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Abstract
Development of flexible electronic technology is essential for various wearable / flexible electronic
products. One of main technical issues is that flexible electronic devices are damaged or degraded easily by
physical deformation, tensile or compressive stress induced by bending or folding states. An appropriate
solution is to use materials with good ductility. However, it is not easy to solve the problem by using materials
having excellent ductility for all the parts. Therefore, it is necessary to study the effect of structural parameters
which result in the effect of stress-free or stress release. In this paper, the improvement of flexibility for two
major electronic components, electrode and thin film transistor (TFT) have been conducted.
First, we studied the concept of stress relief hole and stop hole, which were mainly used in the
mechanical field, but in here, the size of hole was in micrometer range. Various hole array structures were
employed in thin metal film and the effect of the structural change was analyzed with the simulation of stress
intensity. By the result of the bending test, most of hole array structures were effective in improving fatigue
resistance. For severe bending state, the hole array structure also had some crack propagation. However, since
most of cracks were formed predictably in the same shape near the holes, it was possible to prevent a total
electrical breakdown of metal electrode using triangular hole array ,whereas, the crack propagation was random
for non-hole electrode design.
Second, a vertical a-IGZO TFT design with mesh type bottom electrode was studied to minimize a
breakdown of TFT. The vertical TFT has a structural difference from the conventional planar TFT. When cracks
occur on the junction layer of TFT, current path is completely blocked if channel is formed in the horizon
direction. On the other hands, current path of vertical channel design is not much affected by the cracks. In
addition, the vertical TFT has an advantage that it can be used in various electronic products due to high oncurrent level because very narrow channel length can be easily controlled. However, the electrical field of gate is
blocked easily due to its vertical design, which induces poor transistor behavior. Therefore, a new mesh
structure not shielded by the gate electrode is applied to solve this problem, even though all layers are stacked
vertically.
i

Through simulation, we confirm that change of electrical potential in active layer by hole size and
thickness of each layer. And even in the upper area of the metal, not in the hole area, it can be confirmed that the
gate field has an influence near the hole. As result of experiment, we confirmed the operation of vertical TFT
with mesh type electrode. In the micrometer dimension, it was confirmed that the hole size had no significant
influence on the electrical characteristics, and it was confirmed that the hole percentage was slightly influenced.
And then, we analyzed the reason why the characteristics were worse than desired. As a result, we concluded
that if we use the metal mesh of the nanometer dimension, the area of the gate field to the upper part of the
metal will be widened and electrical characteristics will be improved. Therefore, if our vertical TFT is fabricated
in several hundred nanometer scale, it has advantage of simple method as well as better electrical characteristics.
Since those two suggested structures, electrode with hole array and vertical TFT design, are simple
and use similar fabrication process and materials of traditional electrical device, it can be applied easily to
various flexible or foldable electronic devices.

Keywords: Flexible devices, Flexible electrode, a-IGZO TFT, Vertical TFT;
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I. INTRODUCTION
1.1 Motivation
Development of flexible device technology as an essential part for implementing
wearable and flexible electronic products is required. Flexible device has been studied widely.
However, the reliability of thin film on the flexible substrate is still a challenge. When the
substrate is mechanically deformed, films are also stressed on the substrate. As a result, it
cause crack formation and propagation. It leads failure of the entire device.
Therefore, various groups have been studied from various perspectives in order to
reduce the influence of the mechanical deformation. Typically, J. Rogers research group
propose stretchable wire concept and it applies to various flexible devices [1]. In addition,
some research groups use material with good flexibility. The others apply optimized
structures to each device to prevent stress concentration.

Fig 1.1.1 Stretchable electronics from John A. Rogers research group [2].

Simply changing the material will limit the selection such as fabrication. In this paper,
we demonstrate stress relief structures to improve fatigue resistance. First, we studied to
improve the mechanical fatigue resistance by applying the hole array structure to a thin film.
And then, we studied the vertical TFT applied the bottom mesh type electrode. Because TFT
-１-

is widely used in a variety of electronic systems. And vertical TFTs have been studied for
flexible electronics.

1.2 Issues of Flexible Electronics
Flexible electronics is an electronic device that is mounted on a substrate that is bent
like a plastic. And its shape can be curved. This is why flexible electronics has many
advantages over rigid electronics such as low cost, light weight, large area fabrication, and
available in various designs. Therefore, flexible electronics has the potential of applications
in various fields such as mobile phone, flexible display, e-textiles, e-paper, and health care.
However, flexible electronics still has many challenge. It is necessary to develop element
technology that realizes an electronic device that is bent or stretched in various directions and
does not deteriorate in such a situation. The main problems is divided into substrate, wiring,
device and fabrication.

Fig 1.2.1 Flexible polyimide substrate, roll-to-roll fabrication, and flexible devices [3-5].

-２-

To realize a flexible device, flexible substrates capable of various fabrications is most
needed. Among the flexible substrates, plastic substrates are now being extensively studied
due to ease of processing, weight reduction, and suitability of semiconductor fabrications.
However, there are many problems as substrates for device mounting. In order to solve this
problem, many researches have improved the thermal and chemical properties of plastic
substrates or for developing low temperature organic/inorganic materials and fabrication
suitable for semiconductor fabrication using plastic substrates. In general, materials such as
polyimide (PI), polyethylene terephthalate (PET), and polyethylene naphthalate (PEN) are
used as representative substrates capable of adding a bending property to a device [6]. Also,
some researchers have reported using rubber materials to impart elasticity [7].
Wiring is generally difficult to apply to flexible wearable devices, such as gold, silver,
and copper, used in wiring of electronic devices. This is because of mechanical rigidity. When
the substrate is warped or stretched depending on the actual use range, the upper and lower
portions of the substrate are subjected to forces in the opposite direction of tensile stress and
compressive stress. However, there is a mechanical neutral surface in this case, and it is
necessary to utilize this principle effectively with proper material application
Currently developed technology for applying thin film transistor device to apply a
flexible device, which is a typical electronic device, is a method of applying a silicon
nanoribbon using a conventional semiconductor fabrication equipment [8]. Thin film silicon
ribbons can be implemented using SOI (silicon on insulator) wafers, which are made possible
by the development of MEMS technology and semiconductor etching equipment. Through a
general lithography, the entire silicon process is performed on the silicon oxide thin film, and
then transferred onto the desired polymer plastic or fiber fabric substrate through a transfer
technique. The single crystal inorganic-based transistor implementation technology using this
process is easier to apply directly to the industry and has excellent mechanical properties.
-３-

In addition, the flexible TFT forming technique is an organic material-based process
that is easy to perform at low cost. As a method for manufacturing such an organic TFT,
various printing techniques, spin coating, vapor deposition can be applied. It has the
advantage of being very flexible and unbreakable, but it has a problem in that stability and
reproducibility are lower than those of silicon devices Theoretically, the charge mobility of
more than several tens of cm2/V·s cannot be obtained due to the electrical characteristics of
the organic semiconductor material, and the actual mobility of the charge is 0.1~3cm2/V·s,
which is relatively low. Due to the low performance of organic semiconductors, the studies
on transistors using inorganic semiconductor materials such as conventional compound
semiconductors and metal oxides have been actively researched. In particular, In particular,
amorphous metal oxide semiconductors such as ZnO and IGZO have a high band gap energy
as well as excellent electron mobility, and thus they are emerging as a transparent flexible
electronic device.
Therefore, we focused on wiring and device among these issues of flexible electronics.
And our devices are fabricated by using commonly used materials and fabrication. We
studied flexible electrode with hole array structure and vertical a-IGZO TFT with mesh type
electrode. When these two devices are combined, it is a basic TFT system consisting of a
transmission line and a TFT.

-４-

II. Flexible electrode with the hole array structure

2.1 Stress relief hole and stop hole
The main ideas of flexible electrode with the hole array structure are stress relief hole
and stop hole. The concept of relief hole and stop hole is mainly used in mechanics. Relief
holes have been used for the purpose of relieving stress by applying stress relieving stress to
the stressed area [9]. In addition, there is a case where a stop hole is placed at the end of the
crack where fatigue cracking occurs and excessive stress concentration occurs to slow the
progress of the crack. As shown in Fig 2.1.1 (a), hole and slit are formed to relieve the stress
in the portion where stress concentrates. It is called stress relief hole.
The stress is concentrated at the tip of the fatigue crack. It has a large effect on the
fracture is inversely proportional to the radius, assuming that the shape forming the tip is a
circle. Therefore, if a hole is formed at the tip of the fatigue crack having a very small radius,
the radius becomes large and the stress concentration due to the fatigue crack can be greatly
mitigated. It is called stop hole as shown in Fig 2.1.1 (b).

(a)

(b)

Fig 2.1.1 Schematics of (a) Stress relief hole and (b) stop hole [10-11].
-５-

In this research, it was applied to the thin film to reduce the concentration of stress in
the thin film by blocking some of the concentrated stress or switching to hole. The stress
concentrated on the hole was compensated by the self-fatigue resistance of the hole, so that
the overall fatigue resistance capability of the thin film was improved by the hole resistance
capability.

2.2 Experiment details
2.2.1 Design of flexible electrode
Structure of sample is thin film of Al coated on polyimide substrate. Length of
electrode is 20,000μm, width is 30μm, and thickness 100nm. Substrate Electrode with no
hole and 40 different samples were tested in Fig 2.2.1.1. Hole percent is 5%, 10%, 15%, 20%,
and 25%. Each percent sample consist of 9 electrodes which is electrode with no hole, five
different percent, and four different diameters.

Fig 2.2.1.1 Patterns of flexible electrodes with hole array structure.

-６-

(a)

(b)

Fig 2.2.1.2 Flexible electrode with (a) square hole array, and (b) triangular hole array.

2.2.2 Fabrication of flexible electrode
In order to make flexible electrode, Al film with 100nm thickness was deposited
using a thermal evaporator on a PI substrate with 125μm. Hexamethldisiloxane (HMDS) was
treated on the Al film to enhance the adhesion. And then, the photoresist(PR) (AZ GXR-601)
which is positive PR was coated. The hole array structures in Al films are patterned using an
photolithography process. The patterned PR layer served as an etching mask, and Al film was
etched by APAL-1. And then, PR was removed by acetone. Fabrication step is detailed in Fig
2.2.2.1.

Fig 2.2.2.1 Fabrication process of flexible electrode.
-７-

2.2.3 Bending test and Measurement system
In order to evaluate flexible electrode, a bending machine was set up. It is shown in
Fig.2.2.3.1. This bending machine enables the test at a constant frequency and the bending
radius. So we tested at 2Hz and 5mm. Also, the desiring number of bending time can be set.
And resistance was measured by KEITHLEY 4200-SCS.

(a)

(b)

Fig 2.2.3.1 Photograph of (a) Bending machine and (b) its top view.

2.3 Results and discussion
2.3.1 Simulation of flexible electrode
The structure is modeled using ANSYS Workbench which is a project-management
tool using the finite element method. The modeling was sketched with 100nm of Al layer and
125μm of PI layer. It is equal to thickness of the actual sample. This simulation require to
each layer of mechanical properties such as Young‟s modulus and Poisson‟s ratio. Each value
is shown below.
Young‟s modulus: EPolyimide= 2.5GPa, EAluminum=70GPa.
Poisson’s ratio: 𝑣𝑃𝑜𝑙𝑦𝑖𝑚𝑖𝑑𝑒=0.34, 𝑣𝐴𝑙𝑢𝑚𝑖𝑛𝑢𝑚=0.35
Schematic of ANSYS Model is shown in Fig 2.3.1.1. One edge A was fixed support,
-８-

and the other edge B was only x-axis displacement. Then, the force C is applied from the
bottom to the upward, edge B move only in the x-axis direction.

Fig 2.3.1.1 Modeling of flexible electrode using ANSYS Workbench.

The simulation proceeded with electrodes with a diameter of 3μm occupying 10% of
the holes array. And the reference was modeled as electrode without hole. To reduce
simulation time, the hole array was drawn only in the middle of the electrode. Because stress
is not concentrated except for the middle part.
As a simulation results, stress intensity at the middle of the electrode is shown in Fig
-９-

2.3.1.2. When comparing these three cases in these figures, the center part showed about
40.132MPa in the case of the electrode without hole. And electrode without hole has uniform
stress intensity. However, the two cases with the hole arrays usually have low stress intensity.
Near the hole, there are stress relief part and rather concentrated part. For triangular and
square arrays, the maximum stress intensity values are similar in both cases, but there is a
difference in the distribution of stress concentrations. And comparing two hole arrays, in the
case of square hole array, we can see that the red region runs across the substrate. On the
other hand, since triangular hole array is not completely connected at both ends. Therefore,
we confirmed that the triangular hole array is better than the others, and we checked it
through experiments in the next section.

-１０-

Fig 2.3.1.2 Stress intensity at the center of electrodes with triangular hole array,
square hole array, and without hole. The red area is higher stress intensity than no hole.
-１１-

2.3.2 Initial resistance
Before the bending test, initial resistance of electrodes was measured. It was found
that the resistance increases in the presence of the hole array. As the hole percentage increases,
the number of holes increases, so the area of aluminum is reduced. Therefore, the resistance
increases because the current path is narrowed.

Fig 2.3.2.1 Initial resistance of electrodes with 5%, 10%, 15%, 20% and 25% hole percentage.
-１２-

2.3.3 Effect of array shape
The experiments were conducted using the equipment shown in Fig 2.2.3.1, and the
influence of each parameter was examined. First, we examined the influence of the shape of
the array. After bending test, square hole array and non-hole cases are easily disconnected as
shown in Fig 2.3.3.2. And there is no significant change in resistance of triangular hole array
after 25,000 times. The reason is that the radius of the fatigue with a very small radius is
increased due to the effect of stress relief hole. As a result, stress concentration in fatigue
cracks is reduced. And the self-fatigue resistance of holes, the overall fatigue resistance
capability is improved. The surface of the electrode was observed with optical microscope in
Fig 2.3.3.1. Cracks occur randomly in the electrode without hole. But cracks can be predicted
when there is hole array. And cracks generated near the holes meet and combine with each
other. Square hole array is better than triangular array. The spacing between the holes in
rectangular hole array is relatively narrow. Thus, the cracks generated near the holes meet and
combine with each other.

(a)

(b)

(c)

Fig 2.3.3.1 Optical microscope images of (a) electrode without hole and electrode with (b)
square hole array and (c) triangular hole array.

-１３-
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Fig 2.3.3.2 Percentage change in resistance of 10% sample and electrode without hole, where
R0 is resistance of electrode before bending, and ΔR=R-R0.

2.3.4 Effect of hole percentage
In the Fig 2.3.4.1, ΔR/R0 of 5% sample is very low. But Rno hole-R0 is not. Resistance
increase intrinsically if electrode have holes. Because path of current becomes narrow.
Therefore, low hole percent of triangular hole array is better in terms of resistance. However,
there are many cracks and longer length of cracks in 5% sample in Fig 2.3.4.2. Because the
sufficient number of holes is required to mitigate stress. If the hole percentage is high, the
rate of change with respect to initial value is low. But absolute value of resistance is high at
high percentage. Therefore, high hole percent of triangular array is better in terms of
durability. In other words, durability and resistance is trade-off.

-１４-

(a)

(b)
Fig 2.3.4.1 Change in resistance of 5% and 25% samples with 3μm hole and
triangular hole array. (a) ΔR/R0, where R0 is resistance of electrode before bending, and
ΔR=R-R0. (b) Resistance of electrode with the hole array.
-１５-

Fig 2.3.4.2 Optical microscope images of 5% and 25% samples with triangular hole array.

2.3.5 Effect of hole diameter
According to Fig 2.3.5.1 and Table I, small diameter of hole is better in both hole
array. Especially, it is related to bending times when disconnected in square hole array.
Because large holes occupy a larger portion of the width of the electrode. It is makes easier to
completely disconnect

Fig 2.3.5.1 Change in resistance of 20% samples with triangular hole array.
-１６-

Bending times when disconnected
2μm(Square)

6000

3μm(Square)

3000

4μm(Square)

2000

5μm(Square)

2000

Table I. Bending times when disconnected in 10% samples with square hole array.
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III. Vertical a-IGZO TFT with mesh type electrode

3.1 Properties of a-IGZO
In this paper, we discuss about structural change of device. So a-IGZO which is
commonly used is selected. a-IGZO is representative metal oxide semiconductor. It is a
compound consisted of indium, gallium, zinc and oxygen in a certain ratio. Indium acts to
increase electron mobility by orbital overlap, and gallium preventing leakage current at off
state by inhibiting excess carrier generation. Zinc serves to stabilize the chemical structure,
and oxygen acts as a key carrier for electrical conduction through oxygen vacancies.
Therefore, their characteristics can be control by adjusting the composition of these elements
as shown in Fig 3.1.1.

Fig 3.1.1 Hall mobility and carrier concentration at room temperature. Values outside
parentheses show hall mobility (cm2V-1s-1). And values inside parentheses show carrier
concentration. (1018cm-3) [12].
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The representative feature of a-IGZO is that it has high mobility even in the amorphous
state. The reason is related to its chemical bonding.

Fig 3.1.2 Schematic orbital drawings for the carrier transport paths in crystalline and
amorphous semiconductors [13].

Crystalline silicon is composed of sp3 orbitals whose carrier transport path is
anisotropic and has covalent bonds. As a result, the amorphous silicon has strong
directionality and the bonding angle is greatly changed. On the other hand, oxide
semiconductor such as IGZO exhibits completely different phenomena from those of covalent
bonds. Because the conduction band minimum (CBM) consists of the large spherical
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isotropic orbitals of the metallic cations. Neighboring ns orbits can be directly overlapped,
and if n> 4, they are always overlapped regardless of material disorder as shown in the Fig
3.1.2. Therefore, the a-Si TFT has a mobility of about 1cm2V-1s-1 while a-IGZO has a value
above 10 cm2V-1S-1. For this reason, a-IGZO is widely used in various fields such as display,
and the experiment was conducted by adopting it as an active layer.

3.2 Vertical TFT
3.2.1 Background of Vertical TFT
Vertical TFT have been developed for requirement of high performance and integration.
In this word, „vertical‟ means a structure in which channel is in a vertical direction. The first
vertical a-Si FET was proposed with the structure of Fig 3.2.1.1 in 1984 [6]. In this structure,
gate electrode and gate dielectric layer is formed at the left sidewall. The channel is formed
vertically by depositing undoped n- a-Si. Electrons move along this vertical channel. Source
and drain electrode are formed by depositing n+ a-Si. This structure makes it possible to
easily reduce the channel length without being limited by lithography and etching process.

Fig 3.2.1.1 Cross section of the a-Si FET with a vertical channel [14].

Since then, vertical TFT has been studied steadily. Especially, it has been extensively
studied for the purpose of improving the electrical characteristics in organic TFTs having low
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electron mobility.
Vertical TFT has many advantages because the channel direction is vertical. The most
prominent advantage is that channel length can be easily controlled. In the conventional TFT,
channel length depends on the lithography resolution. But vertical TFT can adjust channel
length simply by changing the film thickness as shown in Fig 3.2.1.2. Reducing channel
length is the common method to improve TFT characteristics. Also, channel length of vertical
TFT can be longer than the occupying area. It is also advantage because in the case of a high
resolution display it allows a high current gain at an appropriate driving voltage determined
from the threshold voltage of the LCD or OLED element [15]. And the effective area where
the current can flow is widened as compared with the area occupied by the device as shown
in Fig 3.2.1.2

Fig 3.2.1.2 Cross section of planar type TFT and vertical type TFT.

Fig 3.2.1.3 Current flow of planar type TFT and vertical type TFT.
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Finally, it has advantages in terms of flexible electronics. When cracks occur on the
film, if channel is in the horizon direction, current path is completely blocked. On the other
hands, current path in vertical channel is not much affected by the cracks.

Fig 3.2.1.4 Current flow in vertical channel cannot be affected by cracks significantly [16].

In summary, TFT structure change a vertical type, it not only improve the electrical
characteristics but also has considerable advantages in terms of flexible electronics. This
paper has focused on this point.

3.2.2 Related works
Vertical TFT has a structure in which all layers are completely vertical and quasivertical channel structure [17]. In this section, there are three examples of studies on fullyvertical TFTs. These have in common that bottom electrode is porous structure.
In Fig 3.2.2.1, a thin and rough source electrode was used. And bottom capacitor cell
has a high capacitance value [18]. However, relied on an ultrathin (<20 nm) aluminum source
electrode that required careful partial oxidation. In Fig 3.2.2.2, network of single wall carbon
nanotubes is used. This allows gate field to pass by creating perforate area.
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Fig 3.2.2.1 Vertical TFT with thin and rough electrode [18].

Fig 3.2.2.2 Vertical TFT with nanotube network source electrode [19].

The last case used a nanotemplate made with a block copolymer to pattern the porous
structure on the gold bottom electrode as shown in Fig 3.2.2.3. Compared to the other
examples above, it has a advantage of applying in the same way to other metals. Despite a
wide range of applications, it is difficult to control the block copolymer nanotemplate as
desired. Since the shape of the self-aligned block copolymer cannot be controlled, the shape
is random and has large deviations. Also, the process is complicated.
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Fig 3.2.2.3 Tilted SEM image of bottom electrode [20].

What they have in common is unusual bottom electrode. But it has some problems. The
problems are difficult fabrication and pattern of random and large deviation. In order to solve
these problems of the vertical TFT, photolithography was used. Therefore, mesh type
electrode, which can be fabricated using commonly used processes such as photolithography,
was purposed in this paper.

3.2.3 Mesh type electrode
The structure fully-vertical TFT is that all layers stacked vertically. Therefore, bottom
electrode screens the electric field if the electrode is metal. To solve this problem, unusual
bottom electrode is required to pass the electric field. So we designed a mesh type electrode
on the bottom electrode to allow the electric field to pass through the holes as shown in Fig
3.2.3.1.
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(a)

(b)
Fig 3.2.3.1 Cross section of vertical TFT (a) without mesh type electrode and (b) with
mesh type electrode.

3.3 Experiment details
3.3.1 Design of Vertical TFT
Structure of vertical TFT with mesh type electrode is shown in Fig 3.3.1.1. The size
and percentage of the hole of bottom electrode, which is mesh type electrode, were compared
under various condition.
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(a)

(b)
Fig 3.3.1.1 (a) Schematic and (b) cross-section of vertical TFT with mesh type electrode.

3.3.2 Fabrication of Vertical TFT
In order to make vertical TFT, Cr film was deposited using a thermal evaporator on a
glass substrate. Hexamethldisiloxane (HMDS) was treated on the film to enhance the
adhesion. And then, the photoresist (PR) (AZ GXR-601) which is positive PR was coated.
The gate electrode are patterned using a photolithography process. The patterned PR layer
served as an etching mask, and Cr film was etched by CR-7. After that, PR was removed by
acetone. SiO2 with 200nm was deposited using PECVD. To make via hole for contact pad,
PR mask is formed by photolithography as before. SiO2 film was etched by buffered oxide
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etchant (BOE) 10:1 solution. Bottom electrode was made of Al deposited with thermal
evaporator. After patterning, Al was etched by AZ 300 MIF developer. Because etch rate of
AZ 300 MIF developer is slower than other Al etchant. Active layer was deposited using RF
sputtering system and lifted off using acetone. After deposition, a-IGZO was annealed in an
oxygen atmosphere at 300℃. Finally, top electrode was deposited using thermal evaporator
with Al and lifted-off using acetone. Fig 3.3.2.1 is optical microscope image of vertical TFT.
And fabrication step is detailed in Fig 3.3.2.2.

Fig 3.3.2.1 Optical microscope image of vertical TFT.
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Fig 3.3.2.2 Fabrication process of vertical TFT with mesh type electrode.

3.3.3 Measurement System
The characteristics of a-IGZO TFTs were measured by KEITHLEY 4200-SCS which
is semiconductor analyzer.

3.4 Results and Discussion
3.4.1 Simulation of Vertical TFT
The structure is modeled using COMSOL Multiphysics which is simulation tool
using the finite element method. First, we examined the potential change of 4 points to check
gate field effect. Modeling of vertical TFT is shown in Fig 3.4.1.1. The modeling was
sketched with 100nm of Cr film, 200nm of SiO2 film, 20nm of Al film, 20nm of a-IGZO film,
and 60nm of Al film. Dielectric constant used in the COMSOL library. Top electrode was set
to ground and bottom electrode was applied with 0.1V. And gate bias was set from 0 to 30V.
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Potential values were extracted to compare the effects of the gate field. And Fig 3.4.1.2 was
plotted with gate voltage as the x-axis and potential as the y-axis.

Fig 3.4.1.1 Modeling of vertical TFT using COMSOL Multiphysics.

At point 1, potential was constant regardless of the gate voltage. And the value was
half of the VDS value. This showed that gate field cannot penetrate metal electrode. On the
other hand, potential increase linearly by gate bias at point 2. The area where the hole is
opened showed that the gate field reaches top electrode completely. At point 3 and 4, it
increases slightly. Even in the upper area of the metal, not in the hole area, it can be
confirmed that the gate field has an influence when it is near the hole.
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Fig 3.4.1.2 Potential - Gate voltage graph for each point.

Next, we simulated vertical TFT to study effect of hole size and layer thickness. It
simulated how the field in the active layer changes as the parameter changes. The modeling
was sketched with 100nm of Cr film, 200nm of SiO2 film, 50nm of Al film, 100nm of aIGZO film, and 100nm of Al film. Top electrode was set to ground and bottom electrode was
applied with 0.1V. And gate bias was set to 20V. First, the effect of the thickness of bottom
electrode was examined. As shown in Fig 3.4.1.3, it is confirmed that the area that affects the
upper edge of the electrode becomes wider as the bottom electrode becomes thinner. Second,
the effect of the thickness of active layer was simulated. It also affects electric potential
significantly as shown in Fig 3.4.1.4. Finally, the effect of hole size was checked. However,
hole size doesn‟t affect electric potential in micro dimension as shown in Fig 3.4.1.5.
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Fig 3.4.1.3 Electrical potential for bottom electrode thickness of 50nm and 20nm.

-３１-

Fig 3.4.1.4 Electrical potential for thickness of active layer with 100nm and 500nm.
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Fig 3.4.1.5 Electrical potential for hole sizes of 2μm and 10μm.
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3.4.2 Experimental results
Vertical TFT was fabricated with 200nm of SiO2 film, 20nm of Al bottom electrode,
and 100nm of Al top electrode. And the thickness of a-IGZO is 100nm, 300nm, and 500nm.
Top electrode was set to ground and bottom electrode was set to 10mV. And gate bias was
applied from -30V to 30V.

Fig 3.4.2.1 Transfer characteristics of vertical TFTs with active layer of 100nm, 300nm, and
500nm. The inset is an enlargement of the graph of 500nm.

As a result, if the thickness of active layer is thin, current level is high and the on/off
ratio is small as shown in Fig 3.4.2.1. The distance between top electrode and bottom
electrode is reduced as thickness of active layer reduces. It is related to current level. And
on/off ratio can be explained in Fig 3.4.1.4. It is easy to control on/off because the area where
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gate field affects above bottom electrode is wider. Then, operating mechanism can be inferred
in Fig 3.4.2.2. If gate bias is applied, channel is formed. And then, applying drain bias,
current flow through this channel. In addition, current also flow between top and bottom
electrode at off and on state. It is off current.

Fig 3.4.2.2 Operating mechanism of vertical TFT.

Next, we fabricated and compared vertical TFTs that changed the hole size and percentage in
the same operating area which is overlapping area. As a result, the influence of the hole size
was difficult to confirm, and the influence of the hole percentage was confirmed.
As the hole percent increased, on current slightly decreased and the on/off ratio also slightly
increased as shown in Fig 3.4.2.3.
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Fig 3.4.2.3 on current and on/off ratio of vertical TFT with a-IGZO of 500nm.
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However, electrical characteristics were not as good as desired. So we did some additional
simulation to analyze the reason. As a result, it was found that the influence of the width of
the metal mesh was related. The reason is that the gap between top and bottom electrode is
slightly affected by gate field in micrometer dimension. But nanometer dimension is different.
Reducing width of metal mesh widen gate control area. Therefore, it is one of the solution
improving TFT characteristics. Also, the higher resolution, the higher hole percentage. It will
also contribute to improve performance. If vertical TFT is fabricated in nanometer dimension,
gate control area will widen. And electrical characteristics will be improved.

Fig 3.4.2.4 Electrical potential for different width of metal mesh.
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Fig 3.4.2.5 Potential - Gate voltage graph for each width of metal mesh.
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IV. CONCLUSION

In this paper, we studied the effect of structural change on the stress-free or stress
release. To demonstrate our structures, the improvement of flexibility for two major
electronic components, electrode and thin film transistor (TFT) have been conducted.
First, we proved the effect of stress relief hole and stop hole in thin film. Electrode
without hole was disconnected at 3,000 times. Electrode with square hole array also was
disconnected easily. But electrode with triangular hole array had no problem more than
300,000 times. Triangular hole array had a good effect for improvement of fatigue resistance.
Especially, all electrodes with triangular hole array were better electrode without hole
regardless of the hole diameter. In case of hole percent, it was related to trade-off between
durability and resistance. Higher hole percent was good for durability and lower hole percent
was good for resistance. And small diameter of hole is better.
Second, we proved the operation of vertical TFT with mesh type bottom electrode.
Through simulations, we demonstrated how the distribution of electrical potential in active
layer changes. Electrical potential in the active layer is not affected by the hole size in the
micrometer dimension. And even in the upper area of the metal, not in the hole area, it can be
confirmed that the gate field has an influence near the hole. This phenomenon is related to the
thickness of the drain electrode and the active layer. As result of experiment, we confirmed
the operation of vertical TFT with mesh type electrode. And operating mechanism was
analyzed. It was confirmed that the hole size had no significant influence on the electrical
characteristics, and it was confirmed that the hole percentage was slightly influenced in
micrometer dimension. As the hole percent increased, on current slightly decreased and the
on/off ratio also slightly increased. However, electrical characteristics were not as good as
desired. The reason is that the gap between top and bottom electrode is slightly affected by
gate field in micrometer dimension. But nanometer dimension is different. If vertical TFT is
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fabricated in nanometer dimension, gate control area will widen and high hole percent can be
easily controlled. Therefore, if our vertical TFT is fabricated in several hundred nanometer
scale, it has advantage of simple method as well as better electrical characteristics.
Those two suggested structures are simple and use similar fabrication process and
materials of traditional electrical device. It can be applied easily to various devices. So this
study which is the improvement of flexibility for two kinds of experiments major electronic
components, electrode and TFT, will provide guideline for consisting the flexible or fordable
TFT systems in the future.
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요 약 문

응력 완화 구조를 가지는 수직형 박막트랜지스터 시스템 연구

유연한 전자 소자 기술의 개발은 다양한 웨어러블/유연 전자 제품에 필수적이다. 주요 기술적
문제 중 하나는 유연 전자 소자가 물리적 변형에 의해 유발되는 인장 또는 압축 응력에 의해
쉽게 손상되거나 열화 된다는 점이다. 이러한 문제를 해결하는 방법으로는 연성이 좋은 재료를
사용하는 것이 일반적인 방법이다. 그러나 모든 부품에 우수한 연성을 갖는 재료를 사용함으로
써 문제를 해결하는 것은 쉽지 않다. 그러므로 응력이 집중되는 것을 방지하기 위한 응력 완화
구조에 대한 연구가 필요하다. 본 논문에서는 두 가지 주요 전자 소자인 전극과 박막트랜지스터
에 대한 유연성 개선에 대한 연구를 진행했다.
먼저, 기계적인 분야에서 주로 사용되는 응력 완화 홀 및 스톱 홀의 개념을 박막에 적용시키
는 연구를 했다. 마이크로미터 스케일의 다양한 홀 배열 구조를 금속 박막에 적용했으며, 우선
구조적인 변화의 효과를 시뮬레이션을 통해서 분석해보았다. 굽힘 시험 결과 홀 배열 구조의 대
부분은 내피로성 향상에 효과적이었다. 극심한 굽힘 상태에서 홀 배열 구조는 또한 약간의 균열
이 생기고 전파되는 것을 확인할 수 있었다. 홀이 없는 경우에는 균열이 임의로 발생했으나, 홀
배열 구조에서는 균열의 대부분은 홀 근처에서 예측 가능한 형태로 형성 되었기 때문에 삼각형
홀 배열을 사용해서 금속 전극 전체의 파괴를 방지 할 수 있었다.
다음으로 메쉬 하부 전극을 갖는 수직형 a-IGZO 박막트랜지스터에 대한 연구를 진행했다. 수
직형 박막트랜지스터는 채널에 균열이 발생하게 되더라도 전류가 흐르는 경로가 완전히 차단되
지 않기 때문에 유연 전자 소자 관점에서 기존의 박막트랜지스터에 비해 좋은 특성을 가지고
있다. 또한, 수직 TFT 는 짧은 채널 길이를 쉽게 제어 할 수 있기 때문에 높은 on current 로 인
해 다양한 분야에 사용될 수 있다는 장점도 가지고 있다. 그러나 게이트의 전기장은 수직 설계
로 인해 쉽게 차단되기 때문에 트랜지스터 특성이 저하되는 문제가 발생한다. 따라서 본 논문에
서는 모든 층이 수직으로 적층되어 있어도 하부 전극에 의해 차폐되지 않을 수 있도록 메쉬 구
조를 새롭게 제안했다.
먼저 시뮬레이션을 통해 각 층의 홀 크기와 두께에 따른 활성층의 전위 변화를 확인해보았다.
이를 통해서 홀이 뚫려있는 영역이 아닌 금속 전극의 상부 영역에서도 게이트 전기장의 영향을
받는다는 것을 알 수 있었다. 그리고 실험 결과, 메쉬 전극을 이용한 수직형 박막트랜지스터의
동작여부를 확인했다. 마이크로미터 스케일에서 홀의 크기는 전기적 특성에 큰 영향을 미치지
않았으며, 홀이 차지 하는 비율은 약간의 영향을 미쳤다. 그러나 예상보다 전기적 특성이 좋지
않다는 문제점이 발생했고, 시뮬레이션을 통해서 이에 대한 분석을 진행했다. 그 결과, 나노미터
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스케일의 금속 메쉬를 사용하면 금속 상부의 게이트 전기장이 영향을 미치는 면적이 넓어지고,
이로 인해 전기적 특성이 향상 될 것이라는 결론을 얻었다. 따라서 이 논문에서 제안한 구조의
박막트랜지스터를 수백 나노미터 스케일로 제작하면 전기적 특성뿐만 아니라 안정적이고 간단
한 방법으로 만들 수 있다.
이 논문에서 제안된 두 가지 구조인 홀 배열을 가지는 전극과 수직형 박막트랜지스터의 디자
인은 단순하고 일반적으로 널리 사용되는 공정과 재료를 사용하기 때문에, 다양한 유연 소자에
적용할 수 있다는 점에서 큰 의의를 가진다.

핵심어: 유연 전자 소자, 유연 전극, a-IGZO 박막트랜지스터, 수직형 박막트랜지스터;
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아버지, 어머니, 그리고 동생에게 감사의 마음을 전하고 싶습니다. 앞으로도 성장해 나아가며 부
모님께는 좋은 아들, 동생에게는 좋은 오빠가 될 수 있도록 노력하겠습니다.
지도교수님이신 장재은 교수님, 석사 학위 과정 동안의 교수님의 가르침에 감사 드립니다. 교
수님의 지도가 있었기에 연구를 하면서 조금 더 깊게 생각하고 더 넓게 응용할 수 있는 능력을
기를 수 있었습니다. 멀리 떨어진 영국에서도 변함없이 신경 써주시고 지도해주셔서 감사합니
다. 그리고 학위논문 심사를 맡아주신 이윤구 교수님과 이정협 교수님께도 감사 드립니다.
사수 광준이 형, 부족한 점이 많았던 제게 늘 도움 주셔서 감사합니다. 모르는 것이 있을 때
마다 언제나 명쾌하게 알려주셨던 형의 도움이 없었더라면 지금과 같이 논문을 완성하지 못했
을 것입니다.
처음 대학원에 입학해서 아무것도 몰랐던 저를 챙겨주신 승욱이 형, 먼저 다가와서 장비 사용
과 실험에 대해 많은 것을 가르쳐주며 연구실에 적응할 수 있게 도와주신 사수와 다름없었던
병옥이 형, 연구에 서툴렀던 제게 많은 것을 가르쳐 주신 재훈이 형, 2 년동안 생활하면서 동고
동락하며 가장 오랜 시간을 함께 보낸 동기 종현, 현철, 수진, 그리고 졸업 준비에 많은 도움을
준 정희 형에게 감사의 마음을 전하고 싶습니다.
이외에도 여러모로 도움을 준 연구실 선배님들께도 감사를 표합니다.
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