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ABSTRACT (CHINESE)
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Design and Realization of Readout circuit on

Touch Panel in LTPS Technology

Student: Yu-Ta Lin Adyvisor: Prof. Ming-Dou Ker

Department of Electronics Engineering &Institute of Electronics
College of Electrical and Computer Engineering
National Chiao-Tung University

ABSTRACT (ENGLISH)

Low temperature polycrystalline silicon (LTPS) thin-film transistors (TFTs) have
been widely investigated as a-material for portable systems, such as digital camera,
mobile phone, personal digital assistants (PDAs), notebook, and so on, because the
electron mobility of LTPS TFTs is about 100 times faster than that of the conventional
amorphous silicon TFTs. Furthermore, LTPS technology can achieve slim, compact,
and high-resolution display by integrating the driving circuits on peripheral area of the
display. This technology will also become more suitable for realization of
System-on-Panel (SOP) applications.

With SOP technique, circuits for various functions can be integrated on glass
substrate to become value-added displays. Also, the input display technology creates
opportunities for new applications such as a scanner for recording of text or images
for on-line shops and touch-sensing circuits for detecting the position of finger or pen.
Recently, integrating touch panel into glass substrate has attracted much attentions

because of the aforesaid advantages. Touch panels used in mobile applications are
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mainly resistive or capacitive. Although resistive touch panel can achieve low cost
with rarely malfunction, it has some drawbacks including serious glare, low
transmittance, and single touch only. On the other hand, capacitive touch panel can
realize multi-touch functionality easily which allows user to operate information
instruments more intuitively.

Because most LTPS TFTs are based on excimer laser crystallized poly-Si,
random orientation of poly-Si grains, grain size variation, and incomplete termination
of grain boundaries would lead to a quite large threshold voltage variation of TFT
device which contributes to serious impact on the accuracy of analog circuits. In this
work, a new readout circuit for capacitive sensor on glass in LTPS fabrication process
has been proposed. The switch capacitance (SC) technique is used to compensate the
threshold voltage variation effect. Different. values of the sensed capacitance can be
judged by ADC. In this way, the-overall resolution for touch panel can be enhanced

by interpolation method.
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Chapter 1

Introduction

1.1 Motivation
1.1.1 LCD Industry and LTPS Technology [1], [2]

In recent year, the liquid-crystal display (LCD) industry has attracted much
attention in many market areas, e.g. notebook computers, monitors, mobile equipment,
mobile telephones, televisions, and so on. For high-speed communication networks,
the emerging portable information tools are expected to grow in rapid development of
display technologies. Thus, the development of higher specification is demanded for
LCD as an information display dévice. Moreover, the continual growth in network
infrastructures will drive the .demand for displays in mobile applications and flat
panels for computer monitors and TVs. The specifications of these applications will
require high-quality displays that are inexpensive, energy-efficient, lightweight, and
slim.

In past years, amorphous silicon (a-Si) thin-film transistors (TFTs) are widely
used for flat-panel displays. However, the low field-effect mobility (ability to conduct
current) limits their application only as pixel switching devices. Therefore, the
excimer laser annealing (ELA) process is established for manufacturing of
polycrystalline Si (poly-Si) TFTs. The laser annealed polycrystalline silicon has
relatively larger grain size. Thus, it exhibits higher carrier mobility (about 100 times)
than that of a-Si TFTs. Because of the high driving ability of poly-Si TFTs, it allows
the integration of various circuits on panel, for example, integrating the external
driving ICs, which are used for driving the pixel, directly onto the peripheral of the

glass substrate. It yields a lighter and thinner display with a drastic reduction of
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connection pins. It also improves the reliability against the mechanic shock as well as
relaxes the limit in the pitch between connection terminals to be suitable for high
resolution display. Thus, eliminating LSI (large-scale integration) chips for display
drivers will decrease the cost and thickness of displays for various applications.
Moreover, high driving ability of poly-Si can provide larger aperture ratio because
poly-Si TFTs can drive the same current as a-Si TFTs but only occupy small space.
There are high-temperature and low-temperature poly-Si (HTPS and LTPS)
TFTs, defined by the maximum process temperature they can withstand. The process
temperature for high-temperature poly-Si can be as high as 900°C. Hence, expensive
quartz substrates are required, and the profitable substrate size is limited to around 6
inch (diagonal). Typical applications in such size are limited to small displays. On the
other hand, the process temperature for low-temperature poly-Si (LTPS) TFTs is less
than 600°C, which would allow:the use of low-cost glass substrates. This makes
direct-view large-area displays possible—for. example, UXGA (ultra extended
graphics array) monitors of up to 15.1 inch (diagonal) with a resolution of 1600 x
1200 pixels. For this reason, LTPS technology has been applied successfully to not
only small-sized displays, but also medium- and large-screen products. It is the base

for high performance TFTs for active matrix liquid crystal displays.

1.1.2 The Advantages of the System-on-Panel LTPS TFT-LCD Displays [4], [5]
Forming a part of display circuits on the glass substrate in LTPS TFT technology
has been put into practical use as a compact, high reliable, high resolution display.
Because of these properties, LTPS TFT-LCD technology is widely used for mobile
displays. Fig. 1.1 shows the system integration roadmap of LTPS TFT-LCD [3].
System-on-Panel (SOP) displays are value-added displays with various

functional circuits, including static random access memory (SRAM) in each pixel,
~2~



integrated on the glass substrate. Fig. 1.2 shows the basic concept of pixel memory
technology. When SRAMs and a liquid crystal AC driver are integrated in a pixel area
under the reflective pixel electrode, the LCD is driven by only the pixel circuit to
display a still image. It means that no charging current to the data line for a still image.
This concept is more suitable for ultra low power operation.

Eventually, it may be possible to combine the keyboard, CPU, memory, and
display into a single “sheet computer” [7]. The schematic illustration of the “sheet
computer” concept and a CPU with an instruction set of 1-4 bytes and an 8-bit data
bus on glass substrate are shown in Fig. 1.3, respectively [1], [6]. Fig. 1.4 shows the
roadmap of LTPS technologies leading toward the realization of sheet computers.
Finally, all of the necessary function will be integrated in LTPS TFT-LCD and the

actual operation of 50MHz with I-pm design. will be realized near future [7].
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Figure 1.1 System integration roadmap of LTPS TFT-LCD [3].
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Figure 1.3 (a) The schematic illustration of the “sheet computer” concept and (b) a

CPU with an instruction set of 1-4 bytes and an 8-bit data bus on glass substrate [6].
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computers [7].

The distinctive feature of the LTPS TFT-LCD is the elimination of TAB-ICs
(integrated circuits formed by means of an interconnect technology known as
tape-automated bonding). Therefore, the reliability and the yield of the manufacture
of high-resolution displays, and more flexibility in the design of the display system,
can be further achieved. “LTPS TFIs ecan be wused to manufacture
complementary-metal-oxide semiconductor (CMOS) devices in the same way as in
crystalline silicon-metal-oxide semiconductors field-effect transistors (MOSFETS).
Fig. 1.5 shows the cross-sectional structure of p-channel and n-channel TFTs in an

LTPS process, where the n-channel TFT has a lightly doped drain (LDD).

Passivation

Signal Line

Insulator
Gate S|02 ] ]
% 7

I I
A
Source

4
7
Drain Source Drain

Undercoat
p-channel TFT n-channel LDD TFT
Figure 1.5 Schematic cross-section view of the structure of a LTPS complementary
metal oxide semiconductor (CMOS). LDD = lightly doped drain.
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For a-Si TFT-LCDs, TAB-ICs are connected to the left and bottom side as the Y
driver and the X driver, respectively. Integration of the Y and X drivers with LTPS
TFTs requires PCB (printed circuit board) connections on the bottom of the panel
only. The PCB connection pads are thus reduced to one-twentieth the size of those in
a-Si TFT-LCDs. The most common failure mechanism of TFT-LCDs, disconnection
of the TAB-ICs, is therefore decreased significantly. For this reason, the reliability
and yield of the manufacturing can be improved. Decreasing the number of TAB-IC
connections also achieves a high-resolution display because the TAB-IC pitch
(spacing between connection pads) limits display resolution to 130 ppi (pixels per
inch). A higher resolution of up to 200 ppi can be achieved by LTPS TFT-LCDs.
Therefore, the SOP technology can effectively relax the limit on the pitch between
connection terminals to be~suitable for high-resolution display. Furthermore,
eliminating TAB-ICs allows ‘more flexibility in the design of the display system
because three sides of the display are now free of TAB-ICs [1]. Fig. 1.6 shows a
comparison of a-Si and LTPS TFT-LCD modules. The 3.8” SOP LTPS TFT-LCD

panel has been manufactured successfully and it is shown in Fig. 1.7.

illntegrated driver

-------------------------------------

(]
[ H . 0
0 gug,—o

Figure 1.6 Comparison of (a) an amorphous silicon TFT-LCD module and (b) a

low-temperature polycrystalline silicon TFT-LCD module.
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Figure 1.7 The comparison of new SOP technology product and conventional product.

1.1.3 Future Applications of “Input Display” [7]

The integration of input display function in LTPS TFT-LCD technology is
required since SOP can make circuit slimmer and more compact. The input display
technology opens opportunities for new applications for personal and business use.
The new technology can be applied to diverse products, from cellular phones to
personal computers.

The full scope to our imagination concerning future use of “Input Display” is
shown in Fig. 1.8. The applications for “Input Display” include recording of text or
images for on-line shopping, a scanner device saving personal data and images to a
computer, auto-power control with photo-sensor suitable for extremely low power
cellular phone, name card reading system, scanner detected by the photo sensor or
ambient light sensor to detect the position of finger or pen for some touch-sensing,

and so on.
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Figure 1.8 Future applications of “Input Display™ [7].

1.1.4 Summary

According to above discussion, it can be seen that the integration of the input
display function is developed and the fabrication cost will gradually be lowed as SOP
will be implemented step by step in the future. Such integration technology
contributes to shorten the product lead-time because lengthy development time of ICs
can be eliminated. Actually, this integration level has been proceeding from simple
digital circuits to the sophisticated ones.

Touch panel is one of the most important “Input Display” applications. It has
been implemented on glass substrate for years. However, the relative control ICs are
usually fabricated in silicon CMOS technology for its low malfunction and high
stability. In this thesis, an on-panel analog readout circuit for capacitive sensor with

LTPS technology is proposed. With the integration of ADC in LTPS process, 4-bit
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resolution can be achieved, i.e. four different sensed capacitance values can be
distinguished, to enhance the overall resolution for touch panel by using the
interpolation method. The proposed circuit has been designed and realized in a 3-pum

LTPS process.

1.2 Background Knowledge of Thin-Film Transistors LCD
1.2.1 Brief Introduction of Liquid Crystal Displays [8], [9]

A liquid crystal display (LCD) is an electronically-modulated optical device
shaped into a thin, flat panel made up of any number of color or monochrome pixels
filled with liquid crystals and arrayed in front of a light source (backlight) or reflector.

The incident light can be modulated through the liquid crystal as shown in Fig.
1.9. There are two perpendicular polarizer. filled with liquid crystal molecule. In
general, the first polarizer of a couple of polarizers is called polarizer and the second
polarizer of these is called analyzer. The light can be blocked by a couple of
polarizers with 90° phase error, is'shown in Fig: 1.9 (a). If we twist the liquid crystal
molecule by applying the specific electric field across it, the light still can pass the
polarizer. This is because the direction of liquid crystal molecules varies with electric

field and it can guide the light along the long axis, shown in Fig. 1.9 (b).

=

(a)




= A
o -

(b)

AN

Figure 1.9 (a) A couple of polarizers with 90° phase error. (b) A couple of polarizers
with liquid crystals [10].

The twisted nematic (TN) device is the most common liquid crystal device and
its structure is shown in Fig. 1.10. A structure of TN-LCD consists of a pair of
polarizer to block the incident light, a pair of transparent electrode to modulate the
liquid crystal molecule phase, and'a pair rof orientation layer which is also
perpendicular to each other so'the liquid crystal molecules arrange themselves in a
helical structure, or twist.

The optical effect of a twisted .nematic device in the voltage-on state is far less
dependent on variations in the device thickness than that in the voltage-off state.
Therefore, these devices are usually operated between crossed polarizers such that
they appear bright with no voltage. These devices can also be operated between
parallel polarizers, in which case the bright and dark states are reversed.

Fig. 1.10 (a) shows a pixel of a transmissive twisted nematic LC-cell with no
voltage applied. The backlight f passes the polarizer a. The light leaves it linearly in
the direction of the lines in the polarizer, and passes the glass substrate b, the
transparent electrode ¢ out of Indium-Tin-Oxide (ITO) and the transparent orientation
layer g. In this case, the analyzer is crossed with polarizer. The light can pass the
analyzer without applied voltage due to the twisted nematic LC-cell and the pixel

appears white. If the applied voltage is large enough as shown in Fig. 1.10 (b), the
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liquid crystal molecules in the center of the layer are almost completely untwisted and
the polarization of the incident light is not rotated as it passes through the liquid
crystal layer. This light will then be mainly polarized perpendicular to the second
filter, and thus be blocked and the pixel will appear black. By controlling the voltage
applied across the liquid crystal layer in each pixel, light can be allowed to pass
through in varying amounts thus constituting different levels of gray.

This operation is termed the normally white (NW) mode. On the contrary, if the
analyzer is rotated by 90°, paralleled with polarizer, the light is blocked in the

analyzer. The pixel is black. This is called the normally black (NB) mode.

Viewing direction

g

Light passes

| Lightis
ov Vi &30y Pitckad
(a) €— d—| (b)

L — —

Lo —

Figure 1.10 The structure of a TN-LCD (a) while light is passing, and (b) while light
is blocked. a: polarizer; b: glass substrate; c: transparent electrode, d: the distance

between orientation layers, e: liquid crystal, f: backlight, and g: orientation layer [8].

1.2.2 Liquid Crystal Display Module Structure

The cross section structure of TFT-LCD panel is shown in Fig. 1.11 particularly.
It can be roughly divided into two part, TFT array substrate and color filter substrate,
by liquid crystal filled in the center of LCD panel. We still need a backlight module

including an illuminator and a light guilder since liquid crystal molecule cannot light
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by itself. However it usually consumes the most power of the system, some
applications such as mobile communications try to exclude or replace it from the
system. There consists of a polarizer, a glass substrate, a transparent electrode and an
orientation layer in TFT array substrate. In color filter substrate, it is composed of an
orientation layer, a transparent electrode, color filters, a glass substrate and a polarizer.
Most transparent electrodes are made by ITO, and they can control the directions of
liquid crystal molecules in each pixel by voltage supplied from TFT on the glass
substrate. Color filters contain three original colors, red, green, and blue (RGB). As
the degree of light, named “gray level”, can be well controlled in each pixel covered

by color filer, we will get more than million kinds of colors.

BLACK MATRIX 1 [GLASS SUBSTRATE

POLARIZER . |
COLOR FILTER S — ‘ —— Polarizer
COAT. \
o I CF (Color
LIQUID CRYSTAL Filter)
_GLASS SUBSTRATE R LC Cell -—Module
- ; (Panel)
- yy A
I ' » ———— Polarizer ———
| — & q
3 . BackLight — |
+ PCB
ALIGNMENT FILM
— (POLYIMIDE)
; [ - [
Lcerr | DIFFUSER LLIGHT GUIDE | REFLECTOR  POLARIZER 1pangisTORITFT)

Figure 1.11 The cross section structure of TFT-LCD panel.

1.3 Thesis Organization

The overview of touch panel technology is discussed in chapter 2. The concept
and simulation results of the proposed readout circuit are discussed in chapter 3. Then,
the proposed circuit which is fabricated on the glass substrate in 3-um LTPS process
is measured and discussed in chapter 4. In the last chapter, the conclusions of this

thesis and the future work are stated.
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Chapter 2

Overview of Touch Panel Technology

Because touch panel applications allow user to operate instrument directly, it has
been one of the most popular electronic consuming products. In this chapter, several

different types of touch panel are introduced.

2.1 Resistive Touch Panels
2.1.1 4-wire Resistive Touch Panels [11], [12]

The structure of 4-wire resistive touch panel consists of two transparent layers
coated with a conductive material stacked on top of each other as shown in Fig. 2.1. A
dot spacer layer is added to separate the top and bottom layer to avoid a malfunction
caused from short circuit current in non-touch situation. When pressure is applied on
the screen, the top layer makes contact with lower layer. As shown in Fig. 2.2, the
coordinate of touch panel can be distinguished by applying the voltage to one layer
first and judge whether it is touched or not by reading the voltage of the other layer.
The two resistive lines represent the equivalent model of the top and bottom ITO. The
general operation principle of 4-wire resistive touch panel is that the top layer is
responsible for reading the x coordinate; on the other hand, the bottom layer is
responsible for reading the y coordinate. Two conductive lines are added in the
peripheral area of ITO glass and ITO film. A fixed voltage is set to these lines
respectively to create a uniform electrical field (normally +5V and OV). Fig. 2.3
shows the process of reading the coordinate of touching position. At first, the two
conductive line of top layer are connected to +5V and OV respectively. When the
panel is touched, according to different touch position, the voltage of bottom layer

will be set to different voltage. Depending on the voltage read out from bottom layer,
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the touch position on Y axis of panel can be calculated by the formula:

Vi
el .1

where Y, is the touch position on Y axis of panel, V is the voltage read out from
bottom layer, V. is a fixed voltage connected to the conductive line of top layer, and
L, is the length of panel.

Following this rule, the touch position on X axis of panel can be obtained by
setting the voltage of conductive lines of bottom layer and read out the voltage from

top layer. The touch position on X axis of panel can be expressed as:

Vy
Xt = * Wx , (2.2)

cc

where X; is the touch position on X axis of panel, Vy is the voltage read out from top
layer, and Wy is the width of panel.

These signals of touch position (Xg, Y;) will. be transformed into digital signals by
controller and then transfer this digital information to host to give user a correct

response.

Figure 2.1 The structure of 4-wire resistive touch panel [11].
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Figure 2.2 The equivalent model for resistive touch panel in no touch and touch event
[12].
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Figure 2.3 The reading process of 4-wire touch panel [12].

2.1.2 5-wire Resistive Touch Panels [13]

The basic structure of 5-wire resistive touch panel is similar with 4-wire resistive
touch panel. The major difference between them is that 5-wire resistive touch panel
only uses one layer (top or bottom) to calculate the touch position and 4-wire resistive
touch panel uses one layer to calculate X coordinate and the other one to read Y

coordinate. 5-wire resistive type touch panels are generally more durable than 4-wire
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resistive type. Although clarity is less than other touch panel types, resistive screens

are very durable and can be used in different operating environments.

2.2 Capacitive Touch Panels
2.2.1 Surface Capacitive Touch Panels [14]

Surface capacitive touch panels are made up with a glass layer coated with a
uniform conductive material. Compared with resistive type touch panels, using very
thin indium tin oxide as the conducting material can achieve higher clarity since it is
transparent and colorless. Each side of the touch panel maintains a precisely
controlled electron in the horizontal and vertical directions which set up a uniform
electric field across the conductive layer. As human fingers or other conductive
objects touch the panel, a small transport.of charge is from the electric field of the
panel to the field of the touching object as.shown in Fig. 2.4 and current is drawn
from each corner of the panel meanwhile. This process is measured with sensors
located in the corners, and a microprocessor interpolates an exact position of the
touch object based on the values measured. Panels based on surface capacitive

technology can provide a high accuracy to detect position.
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then using interpolation method to a ul at e exact finger position. Currently, the
sensor line layout in diamond shapes for conductive sensors, which are made up with
indium tin oxide (ITO) to enhance the sensed touching capacitance. The sensor layout
pattern is shown in Fig. 2.5.

The A sensors in Fig. 2.5 are connected vertically and responsible for sensing the
X-axis of the touch panel. The B sensors are connected horizontally and responsible
for sensing the Y-axis of the touch panel. The circle spot in this figure represents for
the finger position. The bars represent the change in capacitance when the touch panel
is touched by conductive objects. The length of these bars is directly dependent on the
thickness and dielectric of the protective touch panel cover, which affects resolution

directly.
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Figure 2.5 The configuration
event [15].

Patterned Signal ITO
‘Adhesive (0.1mm, Er = 3)

ITO Substrate (0.5mm, Er = 6)

/ Airgap (0.3mm, Er = 1)

*Sheet ITO (Shield)

*Shield is used when the air gap is smaller than 0.3mm

Figure 2.6 Typical touch panel stack up for projected capacitive touch panel.

Fig. 2.6 shows the typical stack up of touch panel. The air gap helps eliminate
radiated noise which is coupled from the LCD since its relative dielectric is about
three times less than the adhesive. Additionally, adding the shield layer (sheet ITO)
can eliminate noise coupling, reduce most parasitic capacitance, and boost the overall

induced capacitance owing to the touch objects. The protective touchscreen cover is
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typically chosen as high quality optical plastic or glass. This layer impacts the
resolution for touch panel applications directly.

The patterned signal ITO panel can be modeled as a lumped distributed series
RC line as shown in Fig. 2.7. After the touchscreen XY dimensions are judged, this
lumped model can be further simplified into a simple RC circuit which represents the

total capacitance and resistance of the touchscreen as shown in Fig. 2.8.

Figure 2.7 The equivalent distributed RC model of patterned ITO.

- AVAVA
R ¢

1
1

Figure 2.8 The equivalent simplified RC model of patterned ITO.
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2.3 Other Touch Panels
2.3.1 Surface Acoustic Wave (SAW) Touch Panels [16]

The configuration of surface acoustic wave touch panel, which uses a substrate
to propagate surface acoustic wave, is shown in Fig. 2.9. The acoustic wave signals
propagate in the predetermined path. When a touch event happens, it will contribute
to amplitude damping on the passing wave. The level of damping is relative to the

touch pressure.

’ o J — |j-54
'_J__ér_:_:[_ Ri G2 120 LPa S3 —_—’"}____
]

T/T2 |-Sg I AMP |
48~ swiTtcH | L AM DET. 140
1 y
CONTROL CONTROL
SYSTEM 10 | | SYSTEM 10

Figure 2.9 The configuration of surface acoustic wave touch panel [16].

2.3.2 Infrared (IR) Touch Panels [17]
The infrared touch panels consist of two transmitter and receiver pairs as shown
in Fig. 2.10. The transmitter is made up with infrared LED and the receiver consists of

photodetector. These two pairs are in charge of detecting X-axis touch position and
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Y-axis touch position respectively. When objects (conductive or insulating) touch the
panel surface, the signal emitted by the transmitter will be blocked off. Depending on
whether the signal achieves receiver or not, whether the panel is touched can be

known and further know the exact touch position.
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4 S O
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Figure 2.10 The configuration of infrared touch panel [17].
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Chapter 3

On-Panel Readout Circuit for Capacitive Touch

Panel

3.1 Introduction

Low temperature poly-silicon (LTPS) thin-film transistors (TFTs) have been
widely applied in the active-matrix liquid crystal display (AMLCD) to integrate
analog and digital circuits on glass. Through LTPS TFTs process, the circuits in
CMOS process like driving circuits, analog-to-digital converters (ADC), timing
controller etc. on the peripheral area of display can be integrated to glass substrate to
achieve slim, compact, and high-tesolution display. The characteristics of poly-Si TFT,
such as high carrier mobility, low:threshold veltage; high stability, and high reliability,
are required to fulfill the SOP application [18], [19].

Nowadays, touch panel becomes more and more popular for its simplicity and
direct interaction with consumer electronics applications such as satellite navigation
devices, mobile phone, personal digital assistants (PDAs), notebook, and so on.
Therefore, integrating touch panel into glass substrate has attracted much attention in
last few years.

Touch panels utilized in consumer electronics applications are mainly resistive or
capacitive. Resistive touch panel delivers cost-effective, consistent and durable
performance in environments. Disadvantages of resistive technology include serious
glare, low transmittance and single touch only. On the other hand, capacitive touch
panel can realize multi-touch functionality easily which allows user to operate
information instruments more intuitively [20], [21]. In [22], one on-panel readout

circuit for touch panel application has been proposed with minimum detectable
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voltage difference of the proposed circuit is 30 mV. The switch-capacitor (SC)
technique is applied to enlarge the voltage difference from the capacitance change of
touch panel and the corrected double-sampling (CDS) technique is also employed to
reduce the offset owing to process variation.

However, in LTPS TFTs process, it bases on excimer laser crystallized poly-Si
which contributes to random orientation of poly-Si grains, grain size variation, and
incomplete termination of grain boundaries. These characteristics usually accompany
a random device-to-device threshold voltage variation on panels which result in
serious impacts on the accuracy of analog circuits [23], [24].

In this work, a new readout circuit for capacitive sensor on glass has been
designed and verified in 3-um LTPS process [25]. The threshold voltage variation can
be compensated by employing switch capaciter technique. A 4-bit analog to digital
converter suitable for LTPS ‘process is added to judge different value of sensed
capacitance. In this way, the overall reésolution for touch panel can be enhanced by

interpolation method.

3.2 Circuits Implementation and Simulated Results

3.2.1 Equivalent Model of Capacitive Sensor Line

A capacitive touch panel produced in LTPS process consists of an insulator
glass, coated with a transparent conductor indium tin oxide (ITO). When the
conductive objects such as finger or metal stylus touch the surface or panel, it will
contribute to a small voltage change on the panel surface and can be regarded as a
signal to distinguish whether the panel is touched or not. The equivalent model of the
capacitive sensor on the 2.8 inch panel line provided by foundry is shown in Fig. 1

with the total resistance of 150k€ and total capacitance of 100pF. The fanout is the
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equivalent parasitic RC of interconnect line between the sensor line to the output node
Fin. In order to detect the capacitance change in sensor line, the total sensor line is
pre-charged to the supply voltage (VDDA). When the conductive objects touch the
surface of touch panel, an additional touch capacitance (Ct) is formed and connected
to the equivalent RC circuit. The charge on sensor line will share charge with Ct and
results in a voltage variance on the node Fin. After the charge sharing process, the

final value of VFin can be expressed as:

VFin = ¢l vppa 3.1
Ctotal + Ct

where Ctotal = 100pF and VDDA= 15V.

Because the value of Ct s around few pF for different finger touch area, it
contributes to a voltage change from ten to hundred mV under VDDA=15V on the
total sensor line. The readout circuit.is needed to amplify the signal for the process of

following stages. Furthermore, the value of Ct is dependent on the distance between

VDDA
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Figure 3.1 Equivalent model of the capacitive sensor line on a 2.8 inch touch panel.
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touch position and sensor line. Since different Ct leads to different VFin, if the value
of Ct can be known, interpolation method can be applied to calculate the touch
position when the conductive object touches the position between two sensor lines.
The proposed readout circuit with 4-bit ADC can distinguish the difference between
Ct and further enhances the overall resolution for touch panel.

In LTPS TFTs process, it bases on excimer laser crystallized poly-Si which
contributes to random orientation of poly-Si grains, grain size variation, and
incomplete termination of grain boundaries. These characteristics usually accompany
a random device-to-device threshold voltage variation on panels which result in
serious impacts on the accuracy of analog circuits [23], [24].

The threshold voltage variation impacts have been investigated in many aspects.
In [23], this paper investigates the threshold veltage variation effect on output buffer.
Without accurate threshold voltage; the common-mode of output voltage may change
in a large-scale and further impact the operation of following stage.

Besides, [24] shows the impact of threshold voltage variation on gate-bias. If the
threshold voltage may vary, the generated current will be different between TFTs even
if the gate-bias is the same. Therefore, a threshold voltage compensation skill is

needed to avoid these serious impacts on analog circuit.

3.2.2 Design of On-Panel Readout Circuit and Simulated Results

To compensate the impact of threshold voltage variation, a new readout circuit of
capacitive sensor suitable for LTPS process has been proposed. The block diagram of
the new proposed readout circuit is shown in Fig. 3.2 which consists of a
transconductance amplifier, current integrator and a 4-bit ADC [26].

In the first stage, the input voltage is transformed into the current Iint which

equals to VFinxGm by the transconductance amplifier (Gm amplifier). Secondly, the
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current [int is converted into voltage Vo by charging the current integrator. The Vo can

be expressed as:

Vo=[K+I,dt, (3.2)

where K is a constant.

Since Iint is a function dependent on VFin and Vo is proportional to the
integration of current lint, from the equation above, the input signal will be amplified
as time goes by. In addition, with 4-bit ADC, the proposed circuit can judge the

different VFin caused by different touch position.

—o Vout1
—o Vout2
—o Vout3
—o Vout4

Fin o—
4bit-ADC

Figure 3.2 Block diagram of the new proposed capacitive touch panel readout circuit

with 4-bit ADC.
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Figure 3.3 Schematic of proposed readout circuit with threshold voltage compensation

and its timing chart.

Fig. 3.3 shows the new proposed capacitive touch panel readout circuit with its
timing chart. The circuit consists of five pTFT devices, one nTFT device and a
loading capacitance Cout. MI1~M5 are switches and M6 is in the charge of
transconducting voltage into current as a Gm amplifier. The timing chart consists of
three periods: (1) compensation period, (2) reset period, and (3) amplification period.
In the compensation period, M2, M3, M5, and M6 are switched on. The node Va is
charged by the supply voltage VDDA until M6 is in cut-off region. The voltage
difference between the source and gate of M6 equals to the threshold voltage of M6
(Vth6). In the meanwhile, the node Vc is set to the supply voltage VDDA. The
voltage difference between node Va and Vc is stored on capacitor C1. In the reset

period, M2 and M5 are switched off as well as M1 is switched on. Therefore, the
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output voltage Vo is discharged to ground by M1 and the node Va maintains the same
voltage (VDDA-IVth6l). During the amplification period, the node Fin is connected to
node Vc, dropping a voltage (AV) which equals to the voltage difference between
VDDA and VFin. Because of the charge conservation at the node Va, the voltage of
node Va also drops AV and becomes equal to (VFin-I[Vth6l). In addition, node Va
should be discharged to ground in every cycle to guarantee that VDD-IVth6l can be
stored at the node Va successfully. If node Va is initially larger than VDDA-|Vth6l, the
compensation operation doesn’t work because M6 turns off. The basic current formula

of TFT device can be expressed as following equation:

I :Eﬂocox(l Ves i =1V, I)z
2L , (3.3)

where U is the carrier mobility, L denotes the effective channel length, W is the
effective channel width, Cox is the gate oxide capacitance per unit area, Vth is the
threshold voltage of TFT device. The current of M6 in the amplification period is

shown in equation (4):
w . \2
I,c= Zﬂoc"x (VDDA —VFin)", (3.4)

This current is not relevant to the threshold voltage of TFT device. Using the
compensated current charges the loading capacitor Cout which can be regarded as
current integrator, the impact of threshold voltage variation on the output voltage Vo
can be reduced as shown in Fig. 3.4. Because the range of threshold voltage variation
cannot be provided by the foundry, the +50% threshold voltage variation is applied

according to [27], [28] in Fig. 3.4. The output voltages Vo for proposed circuit with
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threshold voltage compensation are almost the same. Compared to the readout circuit
without threshold voltage compensation, the current lint variation in amplification
period can be reduced from 3120% to 29.3%. In additional to the threshold voltage
variation, +50% mobility variation is also simulated in the proposed circuit in Fig. 3.5.
The output voltages Vo of proposed circuit with mobility variation shows larger
variation compared with that in Fig. 3.4 and the current lint variation in amplification

period can reduced from 3550% to 33%.
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Figure 3.4 Simulated results of the proposed readout circuit for capacitive sensor (a)
without threshold voltage compensation and (b) with threshold voltage compensation

under different threshold voltage.
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Figure 3.5 Simulated results of the proposed readout circuit for capacitive sensor with

threshold voltage and mobility (Wp) variation (a) without threshold voltage

compensation, and (b) with threshold voltage compensation.
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3.2.3 Switch Design
In the proposed circuit, many switches are used to control the circuit operation.
The detail design is considered in this subchapter. Charge injection and clock

feedthrough effects are discussed.

Charge Injection [31]

The conduction of MOS is based on the existence of a channel. When the gate of
MOS is biased at an appropriate voltage, for NMOS, many electrons (or holes for
PMOS) are attracted to the oxide-silicon surface and the channel is formed to conduct
the current from the source to drain. The effect of charge injection is shown in Fig. 3.6.

Assuming Vin=Vout, the total charge Q. in the inversion layer can be expressed as:

Qch = WLCM (VDD —V. _‘/rh) 5 (35)

where W represents the width of MOS devise, L 'denotes the effective channel length,
Cox is the gate oxide capacitance per unit area, and VDD is the voltage level when
clock is ‘1’. When the MOS switch is turned off, half of the charge will inject to both

the source and drain terminal contribute to an error voltage equals:

_ WLCU,\'(VDD - ‘/m - ‘/I/I)
2Cu

AV.

) (3.6)

where the Cy represents the output capacitance.
However, in real circuit, this charge which injects to the source and drain
terminal is not exact half of the channel charge. It depends on the impedance of both

sides. If the impedance of one side is approximately infinite, total channel charge will
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flow to the other side.

Figure 3.6 Charge injection effect when a switch turns off.

Clock Feedthrough [31]

In additional to the error eaused from charge injection, the MOS switch couples
the gate clock through the gate-drain and gate-source overlap capacitance and further
contribute to an another type error term. As shown in Fig. 3.7, this error can be

expressed as:

A‘/Lf = VCK& N (37)
WC..+ Cx

where C,, is the overlap capacitance per unit length.

This kind of error can be viewed as a constant offset if C,, is constant. Because it
is independent of input level, post-calibration can be applied to cancel this offset
perfectly. Besides, clock feedthrough is a trade-off between speed and precision. The
response time of touch panel is in millisecond order which is a slow process. Hence,

the clock feedthrough effect is not obvious in circuit of touch panel.
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Figure 3.7 Clock feedthrough effect when a switch turns off.

Based on the formula mentioned above, both errots are proportional to the length
and width of MOS switch. Therefote,in the proposed circuit, the switch is designed
with the minimum width 3um and'minimum length 3pum. Although the smaller size of
MOS devices will result in slower operation speed for circuit, the demand for touch

panel response time is between tens Hz which is not a quite high value.
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Figure 3.8 Circuit configuration of A/D converter.

Fig. 3.8 shows the configurationof ADCsuitable for LTPS technology [29], [30].
Again, the switch capacitor technique is applied to cancel the influence of threshold
voltage variation of TFT device.  All switches are controlled by the clock signals
CLKS5 or CLK6. The circuit operation has two steps, (1) storing the logic threshold
voltage Vth,log on capacitor and (2)'compensating Vth,log and comparing Vo with the
reference voltage. At first, CLK6 is set to high and the difference between logic
threshold voltage Vth,log of inverter and Vref is stored on the capacitor C2. In the
comparison period, CLK®6 is switched to low and CLKS is set to high. Due to charge
conservation, the input voltage of inverter becomes (Vo+Vth,log-Vref). Two inverter
stages as buffer are added to guarantee full-swing of the output voltage.

Furthermore, this circuit also has immunity from threshold voltage variation
since the Vth,log is cancelled by storing itself on C2. Four-bit resolution is achieved
by using four same ADC structure with different reference voltages Vrefl~Vref4 as
shown in Fig. 3.9. Fig. 3.10 shows the simulated result of the proposed circuit under

the non-touch event with the digital output code of ‘1111°. Fig. 3.11 shows the
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simulated results of the proposed readout circuit under different Ct. The digital code
of ADC presents ‘1110,” ‘1100, ‘1000,” and ‘0000’ under Ct = 1pF, 2pF, 3pF, and
>3pF, respectively. Depending on the digital bits of Vout, different touch position
between two sensor lines can be judged by interpolation method and the overall

resolution for touch panel can be enhanced.
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Figure 3.9 The 4 bits on-panel readout circuit of capacitive sensor suitable for LTPS

process.
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Figure 3.10 The simulated result of the proposed circuit under the non-touch event

with the digital output code of ‘1111

The number of sensor linesyon panel is-limited."If the readout circuit can only
distinguish whether the panel is touched or not, when the area between two sensors
lines is touched, this kind of circuit cannot judge the correct position but choose one
sensor line as the touched side. If the readout circuit can distinguish the different
capacitance value due to different touch area, the interpolation method can be utilized
to identify the more accurate position without more sensor lines and further to
enhance the resolution for touch panel applications. The method for extracting touch
position has been shown in Fig. 3.12. As shown in Fig. 3.12, when the touch position
is between two sensor lines, the approximate touch position can be calculated by the
equation:

a

Y=Y+ Wy

C+C (3.8)

where Y, is the touch position, Y is the position of sensor line 1 (SL1), C, and Cy, are
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the induced capacitance between touch object and sensor line, and Wy is the distance

between two sensor lines. Since C, and C, can be judged by digital codes, more

output bits from ADC can gain the higher resolution for touch panel applications.
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Figure 3.11 The simulated results of the proposed readout circuit with (a) Ct = 1pF

(digital output code: ‘1110°), (b) Ct = 2pF (digital output code: ‘1100’), (c) Ct = 3pF

(digital output code: ‘1000’), and (d) Ct > 3pF (digital output code: ‘0000°).
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Figure 3.12 The diagram of panel touched by finger.

3.3 Summary

An on-panel readout circuit for capacitive sensor has been designed and
simulated. Using the proposed-threshold voltage compensation technique, the output
current can be reduced from 3120% to29.3%. With 4 bits ADC, 4 different
capacitances can be sensed. The interpolation method can be utilized to enhance the

resolution for touch panel applications.
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Chapter 4

Measured Results of On-Panel Readout Circuit

for Capacitive Touch Panel

4.1 Measurement Setup

The new proposed circuits have been designed and fabricated in a 3-um LTPS
technology. The layout view of proposed circuit has been shown in Fig 4.1. Fig. 4.2
shows the die photo of the fabricated readout circuit with Indium Tin Oxide (ITO) on
glass substrate, where the ITO is utilized to verified the sensor line. When the finger
touches the ITO, the touched area between ITO and finger results in capacitance
change on the sensor line. The larger area.is.touched the larger capacitance change on
the sensor line. The ITO is drawn with the €quivalent resistance of 150 k€ in the
square form instead of a line in Fig. 4.2 due to the limitation of layout area in the
experimental chip. The area of ITO is 1020 um x 2770 um and the area of on-panel
readout circuit with threshold voltage compensation is 515 um x 930 um. Fig. 4.3
shows the fabricated circuit on glass substrate to verify the readout function of the
proposed circuit, when the ITO on the glass substrate is touched by a finger. The 4-bit
digital output code is utilized to identify the different touch area and to enhance the
resolution of the touch panel. The measurement setup is shown in Fig. 4.4, where the
touch capacitance Ct is measured by precision LCR meter of Agilent 4284A, CLK1 to
CLKG6 are given by Keithley 4200 dual pulse generator, power supply is GPS 4303
DC power supply and the output waveforms are observed by SDO603A oscilloscope.
The touch capacitance (Ct) is measured by Agilent 4284A. Through connecting the
two ports of one stand-alone ITO, which is especially designed to be touched for

capacitance measurement with this instrument, the change of capacitance of ITO can
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be detected. Therefore, the touch capacitance value with different touch area can be

also detected.

Readout 4-bit ADC
Circuit

Figure 4.1 The layout view of proposed circuit.
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Figure 4.2 The die photo of the fabricated readout circuit with Indium Tin Oxide (ITO)

on glass substrate. LAl

Fabricated
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Figure 4.3 The fabricated circuit on glass substrate to verify the readout function of

the proposed circuit.
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Figure 4.4 The fabricated circuits on glass substrate to verify the readout function of

the proposed circuit and its corresponding measurement setup.

4.2 Measured Results

The fabricated readout circuit is_first verified with the externally applied input
signals (VFin). Fig. 4.5 shows the measured result of the fabricated circuit under
non-touch event (Ct = OpF), where the digital output code is ‘1111.” Fig. 4.6 shows the
measured results of the fabricated circuit under different Ct. The digital output code
shows ‘1110,” ‘1100, ‘1000,” and ‘0000’ under Ct = 1pF, 2pF, 3pF, and >3pF,

respectively.
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Figure 4.6 The measured results of the fabricated readout circuit verified with the Ct
of (a) 1pF (digital output code: ‘1110%), (b) 2pF (digital output code: ‘1100’), (c) 3pF
(digital output code: ‘1000), “and (d) >3pF (digital output code: ‘0000’). The

corresponding digital codes can be successfully generated at the output Voutl, Vout2,

Vout3, and Vout4.

After the successful verification of readout function, the fabricated chip is
measured by the different touch area of the finger with a 100-pF capacitor connected
to the VFin node, which is used to simulate the touching event modeled in Fig. 3.1.
The different digital output codes are confirmed according to the different touch area
of ITO. Fig. 4.7 shows the measured result of the fabricated circuit under non-touch
event, where the digital output code is ‘1111.” Fig. 4.8 shows the measured results of
the fabricated circuit under different touch area. The digital output code shows ‘1110,’

‘1100,” ‘1000,” and ‘0000 when the touched area by finger is covered with less than
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1/4, 1/2, 3/4, and full of the ITO area, respectively. By further analyzing the 4-bit
digital codes, the corresponding functions, such as zoom in, zoom out, move, and so
on, can be performed on the touch panel by the appropriate algorithm of software in

the system.
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Figure 4.7 The measured result of the fabricated circuit under non-touch event.
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Figure 4.8 The measured results of the fabricated readout circuit under the touched
area by finger covered with (a) less than 1/4, (b) 1/2, (¢) 3/4, and (d) full of the ITO

area.
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Chapter 5

Conclusions and Future Works

5.1 Conclusions

A readout circuit for capacitive sensor on glass substrate for panel application
has been successfully designed and fabricated in a 3-um LTPS technology. The switch
capacitor technique is applied to enlarge the input signal and eliminates the influence
of threshold voltage variation successfully. This new proposed circuit architecture can
not only distinguish the panel is touched or not, but also distinguish different value of
touch capacitance and further know the touch position between sensor lines by
utilizing interpolation method. In«additional to threshold voltage variation, mobility
variation has been successfully verified. The current difference is controlled in a

workable region.

5.2 Future Works

Although the proposed circuit has achieved the basic threshold voltage
compensation function successfully, the clock number should be further reduced to
lessen the circuit design complexity. Besides, this ADC configuration costs much
power because when the ADC is in the compensation period, a static current flows
through power supply to ground. Although this ADC structure has immunity from
threshold voltage variation, when the switch is in transient state, the noise from
charge injection or clock feedthrough could trigger the inverter and contributes to
malfunction. Therefore, based on these two reasons, another ADC with immunity

from threshold voltage variation should be chosen.
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Furthermore, the noise (like thermal KT/C, and so on) and power domain will

contribute to second order effect on the Gm amplifier. It should be further analyzed.
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APPENDIX

In the fabricated circuit, the clock generator is not included but external clock is
applied. However, for real products, the clock cannot be applied externally but use
clock generator to generate all clocks required. Therefore, in the appendix, the clock
generator circuit is shown in Fig. A.1. Only one input CLK4 is required to generate
remaining clocks. Fig. A.2 shows the simulated results of clock generator.

CLK1~CLK®6 is generated by this circuit successfully.

vDD

register CLK6 CLK5
CLK4 register

|
: register

0_

register
VDD CLK6 :D_LD— CLKA1
CLK2

Figure A.1 The schematic of clock generator with one input CLK4.

Delay CLK2

CLK3
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Figure A.2 The clocks CLK1~CLK6 generated by clock generator.
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