties. The devices
designed based on this coupled characteristic are the family of piezotronics, which is a new
and unique group of electronic components that are controlled by external forces/pressure
[10]. The structure of the nano-generator is shown in the inset of Figure 1.1.Vertically
aligned ZnO nanowire arrays are sandwiched between two layers of metal electrodes. The
advantage of using nanowires is that they can be triggered by tiny physical motions and the
excitation frequency can be a few Hz to multiple MHz, which is ideal for harvesting ran-
dom energy in the environment such as from tiny vibrations, body motion, and gentle air

-2-



flow [11]. Many researchers have developed UV sensors [5], pH sensors [6], gas sensors
[7], and so on [8], [9] by using the above mentioned the characteristics and advantages of

ZnO and structure of the nano-generator [12] [13].

ﬂjll"l ||\w ”

Figure 1.1 A structure of nano-generator using ZnO nanowires

1.2.2 Tactile sensors
1.2.2.1 Capacitive sensors

Capacitive tactile sensors have been widely used in robotics. They can be made very
small, which allows the construction of dense sensor arrays. The sensor elements on the ar-
ray are very sensitive and robust enough to withstand forces during grasping. Capacitive
sensing is also popular among the tactile sensors and commercially available touch sensors
such as smartphones, tablets, laptops and similar electronic devices are all based on capaci-
tive technology. However, the capacitive sensors only detect anything that is conductive or
has dielectric different from that of air. It means capacitive sensors typically do not respond
to styluses or gloved hands due to the lack of electrical impulses generated. Therefore,
touch sensors based on capacitive mode of transduction are very sensitive, but stray capaci-

ty and severe hysteresis are major drawbacks [1] [2].



‘ L genssnnnnnunnnnsnnnnns Protective overlay

<-neeneeenee COppEr pad

-------- Printed circuit
board

CF —> Finger capacitance
CS—> Sensor capacitance
d —> Distance between the plates

Figure 1.2 The principles of capacitive touch sensing. [30]

1.2.2.2 Resistive sensors

Tactile sensors based on resistive mode of transduction have resistance values de-
pending on the contact location and the applied force. Resistive touch sensors are generally
sensitive and economic but consume much power. Their other limitation is that they meas-
ure only one contact location. An improved design using parallel analog resistive sensing
stripes, which is reported herein, allows the measuring of many contact points. However,
the lack of contact force measurement still remains a critical problem. Although resistive
sensors have low cost, good sensitivity, low noise, and simple electronics, they also have

drawbacks such as nonlinear response, and large hysteresis [1] [2].
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Figure 1.3 The resistive touch screen. [32]

1.2.2.3 Optical sensors

Optical mode sensors use the change in light intensity to measure the pressure at dif-
ferent refractive indices. Optical sensors remains unaffected by electromagnetic interfer-
ence. They also have high sensitivity for multiple quantities such as temperature and strain,
and offer the possibility of measuring at multiple points with one optical fiber. Tactiles us-
ing the optical mode of transduction are commercially used. However, because of their high
sensitivity, the measurement of one quantity can be influenced by other quantities. Also,

they cannot be repaired and have high cost [1] [2].
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Figure 1.5 The principle of optical tactile sensing.[34]

1.2.2.4 Piezoelectric sensors
Some materials such as quartz, ceramics, and polymers have piezoelectric properties
and can be used for dynamic textile sensing. The piezoelectric materials generate charge in

proportion to the applied force or pressure. Generally, polymer polyvinylidene fluoride



(PVDF) and ceramic lead zirconium titanate (PZT) are widely used materials. Though
quartz and ceramics (e.g., PZT) have better piezoelectric properties, polymers such as
PVDF are preferred in touch sensors due to their excellent features like flexibility, worka-
bility, and chemical stability. However, the piezoelectric materials are concerned with tem-

perature sensitivity [1] [2].

—0
—
—0
v ETTT
: + CE m i :
N Co IR
| — S ‘:0

Figure 1.6 Piezoelectric sensor electrical model.[35]

1.2.2.5 Magnetic sensors

Changes in magnetic flux density are the most used principles in magnetic textile
sensors. Magnetic textile sensors have many advantages that include high sensitivity, good
dynamic rage, no measurable mechanical hysteresis, a linear response, and physical robust-
ness. However, they still fail to be a valuable alternative to the other types of textile sen-

sors. Therefore, their usage is limited [1] [2].
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Figure 1.7 The principle of magnetic touch sensing.

1.3 Theoretical background

1.3.1 Piezoelectric

Certain crystals become polarized when they are mechanically stressed. Charges appear on
the surfaces of the crystal, as depicted in Figure 1.8(a) and (b). The appearance of surface
charges leads to a voltage difference between the two surfaces of the crystal. The same
crystals also exhibit mechanical strain or distortion when they experience and electric field,
as shown in Figure 1.8(c) and (d). The direction of mechanical deformation depends on the
direction of the applied field, and the polarity of the applied voltage. The two effects are

complementary and define piezoelectricity.
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Figure 1.8 The piezoelectric effect. (a) A piezoelectric crystal with no applied stress or field.
(b) The crystal is strained by an applied force that induces polarization in the crystal and generates
surface charges. (c) An applied field causes the crystal to become strained. In this case the field
compresses the crystal. (d) The strain charges direction with the applied field an now the crystal is

extended.

Piezoelectric crystals have no center of symmetry. For example, the hexagonal unit
cell shown in Figure 1.9(a) exhibits no center of symmetry. When unstressed, as shown in
Figure 1.9(b), the center of mass of the negative charges coincides with the center of mass
of the positive charges, both at O. However, when the unit cell is stressed, as shown in Fig-
ure 1.9(c), the positive charge at A’ and the negative charge at B’ both become displaced
inwards to A and B, respectively. The two centers of mass therefore become shifted and

there is now a net polarization P. Thus, an applied stress produces a net polarization P in the



unit cell, and in this case P appears to be in the same direction as the applied stress, along y.

[25]

Figurel.9 A hexagonal unit cell has no center of symmetry. (a) In the absence of an applied force,
the centers of mass for positive and negative ions coincide. (b) Under an applied force in the y di-
rection, the centers of mass for positive and negative ions are shifted, which results in a net dipole
moment, P, along y. (c) When the force is along a different direction, along X, there may not be a

resulting net dipole moment in that direction through there may be a net P along a different direction

).

1.3.22Zn0

ZnO is a promising semiconductor material with a wide direct band gap of 3.34 eV
and large exiton binding energy of 60 meV [14] [15]. It has several properties such as high
transmittance, conductivity, and so on. It is also a unique material that exhibits piezoelectric
[16], [17] and pyroelectric multiple properties [18]. Therefore, ZnO has been studied in the
domain of UV luminescence, solar cells, gas sensors, bio/chemistry sensors, and so on [5]-

[9].

-10 -
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Figure 1.10 A Wurtzite structure model of ZnO, which has non-central symmetry and piezoelec-
tric effect. (a) Structural model of wurtzite ZnO. (b) Schematics showing piezoelectric effect in tet-
rahedrally coordinated cation-anion unit.

Under conventional conditions, ZnO has the wurtzite structure, which has a hexago-
nal unit cell with space group of Cémc and lattice parameters a=0.3296, and ¢=0.52065 nm.
The oxygen anions and Zn cations form a tetrahedral unit. The entire structure lacks a cen-
tral symmetry. As shown in Figure 1.10 (a), the structure of ZnO can be simply described as
a number of alternating planes composed of tetrahedrally coordinated O% and Zn®* ions,
stacked alternatively along the c-axis [14] [19].

Piezoelectricity is an intrinsic property of ZnO, and it due to the atomic scale polari-
zation. As shown in 1.10 (b), one considers an atom with a positive charge that is surround-
ed tetrahedrally by anions. The center of gravity of the negative charges is at the center of
the tetrahedron. By exerting a pressure on the crystal along the cornering direction of the
tetrahedron, the tetrahedron will experience a distortion and the center of gravity of the

negative charges will no longer coincide with the position of the positive central atom, an

-11 -



electric dipole is generated. If all of the tetrahedral in the crystal have the same orientation
or some other mutual orientation that does not allow for a cancellation among the dipoles,
the crystal will have a macroscopic dipole. The two opposite faces of the crystal have oppo-

site electric charges.

1.3.3 Working principle

The working principle of the touch sensor lies in the coupling of piezoelectric and semicon-
ducting properties. The two metals of the electrodes and ZnO nanowires of the semiconduc-
tor make a Schottky barrier. A Schottky barrier is a potential energy barrier for electrons
formed at a metal-semiconductor junction. A Schottky barrier has rectifying characteristics.
When pressure is applied to the nano-generator, the nanowires are under uniaxial compres-
sion and electrons will flow from the tip to the bottom through the external circuit. Howev-
er, the Schottky barrier obstructs the electrons from passing through the interface. These
electrons are blocked and accumulate around the bottom of the nanowires until removing
external pressure. During this process, the flow of electrons via the external circuit is de-
tected as an electric pulse. When the external force is removed and the compressive is re-
leased, the electrons flow back via the external circuit, creating an electric pulse in the op-
posite direction. The role of the Schottky barrier is to prevent those mobile charges from
passing through the nanowire-metal contact interface. The piezoelectric potential acts as a
‘charging pump’ that drives the electrons to flow. The output voltage of a single nanowire
is linearly proportional to the magnitude of its deformation. Therefore, if the pressing force
Is increased on the nanowires, their deformation becomes larger, and the output voltage will

linearly scale up [26] [27].

-12 -
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Figure 1.11 A mechanism for power generation in. (a) The touch sensor with no external pres-
sure. (b) Electrons flow from the top electrode to the bottom side through the external circuit by the
negative piezoelectric potential generated at the top side of the ZnO nanowires under direct com-
pression by the external pressure. (¢) The potential is kept since the Schottky contact hinders the
electrons from being transported through the interface. (d) The piezoelectric potential dissipates
when the external pressure on the top electrode is removed. Electrons flow back via the external

circuit.

1.3.4 Synthesis of aligned nanowires
1.3.4.1 Vapor-liquid-solid growth

VLS crystal growth mechanism has been widely used for semiconductor nanowire
growth, oxide nanowire growth through the VLS mechanism could be complicated by the
presence of oxygen. The process involves the reduction of ZnO powder by carbon to form
Zn and CO/CO; vapor in the high-temperature zone [20]. Aligned growth of nanowires can
be achieved with the use of substrates and catalyst particles or seeds. The large-scale per-
fect vertical alignment of ZnO nanowires has been firstly demonstrated on a-plane ((1120)
crystal surface) orientated single-crystal aluminum oxide (sapphire) substrate [21]. Gold
seeds were used as catalysts. The growth is initiated and guided by the Au particle and the

epitaxial relationship between ZnO and Al,O3 leads to the alignment.

-13 -



ZnO(s)+C(s)<>Zn(v)+CO(Vv)

The above reaction is reversible in a relatively lower temperature. So when the Zn
vapor and CO were transferred to the substrate region, they could react and became back to
Zn0O, which could be absorbed by gold catalyst and eventually formed ZnO nanowires
through VLS process.

Aligned ZnO nanowires have been successfully grown on sapphire, GaN, AlGaN and
AIN substrates [22] through a VLS process, where the crystal structure of substrate is cru-
cial for the orientation of nanowires. Epitaxial relationship between the substrate surface
and ZnO nanowires determines whether there will be an aligned growth and how well the
alignment can be. The successful alignment of ZnO nanowires on sapphire and nitride sub-
strates is attributed to the very small lattice mismatches between the substrates and ZnO. In
the case of sapphire, (1120) plane orientated substrate is always used because the smallest
lattice mismatch is along the c-axis of Al,O3 and a-axis of ZnO. The epitaxial relationship
between ZnO nanowire and a-plane sapphire substrate are (0001)zol/(11 2 0)ar03,
[1120]210||[0001] at03. The lattice mismatch between 4[0110]z,0(4x3.2149=12.996A) and
[0001]aros (12.99 A) is almost zero, which confined the growth orientation of ZnO nan-
owires. Nevertheless, since the (1120) plane of Al,Os is rectangular lattice but the (0001)
plane of ZnO is a hexagonal lattice, this epitaxial relationship can only hold in one direction

[10].

-14 -
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Figure 1.12 Schematic representation of ZnO nanowire growth mechanism.[20]

Figure 1.13 ZnO nanowires grown by vapor-liquid-solid process.

1.3.4.2 Hydrothermal based chemical approach

Under specific growth conditions, a wide range of morphologies of ZnO nanostruc-
ture have been synthesized. Hydrothermal synthesis is a good approach for synthesis of
ZnO nanowires with the use of ZnO seeds in the forms of thin films [23], [24]. By adjusting
the precursor concentration, the density of ZnO nanowires arrays could be controlled within
one order of magnitude with one nanowire growing from one spot site. The nutrient solu-
tion was composed of a 1:1 ration of zinc nitrate and hexamethylenetetramine (HMTA) at
low temperature. Zinc nitrate salt provides Zn?* ions required for building up ZnO nan-

owires. Water molecules in the solution provide O ions. Even though the exact function of

-15-



HMTA during the ZnO nanowire growth is still unclear, it is believed to act as a weak base,
which would slowly hydrolyze in the water solution and gradually produce OH". This is
critical in the synthesis process because, if the HMTA hydrolyzes very fast and produces a
lot of OH in a short period of time, the Zn** ions in solution would precipitate out very
quickly due to the high pH environment, which would have little contribution to the ZnO
nanowire oriented growth, and eventually results in fast consumption of the nutrient and

prohibits further growth of ZnO nanowires.

(CH,)sN4 + 6H,0 < 4NH; + BHCHO
NH3 + H,0 < NH3-H,0
NH3-H,0 <> NH;" + OH’

Zn?* + 20H — Zn(OH),

Zn(OH), — ZnO + H,0

The growth process of ZnO NWs can be controlled through the five chemical reac-
tions listed above. All of the five reactions are actually in equilibrium and can be controlled
by adjusting the reaction parameters such as precursor concentration, growth temperature

and growth time [10].

-16 -
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Figurel.15 ZnO nanowires grown by hydrothermal method. (a) Topview. (b) 45° tilted view.
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I1. Device structure and fabrication

2.1 Device structure

The concept of our novel touch sensor is to design tiny touch sensor arrays similar to
the dimensions of a human cell. The tiny touch sensors are composed of a bottom electrode,
ZnO nanowires, and a top electrode [26] [27]. In case of ZnO nanowires, It is fundamental
element. Therefore, to find optimized condition, several experiment was carried out to grow
ZnO nanowires. In the future, they will have a radio antenna to send electrical signals to a
signal processor. The tiny touch sensors on the one substrate should have no effect on each
other. Therefore, one substrate is an electric insulator. Several touch sensors will detect
temperature while, the others will detect the properties of the object such as hardness,
roughness, size, and so on. To be applied to robots or humans, the current substrate should

be replaced to a flexible plastic substrate [28].

Figure 2.1. A mimetic diagram of touch sensor arrays
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2.2 Device Fabrication

2.2.1 Growth of ZnO nanowires by Vapor-Liquid-Solid method

A schematic illustration of the chemical vapor transport and condensation system is
shown in Figure 2.2. Sapphire was used as substrates for the ZnO nanowire growth. Firstly,
sapphire was cleaned. During the cleaning process, the sapphire was dipped into acetone for
180 seconds and IPA for 60 seconds with ultrasonic agitation. After the cleaning process,
the sapphire substrate was coated with a layer of gold thin film using a thermal evaporator
to ensure an exact 50 nm of gold film thickness. Equal amounts of ZnO powder and graph-
ite powder were ground together and transferred to an alumina boat. The Au-coated sap-
phire substrate was also placed near from the ZnO powder and graphite powder on the alu-
mina boat. The boat was then placed inside a furnace quartz tube. The alumina boat posi-
tioned at the center of the furnace placed downstream of an argon flow. The temperature of
the furnace was ramped to ~800-1000°C at a rate of ~50-100°C min™ and typically kept at
that temperature for ~5-30 min. After the furnace was cooled to room temperature, light or

dark gray material was found on the surface of the substrate [20].

Furnace

Quartz tube

Alumina boat with ZnO/C
mixture and sapphire substrate

Figure 2.2 the equipment for VLS method
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2.2.2 Growth of ZnO nanowires by Hydrothermal method

Hydrothermal method is a good approach for growth of ZnO nanowires with the use
of ZnO seeds in the forms of thin films. In this work, we chose silicone (100) and silicone
dioxide as the substrates. For simplicity of description, we use silicone substrate to describe
the experimental procedure and to illustrate the effects of various experimental parameters
on the growth, A piece of silicone (100) wafer substrate was cleaned by a standard cleaning
process. First, the wafer was ultrasonicated consecutively in acetone, IPA. Then it was
blown dry with nitrogen gas. After cleaning process, a 50 nm thick layer of ZnO was depos-
ited on top of the silicon wafer by RF sputtering system. The next step was to prepare the
nutrient solution. The nutrient solution was composed of a 20mMol/900mL 1:1 ratio of zinc
nitrate and hexamethylenetetramine (HMTA). The substrate with ZnO seed layer was stuck
in a Teflon zig, the Teflon zig fixes the samples to protect the sample from falling. The Tef-
lon with the sample was placed inside a bottle filled with 600mL of nutrient solution. The
bottle was placed inside an oven at a temperature of 90°C for 24 hours. After 48 hours, the

sample was removed and cleaned by IPA. Then it was blown dry with nitrogen gas.

Figure 2.3 Teflon zig with sample
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2.2.3 Simple structure fabrication

To know what metal is suitable for the bottom electrode that is an important factor
for making a Schottky barrier between metal and the ZnO nanowire of the touch sensor,
niobium, nickel and gold were used for comparison. Firstly, Si/SiO, (10004) was split as
1.5 cm by 1.5 cm and cleaning process was carried out. During the cleaning process, the
Si/SiO;, substrate was dipped into acetone for 180 seconds and IPA for 60 seconds with ul-
trasonic agitation sequentially. After the cleaning process, spin coating was carried out with
Ma-N1420 negative photoresist (PR) onto the Si/SiO, substrate. A rotation speed of 4000
rpm was used to get approximately 1um of thickness of the photoresist. Then, a soft bake
was performed at 100°C for 120 seconds on a hot plate. A piece of the substrate was irradi-
ated with 40mJ/cm? of UV from a mercury lamp. The exposed piece was submerged into
Ma-D 533 S developer for approximately 60 seconds. Through this process, the partial pho-
toresist disappeared and all samples had the same area having a height of 1.2 cm and a
width of 1 cm for making position of bottom electrode with different metals. The RF sput-
tering system was used to deposit metals such as niobium (100nm), nickel (50nm), and gold
(50nm) onto the Si/SiO,/patterned photoresist substrate. After metal deposition, the lift-off
was carried out with acetone to remove photoresist and obtain a final bottom electrode. To
deposit a ZnO layer, the above process of spin coating the photoresist to lift-off were re-
peated with an align technique of UV photolithography step to make area of 1cm by 1cm on
the bottom electrode exactly. These three kinds of samples were stuck in a Teflon zig. Tef-
lon fixes the sample to protect the sample from falling. The Teflon with the sample was
placed inside a bottle filled with nutrient solution. The nutrient solution was composed of a
20mMol/900mL 1:1 ratio of zinc nitrate and hexamethylenetetramine (HMTA). And then,
the bottle was placed inside an oven at a temperature of 90°C for 48 hours. After 48 hours,

the sample was removed and cleaned by IPA. Finally, an ITO glass was placed on the fabri-
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cated simple structure. Then, the top electrode and bottom electrode were attached wire by

using silver paste.

@ Cleaning Si0, Substrate

u

@ ZnO nanowires growth

@ Gold deposition on the Si0, Substrate

L

® ITO glass is placed on the nanowires

@ ZnO deposition on the Si0, Substrate

Figure 2.4 A mechanism of simple structure fabrication

2.2.4 Segment structure fabrication

Because a concept of this research is to design arrays similar to the size of a human
cell, a small size basic structure was fabricated on one substrate. They are fabricated on
Si/SiO, (1000A) to prevent the devices from unexpected leakage current that leads to low
performance. The segment type is a 3 by 3 square pattern measuring 2mm by 2mm. The
patterns were designed by MyCAD and exported to Gerber 2 format to make 5’ chrome

photo-mask. Before starting the fabrication, Si/SiO, substrate was split to 2 cm by 2 cm and

-22 -



a cleaning process was carried out. In the cleaning process, the Si/SiO, substrate was
dipped into acetone for 180 seconds and IPA for 60 seconds with ultrasonic agitation se-
quentially. After the cleaning process, spin coating was carried out with an AZ GXR-601
positive photoresist onto the Si/SiO, substrate to make a 3 by 3 square pattern. A rotation
speed of 1500 rpm was used to get approximately 1.5 um of thickness of the photoresist.
Then, a soft bake was performed at 100°C for 120 seconds on a hot plate. The substrate was
exposed to 40mJ/cm? of UV from a mercury lamp. The exposed piece of wafer was dipped
into AZ 300 MIF developer for approximately 60 seconds. The 50 nm of gold was deposit-
ed onto the 3 by 3 patterns by RF sputtering system because it was confirmed that gold is
suitable for bottom electrode through prior experiment with simple structure. Then, the lift-
off was carried out with acetone to remove any photoresist. To deposit a ZnO layer, the
process of spin coating with an AZ GXR-601 positive photoresist was repeated. Then, the
substrate was carried out with align technique of UV photolithography step. The exposed
piece of wafer was dipped into AZ 300 MIF developer for 60 seconds, and the ZnO was
deposited by RF sputtering system. The ZnO layer position size was height and width of 1.2
cm and covered with 3 by 3 gold patterns. This prepared sample that was not carried out lift
off was stuck in a Teflon zig. Teflon fixes the sample to protect the sample from falling.
The Teflon with the sample was placed inside a bottle filled with nutrient solution. The nu-
trient solution was composed of a 20mMol/900mL 1:1 ratio of zinc nitrate and hexamethyl-
enetetramine (HMTA). And then, the bottle was placed inside an oven at a temperature of
90°C for 48 hours. After 48 hours, the sample was removed and cleaned by IPA. Then, the
lift-off was carried out with acetone to remove photoresist and residuals of ZnO nanowires.
Finally, an ITO glass was placed on the fabricated simple structure. Then, the top electrode

and bottom electrode were attached wire by using silver paste.
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(@ Cleaning Si0, Substrate

@ ZnO nanowires growth

@ Gold deposition on the Si0, Substrate
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® ITO glass is placed on the nanowires
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Figure 2.5 A mechanism of the segment structure fabrication

Figure 2.5 A fabricated 3-by-3 segment structure device
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I11. Result and Discussion

3.1 Vapor-Liquid-Solid growth

Vapor-Liquid-Solid method usually requires single-crystal substrates and high opera-
tion temperature. Firstly, sapphire was used as a substrate. To grow ZnO nanowires verti-
cally, the constant flow of argon and furnace temperature were controlled. Also, the posi-
tion of sapphire substrate was an important factor for growth of vertical ZnO nanowires. As
shown in Figure 3.1, the ZnO nanowires showed different verticality with different gas
flow. In this experiment, when the temperature was 910°C, proper argon gas flow which is
required for growing vertical ZnO nanowires, was 12sccm.

Secondly, silicon dioxide, a non-single-crystal, was used as substrate as shown in
Figure 3.2. The best conditions such as furnace temperature, thickness of gold catalyst, and
argon gas flow were applied to grow ZnO nanowires. The conditions were conducted using
sapphire substrate. However, the result was completely different. Although ZnO nanowires
were thin and long, several chips developed around the ZnO nanowires, and it looked
messy. From these results, we could find the probability to control growing ZnO nano wires
by changing the conditions such as the ratio of a gas flow, temperature, and a position of
substrate. Also, sapphire was a good substrate to grow vertical ZnO nanowires. However,
this research required a growth process with low temperature because flexible substrate
such as plastic and polymer cannot endure high temperatures. Although the VLS method
made thin ZnO nanowires vertically, they were unsuitable to grow ZnO nanowires because
the Vapor-Liquid-solid method requires single-crystal substrates and high temperatures,
which are expensive and incompatible with plastic substrates for applications in flexible

and wearable electronics.
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(a) (b)

Figure 3.1 SEM images of ZnO nanowires grown on the sapphire. (a) Furnace temperature was
910°C, and argon gas flow was 10sccm. (b) Furnace temperature was 910°C, and argon gas flow was

12sccm.

(@) (b)

Figure 3.2 SEM images of ZnO nanowires grown on the silicon dioxide substrate. (a) Furnace

temperature was 910°C, and argon gas flow was 12sccm. (b) The silicon dioxide was coated niobi-
um. Then, gold catalyst was coated. Furnace temperature was 910°C, and argon gas flow was
12sccm.
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3.2 Hydrothermal growth

As mentioned above, the VLS method usually requires single-crystal substrates and a
high operation temperature, both of which are expensive and incompatible with plastic sub-
strates for applications in flexible and wearable electronics. On the contrary, the hydro-
thermal method is a good alternative approach. The growth temperature can be as low as

80-100°C. As a result, many kinds of substrates, including amorphous oxide on silicon,

(© (d)

Figure 3.3 SEM images of ZnO nanowires with different conditions. (a) ZnO nanowires grown on

the silicon substrate without any treatment. (b) ZnO seed was deposited at room temperature of
20°C, and annealing process was applied at 600°C. (c) ZnO seed was deposited at temperature of
300°C, and annealing process was applied at 600°C. (d) ZnO seed was deposited at temperature of

600°C, and annealing process was not applied.
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Figure 3.4 X-ray diffraction spectra of ZnO nanowires prepared at different conditions. (a) There
is no any treatment. (b) ZnO seed was deposited at room temperature of 20°C, and annealing process
was applied at 600°C. (¢) ZnO seed was deposited at temperature of 300°C, and annealing process
was applied at 600°C. (d) ZnO seed was deposited at temperature of 600°C, and annealing process

was not applied.

glass, and polymers, can be employed. In this experiment, ZnO nanowires were grown on
the on the silicon substrate. Basically, when ZnO seed was deposited, the deposition tem-
perature was 20°C, and process annealing did not occur. However, they showed different
properties with their growth conditions, as shown in Figure 3.3. The deposition temperature
of ZnO seed and process annealing after ZnO seed deposition affected the shape, thickness,
length, verticality, and so on. When several results such as morphology and thickness were

compared, the ZnO nanowires on just the silicon were suitable for this research. As shown
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in Figure 3.4, XRD spectra also proved the results of experiment. The intensity peak of
ZnO on just silicon without any treatment is the highest, and it means the crystallinity of
ZnO is better than others. The kinds of substrate also affected the growth of ZnO nan-
owires. In Figure 3.5, each ZnO nanowire has a different substrate. The morphology, verti-
cality, and thickness were different with each kind of substrate. When several results such
as morphology, verticality, thickness, and so on were compared with substrates, the untreat-
ed silicon substrate shows well-aligned and well-separated ZnO nanowires. From this ex-
periment, it was confirmed that the growth of ZnO nanowires was affected by kinds of sub-
strate or various conditions. Therefore, because this work requires well-aligned ZnO nan-
owires, silicon substrate showed the best results. Also, this experiment was confirmed that

the properties of ZnO nanowires can be controlled by several conditions.

(a) (b)

Figure 3.5 SEM images of ZnO nanowire with different substrate. (a) ZnO nanowires grown on

the silicon dioxide. The silicon dioxide was coated niobium. Then, ZnO seeds was coated on the

niobium layer. (b) ZnO nanowires grown on the ITO glass.
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3.3 X-Ray Diffraction with conductive layer

Above experiment results showed that ZnO nanowires on the silicon substrate with-
out any treatments was well-aligned. However, silicon is semiconductor to allow electron
movement. Therefore, if the touch sensor arrays are fabricated on the silicon substrate, each
sensors cannot operate separately. Alternately, silicon dioxide substrate was used, because
oxide layer obstructs electron movement. The each touch sensors need respective conduc-
tive layers. Therefore, the experiment to know the crystallinity of ZnO nanowires on the
several kinds of conductive layer was carried out, and X-Ray Diffraction system was used.
The verticality of ZnO nanowires is also important factor to be power generator because
vertical ZnO nanowires can generate much more piezopotential than non-vertical ZnO nan-
owires. X-Ray Diffraction is a useful method to discover the microstructure of some mate-
rials. When X-ray interact with a crystalline substance, one gets a diffraction pattern. Every
crystalline substance gives a pattern; the same substance always gives the same pattern; and
in a mixture of substances each produces its pattern independently of the others. Therefore,
the X-ray diffraction pattern of a pure substance is like a fingerprint of the substance. When
an X-ray beam hits an atom, the electrons around the atom start to oscillate with the same
frequency as the incoming beam. In almost all directions we will have destructive interfer-
ence, the combining waves are out of phase and there is no resultant energy leaving the sol-
id sample. However the atoms in a crystal are arranged in a regular pattern, and in a very
few directions we will have constructive interference. The waves will be in phases and
there will be well defined X-ray beams leaving the sample at various directions. Hence, a
diffracted beam may be described as a beam composed of a large number of scattered rays
mutually reinforcing one another [29]. As mentioned about these principles, the crystallini-
ty or verticality of ZnO nanowires were analyzed to find optimized condition. Therefore, if

ZnO nanowires on the certain
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Figure 3.6 The X-ray diffraction graph according to ZnO nanowires on the three kinds of metal
and silicone substrate. (a) Niobium (Nb). (b) Nickel (Ni). (c) Gold (Au).(d) silicone (Si)

bottom electrodes have good crystallinity, they make good piezopotential. As shown in
Figure 3.6, the X-ray diffraction would shows characteristic high and sharp peaks according
to ZnO nanowires on the niobium, nickel, gold layer, and silicon substrate at certain posi-
tions in the graph. Theoretically, the peak of ZnO having good crystallinity should be
shown in the vicinity of 34°. The Figure 3.6 also shows ZnO peaks in the vicinity of 34°. In
the order of Figure 3.5 (a), (b), (c) and (d), the peak of niobium is about 56°, 45° of nickel,
and gold is in the vicinity of 38° and 57°. Silicone peak shows in the 63°. In Figure 3.7, the

cross view of SEM images shows respective properties with metals of conductive layer.
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(@) (b)

(©) (d)

Figure 3.7 The SEM images of ZnO nanowires with conductive layer. The metals of conductive

layer are (a) niobium, (b) nickel, (c) gold, and (d) silicon substrate. (The scale bar is correspond to

1um)

The most important is ZnO peak, because we should know what metal is suitable for bot-
tom conductive layer. All occasions of the ZnO peak are compared, they do not have a big
gap except in the case of silicone. Although the ZnO nanowires on the silicone substrate
showed a highest peaks in the graph, silicone could not be suitable. If touch sensors are fab-
ricated on the silicone substrate, they cannot be operated respectively. The silicone sub-
strate cannot prevent the devices from unexpected leakage current because electrons can act

move the silicone, and it leads to low performance. Alternatively, the metal layer is needed
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to fabricate respective conductive layer on insulator substrate. Therefore, the three kinds of
metal was tested. Among them, the ZnO peak on the gold layer shows a peak above 400
higher. That means the crystallinity of ZnO nanowires on the gold layer is better than oth-

ers, and they can make good piezopotential.

3.4 Power generation

3.4.1 Measurement system

To know the electrical signal properties of ZnO nanowires, a piezo-electric meas-
urement system was made. The system consisted of an XYZ linear position stage, motion
actuator, a load cell/digital indicator, and a system control. The principle of the system op-
eration was that a fabricated sample was placed on the position stage, and the motion actua-
tor pressed the sample at a moment. The samples have a top and bottom electrode, and both
electrodes had wires attached separately with silver paste. The power and frequency of the
motion actuator can be controlled. When the motion actuator was operated, the generated
signals were shown through a digital phosphor oscilloscope (Tektronix DPO3034). If the
wires of the fabricated sample were directly connected to the probes of the oscilloscope, the
generated signals were electric voltage values. In the case of current, a low noise current
amplifier SR 570 was used to measure minute electric currents. Therefore, when the current
was measured, the wires of the sample were directly connected to the probe of the low
noise current amplifier. Then, the low noise current amplifier and oscilloscope were con-

nected by cable. The electric signals should be converted to Ampere units.
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Figure 3.8 The piezoelectric measurement system.

3.4.2 Electrical signals with conductive layer

To know power generation with conductive layer, polarity reversion tests was carried
out. The signals were truly from the fabricated devices. As shown in Figure 3.9, when pres-
sure was applied to the device, minus peak was shown. Then, the external force was re-
moved and the compressive strain was released, plus peak was shown. An ITO glass was
placed on the fabricated simple structure samples as top electrode in shown Figure 2.4. The
samples have different conductive layers such as niobium, nickel, gold, and silicone under
the ZnO nanowires. If pressure is applied to the top electrode, the ZnO nanowires between
the two electrodes make piezopotential. The Schottky barrier between the bottom electrode
and the ZnO nanowires is an important element in devices. The Schottky barrier is different
kinds of metal. The generated electrical signals are also affected by Schottky barrier. To
measure generated voltage and current, an oscilloscope and low noise current amplifier SR
570 are used. As shown in Figure 3.10(a), when just silicone substrate was used, generated
voltage was the highest. However, silicone substrate cannot prevent the devices from unex-
pected leakage current that leads to low performance. Therefore, the independent conduc-

tive layers were needed to be operated touch sensor respectively. In case of current, when
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the conductive layer is gold, high current value was shown. In the Figure 3.10 (b), Power
was combined by voltage and current. It shows that the gold conductive layer as bottom

electrode leads to high performance.
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Figure 3.9 The electrical signals with repeated touching at constant speed and pushing power.

(a) When pressure was applied to the device, minus peak was shown. Then, the external force was
removed and the compressive strain was released, plus peak was shown. (b) Enlarged electrical sig-

nal peak. It shows minus and plus peak, surely.
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Figure 3.10 The values of electrical signals with conductive layers. (a) Voltage and current ac-
cording to a kind of conductive layer. (b) Power involved voltage and current according to several

conductive layers.
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3.4.3 Electrical signals with length of ZnO nanowires

To grow ZnO nanowires, a sample having ZnO seed layer should be dipped into nu-
trient solution with a 1:1 ratio of zinc nitrate and hexamethylenetetramine (HMTA) at tem-
perature of 90°C. The nutrient solution had a concentration of 20mMol/900mL. The gener-
ated electrical signals can be control by a length of ZnO nanowires and an amount of exter-
nal pressure. As shown in Figure 3.11 (a), the samples were placed inside the bottle with
nutrient solution, and they were checked every two hours of growth time. The length of
ZnO nanowires are proportional to the growth time. Figure 3.11 (b) shows SEM images of
ZnO nanowires with time. The fact that a length is proportional to dipping time was con-
firmed through SEM images. As show in the Figure 3.12 (a), the voltage and current were
measured every two hours of growth time. In case of voltage, the electrical signal was in-
creased from about 80 mV to 150 mV. The current is also increased from 250 nA to 400
nA. It means that the longer the length, the bigger their electrical signals. External pressure
also can be a controlling element to change the generated voltage. Figure 3.12 (b) shows
that the larger the external pressure, the bigger their electrical signals. From these experi-
ment results, the probability of the best performance was found by controlling a length of

ZnO nanowires and external pressure.
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Figure 3.11 The length of ZnO nanowires with time. (a) The length of ZnO nanowires is
proportional to the growth time. (b) SEM images of ZnO nanowires with growth time. (The scale
bar is correspond to 1um)
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Figure 3.12 The values of electrical signals with controlled conditions. (a) The electrical signals
are to the length of ZnO nanowires. (b) The larger the external pressure, the bigger the electrical
signals.
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3.4.4 Electrical signals with area grown ZnO nanowires

If ZnO nanowires have the same growth time, they can have an area effect. That
means their power of per unit area can be different. As shown in Figure 3.13 (a), when the
sample size was different and all ZnO nanowires on the sample was pressed, the larger the
sample size, the bigger the current because current is affected by area size., if area is in-
creased, current is also increased. However, voltage is not changed because the c-axes of
the nanowires are aligned parallel to one another; the piezoelectric potentials created along
each nanowire have the same tendency of distribution. Theoretically, the power should be
increased according to the larger area. However, the actual result is different. When this ex-
periment was carried out, the applied area that is the same size as the ZnO nanowires
growth area is different, but the pressure is applied is the same. In case of large area, nan-
owires cannot be easily bent because of neighboring nanowires, but nanowires from the
small area are almost bended at boundary. The magnitude of the piezopotential depends on
the degree of deformation. In the linear eleasticity range, the piezopotential is proportional
to the strain in the crystal. Therefore, small areas having nanowires from near the edge of
sample generate larger piezopotential and power density is larger. The experiment to know
effect of area size grown ZnO nanowires shows that the smaller the area, the higher the
power density (see Figure 3.13 (b)). That means that if a touch sensor is made to be the size

of a human cell, its efficiency is higher.
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Figure 3.13 The values of electrical signals with area. (a) The larger the area size, current is in-
creased, but voltage is not increased. (b) In occasion of the same applying pressure area, the power

density per unit is increased when applied area is small.
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3.5 Touch sensor ability

Prepared samples with 3 by 3 square patterns measuring 2mm by 2mm were used to
know the probability as touch sensors. Each of the 3 by 3 square patterns has one’s top and
bottom electrodes to attach to wires. Therefore, all patterns as touch sensors can detect ex-
ternal pressure separately. Each wire attached to electrodes was connected to oscilloscopes,
and the oscilloscopes showed the electrical signals when an external pressure was applied
to the touch sensors. The pressed patterns generate the electrical signals depending on how
much given external pressure. To know whether each pattern was operated or not, one of
nine patterns was pressed. Then, the one pattern pressed generates an electrical signal, and
the signal was checked by an oscilloscope, as shown in Figure 3.14 (a). The other patterns
that were not pressed did not generated any electrical signals. Once again, the other one pat-
tern in other position was pressed. It also generates electrical signals, and the others did not
generate. When two patterns were pressed at the same time, they generate similar electrical
signals as shown in Figure 3.14 (b). After this simple test, we measured the signals on the 9
patterns when giving external pressure by using two type of material with round tip and
sharp tip over changing the pressing areas; whole area, a part of certain area, a boundary
area between patterns. Each pattern generate its signals. To compare their electrical signal
values, | classified the electrical signals in several colors. Figure 3.15(a) shows the first ma-
terial having round and blunt tip. As shown Figure 3.15(b), the electrical signals with dif-
ferent external pressure condition and area which is pressed. Although the nine patterns
have pressures at the same time, they get different pressures. And we can estimate external
pressure to some extent by using image processing which transforms signals into colors.
Furthermore, By analyzing the figure generating electronic signals and the size of them, we
can guess the objects’ size which made pressure on the patterns. In the Figure 3.16, we try

again by using the other material with sharp tip.
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Figure 3.14 The values of electrical signals for touch sensor ability. The touched position is
pointed by red arrow in the figure. (a) The one pattern was pressed, the others were not pressed. (b)

Two patterns were pressed at the same time.

9 patterns also generated their electrical signals, and the electrical signals were transformed
to image processing. The sharp material makes different signals compared with blunt mate-
rial. In the case of using blunt material, a certain pattern what | want to press did not make
that certain pattern signals due to the area of blunt material. The blunt tip of material causes
some signals in the vicinity of the certain pattern. On the contrary, the sharp tip of material
makes its own certain pattern signal because the sharp material did not affect other patterns
in the vicinity of the certain pattern. We can check that difference between round material

and shared material by using image processing
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Figure 3.15 Test using blunt material. (a) The used material with blunt and round. It touched pat-

terned sample over changing position. (b) The orange circle means touching position. When the

pressure is applied to between four patterns, four patterns generated above 100mV electrical signals.

(c) When a certain pattern position was touched, that one pattern position made the highest sig-

nals. Also, the blunt tip caused some signals in the vicinity of the certain pattern.
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. Such electronic signal difference would make it possible to distinguish what objects are.
This experiments showed small pattern arrays on one substrate can be touch sensor arrays
for electronic skin, and they can detect external pressure separately. Therefore, the proba-
bility of touch sensors for electronic skin was confirmed. In the future, if the touch sensor
arrays that are similar in size to a human cell are developed, they will be electronic skin

with high resolution.
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V. Conclusion

We have studied a new touch sensor concept which can generate some psychological
feeling. To achieve the concept, we have presented several approaches for developing touch
sensor arrays based on piezoelectric material, especially ZnO nanowires, promising semi-
conductor material with a wide direct band gap, large exiton binding energy, high elasticity,
and biocompatible among the piezoelectric materials. To make device structure with high
performance efficiency, the piezoelectric effect was measured with the seed layer crystal
orientation, the kind of metals, the length of wire, the change of pressure, and the cell size
effect. Firstly, ZnO nanowires were grown by VLS method, but it usually requires high op-
eration temperature. However, it is incompatible with plastic substrates for applications in
flexible and wearable electronics. Otherwise, hydrothermal method can be grown ZnO wire
at 80-100°C. Since many kinds of substrates including silicon, glass, and plastic can be em-
ployed, most of experiments in this research were focused to the hydrothermal method. To
find optimized ZnO seed condition for growing vertical ZnO nanowires, several seed layer
forming condition were controlled. Among several conditions, the seed layer formation at
room temperature without any post annealing process shows an optimal vertical growth re-
sults confirmed by SEM images, XRD measurement and PL data. To operate touch sensor
arrays individually, we need individual metal electrode for isolated touch sensors. The met-
al electrode should make Schottky barrier between semiconductor and metal. Some anal-
yses such as work function of metals, X-ray diffraction and voltage measurement were car-
ried out. When the combination of gold electrode having the highest work function and thin
ZnO seed layer was formed, it showed the good crystallinity of ZnO nanowires and the pie-
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zoelectric power generation to about 600 nW. The property of length was confirmed with
growth time every two hours for twenty four hours. The length of ZnO nanowires are pro-
portional to the growth time from 0.25um to 3um. With increasing length of wire, the elec-
trical signal was increased from about 80 mV to 150 mV. The current is also increased from
250 nAto 400 nA. Smaller cell structure produces higher piezoelectric power density due to
the increase of effective edge area. Because the resolution of human fingers is very small,
near 1mm, the small size effect of ZnO wire array cell gives other design merit for touch
sensor application. Besides, the larger the external pressure, the higher the electrical signals.
Based on previous experiments that presented optimized condition such as using gold layer,
and growth time of twenty four hours, 3 by 3, 9 patterns were fabricated on one substrate to
test ability of touch sensor. And then, they were measured the electrical signals when giving
external pressure by using several material such as sharp tip or blunt tip. The generated
electrical signals were different with materials. For instance, with the sharp tip, the electri-
cal signals were generated within a piece of pattern, while, with blunt tip, they were shown
with more extended patterns. We have converted the electrical signals into colors in order to
do image processing system. Through the image processing system that classified the elec-
trical signals, we could guess easily object’s size which made pressure on the patterns.
From these experiment results, we have completed basic research about testing possibility
and ability of touch sensor. In the future, a touch sensor that have tiny pattern array as small
as human cell dimension will be developed and it will have high resolution and can gener-

ate psychological feeling.
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