MRS P WAL RMETIERETR

DESIGN AND IMPLEMENTATION OF ON-PANEL
ANALOG CIRCUITS INLOW-TEMPERATURE
POLY SILICON (LTPS) PROCESS FOR DISPLAY
PANEL APPLICATIONS

o342 032 T B (Tzu-Ming Wang)

—

IR F P g (Ming-Dou Ker)

SEARL L EL



MR RPEARZEHFRIBRKRIETR

DESIGN AND IMPLEMENTATION OF ON-PANEL
ANALOG CIRCUITS IN LOW TEMPERATURE
POLY SILICON (LTPS) PROCESS FOR DISPLAY
PANEL APPLICATIONS

AL 41T Student: Tzu-Ming Wang
3 AR FPE Advisor: Ming-Dou Ker
Bl & X F
TRFEAEBE L 5P
B

A Dissertation
Submitted to Department of Electronics Engineering
and Institute of Electronics
College of Electrical and Computer Engineering
National Chiao Tung University
in Partial Fulfillment of the Requirements
for the Degree of Doctor of Philosophy
in
Electronic Engineering

Oct. 2010
Hsinchu, Taiwan, Republic of China

SEREL L EL



MR R WAL B BT RN TR R

R A hERE I FPE L

#&

22 @ Yoenzt B #2 (amorphous silicon) & %o & 48 (thin film transistor)4p v+
oo MR 5 % # (low temperature polysilicon) i -7 & 840 ¥ 5 5 BB (D7
=+ @B A 5 (mobility) ~ # < et = /R (threshold voltage) ~ fr#ie % o4 = f&
B il R AR L DAL siea e EEF] T 3
FEEZAEACF (347 B chiFrghle v F] L BB EE s R (7 OR 5 R F HOEBUR 5
BRI PE2 — o B B AT RS At o T B Aps s 248 B A
Fcimeb B R s i@ E ]k Aol jE(system-on-panel)Z & * o gt th o kg R

(‘F\}

7\}‘%? ’ l’_‘«_l—_#\ * gqﬁﬁil'ﬂﬁlﬂ‘ﬁ,\- j\‘?\?ﬁ&fpm}g EF‘": FTJ"‘H}"‘H}
ﬁ%?ﬁ°¢@i$ﬁﬁ’siéﬂﬁﬁﬁﬁi@?’ N e L Sk
B o 3 H_E in-2 ondk ik B(DC-DC converter) ~ ¥ 7% B (register) ~ S T i

(driver circuit)fr#ci= 3 5t # 3 B(DAC)% ¥ ¢ 'ﬁt%’f ERIFARF L ¥
o - B REFNA e Y BEL ARB A Pl Ty L PR
%o fH P L EJ? B(CPU) ~ =88 ~ F M %7 T & T & (bandgap reference
C|rCU|t)ﬂfr-&q‘%£E'*J~ L] (RFID) & £ 233 % (demodulator) °

BEAR MU 8 R AR I Aok S R S R A a0 e

£

&3 4%
oo H8

W oe %

R A



PRAZET LT HAER S RE o s R S R At n

=
=

BEERE O APEOT I A !%;a Tgpglgea =4 B LT o FN AP
BE S S p AR RATRAFY S AR L) T IRT A

AR R o AH RN B A LG PeIE T (gamma correction)
o 2o~ madrdp(folded) & rep #iei> 3 st 4 5 o %ﬁ FITPTIET
(folded R-string circuit) ~ 4 &) shfic i+ % 75 % (segmented digital decoder)fri T
£ 5 2 245 7 B (reordering decoding circuit) » #r4% 1z #ic i 3 A ik By
BRDTRI R T UG RPE R A L2 - g ﬁf o

EE 2RV AR ERDN A BEG EERSG T  F AIE R
T B »“%J“" # g - % |% 738 3 % F(OPAMP) » j2/ %

Kp vt 31%] NEWREY B E5EF -V gk S o 3£ (liquid crystal panel) » @ 7 #
TRFIE A5V PoIf el 2 B R AR g o
rhv e i SN e R A A PR TR TR
Mzo g BAIF 0 R BM-7 7 (Switched-capacitor)4£37 » &k 4r < F] 5 AL 5 R
IR R A AT REL IR 39 M B3R 4% (correlated double
sampling)z_ 77 % ' X 7] 5 @A £ 7 H R i 45 (offset) o 21k I 2. 7B
BT L u g BRL L 40 mV, &2 F 4% 4 fi;uﬁﬂngiﬁ%l dU R A PRI R
Bl EART
FIFHRD-BrAANG KRB AF L H L (digital
correction)# st g 1T EL oM TR Z 7 #E EH(Gm)2x + B 28 F (counter)
ﬁ&&ﬁﬁ?&o%ﬁmiﬁﬁﬁﬁﬁwﬁvfﬁ“?%’iﬂ?&aﬁ
r%ﬁ@ﬁm?mﬁﬁﬁhwimhﬂﬁﬁ&ﬂ%ﬁz:ﬂ EETITENRT
TR TRAPV R AR TR TRL T RMDOTRARR - KL



DESIGN AND IMPLEMENTATION OF ON-PANEL ANALOG
CIRCUITS IN LOW TEMPERATURE POLY SILICON (LTPS)
PROCESS FOR DISPLAY PANEL APPLICATIONS

Student: Tzu-Ming Wang Advisor: Dr. Ming-Dou Ker

Department of Electronics Engineering and Institute of Electronics

National Chiao-Tung University

Abstract

Compared with conventional amorphous silicon (a-Si) thin film transistors (TFTs), some
characteristics, such as higher carrier mability, lower threshold voltage, and higher stability,
of low temperature poly silicon (LTRPS) TFTs can achieve compact, highly reliable, and high
resolution for system integration within a-display panel. For these features, LTPS technology
is conceived as one of most desirable technology to accomplish realization of
system-on-panel (SOP) application for portable systems, such as digital camera, mobile
phone, personal digital assistants (PDAs) and so on. In addition, SOP application will be
implemented step by step in the future to reduce the fabrication cost and shorten the product
lead time. In the past few years, some peripheral circuits of display panel, like DC-DC
converter, register, driver circuits, and digital-to-analog converter (DAC), had been integrated
on glass substrate for SOP application. Furthermore, some remarkable advances had also
been implemented on glass substrate, such as central processing unit (CPU), memory,
bandgap reference circuit, and demodulator for RFID tags.

Although using LTPS process can enlarge poly-grain size to improve the device
performance, it usually accompanies a random device-to-device variation on LCD panel. The
harmful effects of irregular grain boundaries, gate-insulator interface defects, and incomplete

ion-doping activation in thin poly-silicon channels result in the variation on electrical



characteristics of LTPS TFTs. Some properties such as hot carrier stress (HCS), negative bias
temperature instability (NBTI), and reliability issues have been proved that the instability of
polysilicon TFTs is more serious than that of single-crystalline silicon MOSFETSs. In addition,
the device characteristic variations in LTPS technology are also quite larger compared with
CMOS technology, so the effect of device variation must be considered for on-panel circuit
design.

In chapter 2, a 6-bit folded R-string DAC with gamma correction on glass substrate is
designed and verified in 3-um LTPS technology. By using the folded R-string circuit,
segmented digital decoders, and reordering decoding circuit, the area of the new proposed
DAC circuit can be effectively reduced to about one sixth of the traditional one.

In chapter 3, two analog output buffers with level shifting function on glass substrate for
panel application is designed and fabricated in a 3-um LTPS technology. By using OPAMP,
decoder (decoder 2), R-string (R1, R201-R237), switches (MR01-MR37), and DAC with 3-V
gamma correction parameters, the new-proposed analog output buffer I can drive 5-V liquid
crystal panel without re-designing.the DAC with 5<\/. gamma correction parameters.

In chapter 4, a new on-panel readout circuit for touch panel applications is designed and
fabricated in a 3-um LTPS technology. The switched-capacitor (SC) technique is applied to
enlarge the voltage difference from the capacitance change of touch panel, and the correlated
double-sampling (CDS) technique s also employed to- reduce the offset owing to process
variation. The minimum detectable voltage difference of the proposed circuit is 40 mV, and
the different touch area can be identified by the 4-bit digital output.

In chapter 5, a new on-panel readout circuit with digital calibration, which contains
transconductance amplifier, counter, and digital correction circuit, for touch panel
applications is designed and verified in a 3-um LTPS technology. In the proposed circuit,
only a small amount of analog circuitry is required and larger variation and worse device
characteristics in LTPS process can therefore be compensated by the digital calibration circuit.
Compared with proposed circuit in chapter 4, the proposed circuit in chapter 5 shows lower
circuit complexity, lower power consumption, and easier calibration methodology. On the
contract, the proposed circuit in chapter 5 also presents larger layout area and lower detection
speed.

Chapter 6 summarizes the main results of this dissertation. Some suggestions for the

future works are also addressed in this chapter.
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Chapter 1

Introduction

In this chapter, the background of this dissertation is discussed. First, thin-film-transistor
(TFT) liquid crystal display (LCD) is discussed. Then, low temperature poly-silicon (LTPS)
technology, system-on-panel (SOP) application, and design consideration for on-panel circuit

are introduced. Finally, the rest of this dissertation is organized.

1.1 Thin-Film-Transistor Liquid.Crystal Display [1]-[17]

The liquid-crystal display (L.CD) industry has shown rapid growth in consumer
electronic markets, namely, computers, monitors, mobiles, and televisions. For high-speed
communication networks, the emerging portable information tools are expected to grow in
following on the rapid development of display technologies. Thus, the development of higher
specification is demanded for LCD as.an-information display device. 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 thin.

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) of a-Si TFTs
allows their application only as pixel switching devices; they cannot be used for complex
circuits. In contrast, the high driving ability of polycrystalline Si (p-Si) TFTs allows the
integration of various circuits such as display drivers. Eliminating LSI (large-scale integration)
chips for display drivers will decrease the cost and thickness of displays for various
applications.

There are high-temperature and low-temperature poly-Si 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 are
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limited to small displays. The process temperature for low-temperature poly-Si (LTPS) TFTs,
on the other hand, is less than 600°C, which would allow the use of low-cost glass substrates.
This makes possible direct-view large-area displays—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 to not only small-sized displays, but also

medium- and large-screen products.

1.1.1 History of TFT LCD

Thin-film-transistor (TFT) liquid crystal display (LCD) is a flat display within
liquid-crystal inside the display and each pixel is controlled by a TFT. The market of TFT
LCD is growing in consumer electronics, computers, and communication systems. The
concept of TFT LCD was first mentioned in 1966. In 1966, the possibility of using TFTs as
display switch was mentioned by Weimer. A sandwich cell consisting of a transparent front
electrode, a reflecting back electrode, and nematic liquid-crystal in between, was proposed by
Heilmeier in 1968. When there was no applied field, the cell displays black. When a dc
voltage was applied, the liquid crystal became turbulent and scattered light: the cell appeared
white. For active-matrix LCD, the diode or transistor utilized as switch and storage capacitors
implemented in parallel were mentioned in"1971. In 1973, Brody proposed the CdSe TFT for
active-matrix liquid crystal panel. with 14000 transistors, storage capacitors, and
twisted-nematic (TN) liquid crystal cell, where-TN-liquid crystal cell was first mentioned by
Schadt and Helfrich, and presents low-voltage operation, low power consumption, and fast
response time.

After that, the development of practical TFT LCD has been studied and implemented for
more than thirty years with many novel applications. In addition, TFT LCD exhibits higher
contrast, larger viewing angle, and faster response time compared with that of traditional
LCD. Therefore, TFT LCD panel grows rapidly for large panel application, like television,
and for small panel applications such as digital camera, mobile phone, personal digital

assistants (PDAs) and so on.

1.1.2 Configuration of TFT LCD

The structure of thin-film-transistor liquid crystal display is shown in Fig. 1.1 with two
glass substrate, TFT array substrate and color filter substrate, and liquid crystal is filled in the
center of LCD panel. A backlight module including an illuminator and a light guilder is also
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needed since liquid crystal molecule cannot light 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. Although the pixel transparent are reduced by opaque TFT,
which means a brighter backlight is required, the increased isolation between adjacent pixels
can reduce the leakage current between the top and bottom substrate. In order to obtain better
display quality, the cell gap of the liquid crystal, which is the spacer between two glass
substrates, has to be precisely controlled to a specific value, e.g., 5 um. This gap must be
uniform and reproducible over the whole display area. Therefore, transparent spacers such as
plastic beads are placed on the surface of the glass substrate.

In TFT array substrate, there is a polarizer, a glass substrate, a transparent electrode, and
an orientation layer. In color filter substrate, there is 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; more than million kinds of colors can be

obtained.
Common Electrode
({70) Polarizer
Black Matrix .
Color Filter\Substrate | Color-Filter
(Blue)
< St N Alignment

R =
bstrate /—

\ -—— Polarizer

Bonding PAD Pixel ('IE,:%C)"“’Q Storage Capacitor

Fig. 1.1. The structure of thin-film-transistor liquid crystal display.

Most liquid crystal cell are twisted-nematic type in which the director (orientation) of
the liquid crystal molecules is twisted 90° between the TFT substrate and the common

electrode substrate. The polarizer can block or pass the light by changing the phase of the
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polarizer. In general, the first polarizer of a couple of polarizers is called polarizer as well as
the second one is called analyzer. The light is blocked by a couple of polarizers with
90° phase error, which is shown in Fig. 1.2 (a). If the liquid crystal molecule is twisted by
applying the specific electric field across it, the light still can pass the polarizer due to the
direction of liquid crystal molecules varying with electric field and it can guide the light

along the long axis, shown in Fig. 1.2 (b).

— A A

P
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(b)
Fig. 1.2. (a) A couple of polarizers with 90° phase error and (b) a couple of polarizers with liquid
crystal.
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Fig. 1.3. The cross section of an AMLCD sub-pixel.
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One dot is the most fundamental unit of LCD panel and each dot can express one kind of
original color. Because one full color should be mixed with three original colors, each pixel
contains three dots. As a result, if the resolution of gray level of each dot is 8 bits, then the

whole panel can show 16,777,216 (28x28x28) kinds of colors at all. Fig. 1.3 shows the cross
section of an AMLCD sub-pixel.

Fig. 1.4 and Fig. 1.5 show the layout and equivalent circuit of each sub-pixel, including
two major structures, the Cs on common mode and Cs on gate mode. The right-down region
of the sub-pixel layout is the TFT switch, and the region of each sub-pixel area excluding
TFT switch and storage capacitor (Cs) is called aperture region, which is the largest window
for light passing. So the larger ratio of aperture region to pixel area is the better performance
of the TFT-LCD panel. In Fig. 1.5, the Mg is a thin film transistor as a switch. The Cy is the
effective capacitor of liquid crystals, and Cs is the storage capacitor used to maintain the
voltage level of liquid crystals during the hold time of frame transitions. The Cyq is the
parasitic capacitor between gate line and effective.liquid crystal capacitor. The structure, Cg
on gate, which connects the bottom of the storage capacitor to the previous row of the gate
line has some benefits. By this structure, we can compensate the unstableness of voltage level
due to the clock feed-through effect from Cyq. Furthermore, this structure also has larger
aperture ratio. But the trade-off-with the Cs-on gate method is an increase in the RC time

constant of the gate line, which reduces the TFT switching performance.

Line

| [Common Line|| |

ITO

] |7.|—1lI

Cs on Common Mode Cs on Gate Mode

Fig. 1.4. The layout view of a TFT-LCD sub-pixel: (a) CS on common mode and (b) CS on gate
mode.
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Fig. 1.5. The equivalent circuit of a TFT-LCD sub-pixel: (2) CS on common mode and (b) CS on
gate mode.

The periphery circuit blocks.of LCD panel are roughly composed of four parts-display
panel, timing control circuit, scan driver cireuit, and data driver circuit. Fig. 1.6 shows the
block diagram of the TFT-LCD. panel circuits. Display panel is constructed of the active
matrix liquid crystals and the operation of the active matrixes is similar to DRAM (dynamic
random access memory) which is used.to charge and discharge the capacitor of the pixel.
Timing control circuit is responsible for transmitting RGB (red, green, and blue) signals to
the data driver and controlling the behavior of scan driver. As soon as one voltage level of the
scan lines rises, the RGB signals are transmitted through the data driver. After a period, the
voltage level of this scan line is disabled and next scan line is turned on. All voltage levels of
those scan lines are raised in turn.

Scan driver circuit consists of shifter register, level shifter, and digital output buffer.
Shifter register is used to store digital input signals then transit to the next stage according to
timing control circuit. Because the turn-on voltage of active matrixes is higher, scan driver
should drive the active pixels with a high voltage. The purpose of the level shifter is to
convert the digital signal to higher voltage level. Finally, since the scan lines can be modeled
as RC (resister and capacitor) ladder, the digital output buffer should be used in the last stage

for driving the large load.
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Fig. 1.6. The block diagram of TFT-LCD panel circuits.
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Fig. 1.7. The basic diagram of data driver circuit for TFT LCD panel.
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Data driver circuit, shown in Fig. 1.7, is composed of shifter register, data latch, level
shifter, digital-to-analog converter (DAC), and analog output buffer. The first three parts
classify as digital architectures, and the other two parts belong to analog architectures. Shifter
register and data latch manage to transit and store the RGB signals. Also, the purpose of level
shifter is the same as the one in scan driver circuit, which is applied to translate the RGB
signal to a higher level voltage. In addition, digital-to-analog converter is used to convert the
digital RGB signal to analog gray level. The analog output buffer is applied to drive active
pixels into a desired gray level. However, the LCD panel usually has large load, especially in
larger panel display or higher resolution display, so the analog output buffer should enhance
the driving capability of the data driver.

1.2 Low Temperature Poly-Silicon Technology [6]-[8]

As the developing of digital life and growing of flat display market, low temperature
poly-silicon (LTPS) technology has become an important feature for high image quality
display due to the high performance and_high resolution. Compared with conventional
amorphous silicon (a-Si) thin film transistors (TFTs), some characteristics, such as higher
carrier mobility, lower threshold.voltage, and higher stability, of low temperature poly silicon
(LTPS) TFTs can achieve compact, highly reliable, and high-resolution for system integration

within a display panel.

1.2.1 Background

In 1991, the 400 dpi image sensors including poly-Si TFT scanning circuits, readout
circuits, and a-Si photodiodes fabricated on borosilicate glass had been developed [19]. This
was the first contact type image sensor with TFT analog buffer amplifiers. The operating
frequency range of scanning circuits is between 200 kHz and 1 MHz. The readout circuits
incorporating TFT analog impedance converters decrease photodiode impedance by more
than three orders of magnitude and improve the linearity between illumination intensity and
the sensor output. High-resolution reading is achieved by the new contact type linear image
sensors with a storage time of 2 ms/line. In [20], a 2.15 inch diagonal, QCIF (144xRGBx176)
reflective color TFT-LCD with digital memory on glass (DMOG) technology, using LTPS
technology was proposed. This panel was able to display 4bit x RGB (4096-colors) images
and 1bit x RGB (8-colors) still image in power save mode (still mode). Using DMOG
technology, peripheral driving circuits and the controller 1C can be suspend, and the low
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power consumption can be achieved. This technology can be used not only for mobile
telephones but also other mobile apparatuses like electric books, because low power
consumption is the key requirement for mobile apparatuses. The production of LTPS TFT
LCDs has been increased years by years, and the production technology has also been
improved for different sized LCD products to integrate various types of circuits. The LTPS
technology is one of the most important features for TFT LCD panel applications.

High

[(;ijglli?)):/ LTPS TeChnOIOQy Re:c:ﬁ:':ion

_Thinner, System | Low Power
Lighter, and | |ntegration | Consumption

Compact i
E-Book ‘\ LS
.

Mobile Phone Laptop Digital Camera

Fig. 1.8. The application of LTPS technology on TET-LCD panel.

Fig. 1.8 shows the applications of LTPS technology on TFT-LCD panel. LTPS-TFT can
be utilized not only for the switches on panel but also for some other applications: static
random access memories, nonvolatile memories [21], linear image sensor [22],
photo-detector amplifier, digital cameras, personal digital assistant, and so on, due to its
higher carrier mobility, lower threshold voltage, and higher stability. Although the
preparation of LTPS film is apparently more complicated than a-Si, LTPS TFT has 100 times
higher mobility than a-Si TFT and can provide complementary circuit on the glass substrate.
Some significant advantages for LTPS over a-Si are shown below: (1) the capability for
integrating peripheral circuits on glass substrate can decrease peripheral dimension and
fabrication cost, (2) higher aperture ratio can be achieved by higher mobility of LTPS TFT
because the pixel size can be further reduced. Therefore, there are more additional pixel areas
for light transmission. (3) Vehicle for OLED: Higher mobility means ample current supply
required by OLED device driving, (4) Module's compactness: Less PCB area required due to

the integration of peripheral circuits on Glass [2].
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1.2.2 Characteristics and Structures

Fig. 1.9 shows the simplified structure of (a) N-type TFT and (b) P-Type TFT, where
N-type TFT has a lightly doped drain (LDD) to decrease the leakage current. In general, the
gate of LTPS TFT is on the top of glass substrate (top gate) and the gate of a-Si TFT is on the
bottom of glass substrate (bottom gate). The difference between these two structures (LTPS
and a-Si) result in some advantages in LTPS TFT such as lower channel resistance, thinner
gate oxide isolated layer, thicker gate oxide metal layer, and non-overlap between gate to

source/drain.

Gate

Drain ———() £« Source

N M—

SiOx
N- LDD LTPS
@
Gate
Drain ———— ‘ Source
H SiOx
P+
SiOx
LTPS
(b)

Fig. 1.9. The simplified structure of (a) N-type TFT and (b) P-Type TFT.

Poly-silicon is a silicon-based material, which contains numerous Si grains with sizes
ranging from 0.1 to several um. In semiconductor manufacturing, poly-silicon is usually
prepared by LPCVD (Low Pressure Chemical Vapor Deposition) and then annealed above
900°C, i.e. so called SPC (Solid Phase Crystallization) method. Obviously, the same way
could not be applied to FPD industry since the strain temperature of glass is only about
650°C. Therefore, low temperature poly-silicon (LTPS) technology is the novel technology
specific for FPD application. Currently, there are several approaches in the preparation of

LTPS film on glass or plastic substrate: Metal Induced Crystallization, Cat-CVD, and Laser
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anneal. Metal Induced Crystallization (MIC) is a kind of SPC method but, compared to
conventional SPC, it can achieve poly-silicon under lower temperature (about 500°C -
600°C). This is because a thin metal layer is coated before crystallization anneal. The metal
element is the key in lowering the activation energy of crystallization. Cat-CVD directly
deposits poly-film without further thermal anneal. The deposition temperature has reportedly
gone as low as 300°C. The growth mechanism involves the catalytic cracking reaction of
SiH4-H, mixture. Laser anneal is the most popular method used currently. Excimer laser is
used as an energy source to heat and melt a-Si with low Hydrogen content. It is later

recrystallized as poly-film [2].

1.3 System-on-Panel Display Applications
Fig. 1.10 shows the trends for SOP applications. SOP application has the potential to

realize compact, highly reliable, and high resolution display by integrating functional circuits
within a display. For normal display panel, TABS are connected to the left and bottom sides
of a panel with driver ICs. Integration of driver 1Cs with. LTPS TFTs on panel can achieve
COG (chip on glass) but it still requires FPC (flexible printed cable) connection on the
bottom for other functional circuits. The most common failure mechanism of TFT-LCDs,
disconnection of the TABs, is therefore decreased significantly with the save in omitting the
usage of ICs and all sub-circuits <integrated on panel: Besides, the cost of panel becomes
lower, as well as the higher yield rate can be also achieved [23]-[25]. Furthermore, some
poly-Si TFT characteristics, such as high carrier mobility, low threshold voltage, high
stability, and high reliability, are required to fulfill the SOP application. Such integration
technology contributes to shorten the product lead time because the assemblage of CMOS
ICs can be eliminated. Currently, such integration has been proceeding from simple digital
circuits to the sophisticated ones, and other functional circuits utilized on panel will be also
integrated in the future to achieve SOP applications.. Moreover, LTPS technology is
compatible with OLED (organic light emitting diode), which is another promising display
device. Therefore, design of driving circuits for TFT-LCD in LTPS technology has been
proceeding.

SOP application also has a potential of integration of input function other than output
function of display, which will pave the way for future displays. These various ways of
integration are totally expressed by SOP technology. The input display technology opens

opportunities for new applications for personal and business use [26]. The new technology is
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scalable up and down, and 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. 1.11. Its wide range of usage will include recording of text or
images for on-line shopping and the like, without a scanner device saving personal data and
images to a computer, and personal identification, auto-power control with photo-sensor (or
ambient light sensor, shown in Fig. 1.12) suitable for extremely low power cellular phone,
detecting the position of finger or pen for some touch-sensing (a new touch-panel is shown in
Fig. 1.13), and so on.

Regular/TAB Chip on Glass System on Panel
TAB (COG) (SOP)
—_—
nanoo ﬂﬁu' O .
vl 7 \ \ I
RS <®_Driver IC X md"/ﬁéd
. Circuits
Drlver IC PCB Other Functional
Circuits

Fig. 1.10. Trends for system-on-panel applications.
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Fig. 1.11. Future application of “Input Display™.
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The history of touch panel and multi-touch application are reported in [27]-[30]. Touch
screens has at least 40-year history. Multi-touch and some of the gestures associated with it,
are over 25 years. In 2007, the announcement of Apple iPhone and Microsoft Surface gave a
serious boost to interest in touch interfaces-especially those that incorporate multi-touch.
After that, touch, multi-touch, and the gesture-based interfaces have become the basic
requirement in mobile devices, desktop computers, laptops, and large format displays. In
addition, 3-dimensional display also gets great interests in the future SOP applications since
2D display and 2D touch technology cannot satisfy user’s requirement at a display interface
[31]-[32]. By using the information provided by additional dimension, such systems will
enable complex operations to be performed simply and efficiently through intuitive motions
of even a single finger. Nevertheless, flexible display is of increasing interest recently,
however, there are many technology issues of the manufacturing of displays on flexible
substrate [33]-[34]. The substrate, gas barrier, backplane, display mode, and encapsulation
are still the major issues since there have been.significant advances in flexible optoelectronic
devices with organic functional layers inthe last few years.

According to above discussion, the fabrication cost will gradually be lowed and SOP
(system on panel) 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 such as digital-to-analog.converters (DACs) [26]. Moreover, LTPS
technology is compatible with OLED, which is another promising display device. Therefore,
design of driving circuits for TFT-LCD in LTPS technology is worthy expecting in the

future.

1.4 Design Consideration for On-Panel Circuit [33]-[39]
From chapter 1.2 and 1.3, the polysilicon TFTs have features of higher mobility, higher

reliability, and lower threshold voltage, so SOP applications can be achieved by integrating
circuits or systems utilized for panel. Since the maximum process temperature of LTPS is
lower than 600°C, LTPS TFTs can be fabricated on a wide variety of cheap glasses to further
reduce the cost. However, compared with the requirement as being a switch, polysilicon TFTs
requires good electrical stability as being utilized to integrate circuits or systems on panel.
Some properties such as hot carrier stress (HCS), negative bias temperature instability
(NBTI), and reliability issues have been proved that the instability of polysilicon TFTs is

-14 -



more serious than that of single-crystalline silicon MOSFETs. Besides, the diverse and
complicated grain distribution in the polysilicon file, so polysilicon TFTs suffer serious
variation of device behavior, especially in mobility and threshold voltage, which are two
important features in the realization of on-panel circuit integration.

Although using LTPS process can enlarge poly-grain size to improve the device
performance, it usually accompanies a random device-to-device variation on LCD panel. The
harmful effects of irregular grain boundaries, gate-insulator interface defects, and incomplete
ion-doping activation in thin poly-silicon channels result in the variation on electrical
characteristics of LTPS TFTs. In Table 1.1, the average and standard deviation of mobility
variation for n- and p-channel TFTs at hot-carrier and on-current condition were reported [35].
The mobility degradation for n-channel TFTs is more serious at hot-carrier stress condition
than that at on-current condition which means that the hot-carrier degradation dominates the
mechanism for n-channel TFTs. Fig. 1.14 shows the threshold voltage variation for n-type
TFTs in different locations on LCD panel [38].. The variation of threshold voltage for LTPS
n-type TFTs in different panel locations has wide distribution from 0.75 V to 2.15 V. In
addition, the degradation of (a) n-type and (b) p-type TFTs at different stress conditions are
shown in Fig 1.15 [39]. From.the aforementioned data reports, the device characteristic
variations in LTPS technology .are quite larger compared-with CMOS technology, so the
effect of device variation must be considered for on-panel circuit design.

TABLE 1.1 [35]

MOBILITY VARIATION FOR N-CHANNEL AND P-CHANNEL TFTs

Average (%) Std. Dev.
N-Channel -38.627 6.65
Hot-Carrier
P-Channel +7.054 2.72
N-Channel +11.828 3.28
On-Current
P-Channel +2.251 0.6525
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Fig. 1.14. Threshold voltage variation for n-type TFTs.in different locations on LCD panels [38].
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Fig. 1.15. The degradation of (a) n-type and (b) p-type TFTs at different stress conditions [39].

1.5 Organization of This Dissertation

In this dissertation, some on-panel analog circuits has been designed and implemented in
LTPS process for display panel applications. The functionality and performance of the
proposed circuits in this dissertation have been demonstrated by simulated and measured
results of the fabricated test chips. The achievements of this dissertation have been published
or submitted to international journal and conference papers.

In chapter 2, a 6-bit folded R-string DAC with gamma correction on glass substrate is
designed and verified in 3-um LTPS technology. In chapter 3, two analog output buffers with

level shifting function on glass substrate for panel application is designed and fabricated in a
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3-um LTPS technology. In chapter 4, a new on-panel readout circuit for touch panel
applications is designed and fabricated in a 3-um LTPS technology. In chapter 5, a new
on-panel readout circuit with digital correction, which contains Gm amplifier, counter, and
digital calibration circuit, for touch panel applications is designed and verified in a 3-um
LTPS technology. Chapter 6 summarizes the main results of this dissertation. Some

suggestions for the future works are also addressed in the chapter.
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Chapter 2

Digital-to-Analog Converter with Gamma
Correction on Glass Substrate for TFT-Panel

Applications

Low temperature poly-silicon (LTPS) technology has a tendency towards integrating all
circuits on the glass substrate. However, the poly-Si TFTs suffered poor uniformity with large
variations on the device characteristics due to the narrow laser process window for producing
large-grained poly-Si TFTs. The device variation is.a serious problem for circuit realization
on the LCD panel, so how to «design reliable “on-panel circuits is a challenge for
system-on-panel (SOP) applications. In this work, a 6-bit R=string digital-to-analog converter
(DAC) with gamma correction on glass substrate for TFT panel application is proposed. The
proposed circuit, which is composed of folded R-string circuit, segmented digital decoder,
and reordering decoding circuit, has been‘designed and fabricated in a 3-um LTPS technology.
The transistor number of the new proposed DAC circuit is effectively reduced to about one

sixth compared with the traditional one in the same LTPS process [41]-[42].

2.1 Introduction

Because the electron mobility of LTPS TFTs is about 100 times larger than that of the
conventional amorphous silicon (a-Si) TFTs [1], LTPS TFT-LCD technology has some
features of compact, highly reliable, and high resolution for system integration within a
display. For these features, LTPS technology is suitable for realization of system-on-panel
(SOP) application and such a system integration roadmap of LTPS TFT-LCD had been
reported in some literature [21]. Besides, 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 yield of the manufacturing,
high-resolution display, and more flexibility in the design of display system can be further
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achieved [22]. LTPS TFTs can be used to manufacture complementary metal oxide
semiconductor (CMOS) devices in the same way as in crystalline silicon metal oxide
semiconductor field-effect transistors (MOSFETs). Fig. 2.1 shows the cross sectional
structure of p-channel TFT and n-channel TFT in a LTPS process, where the n-channel TFT
has the lightly doped drain (LDD).
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p-channel TFT n-channel LDD TFT

Fig. 2.1. The schematic cross-section.iew of device structures of a p-channel TFT and n-channel
TFT in a LTPS process. The n-channel TFT-has lightly doped drain (LDD).

The periphery circuit blocks of LCD panel are roughly composed of four parts —
display panel, timing control circuit; scan driver circuit, and data driver circuit [6]. Display
panel is constructed of the active matrix_liquid.-crystals and the operation of the active
matrixes is similar to DRAM (dynamic random access memory). Timing control circuit is
responsible for transmitting RGB (red, green, and blue) signals to the data driver and
controlling the behavior of scan driver. As soon as one voltage level of the scan lines rises,
the RGB signals are transmitted through the data driver. After a period, the voltage level of
this scan line is disabled and next scan line is turned on. All voltage levels of those scan lines
are raised in turn [3].

SOP application will be implemented step by step in the future to reduce the fabrication
cost. Such integration technology contributes to shorten the product lead time because the
assemblage of CMOS ICs can be eliminated. Actually, this integration level has been
proceeding from simple digital circuits to the sophisticated ones. Moreover, LTPS technology
is compatible with OLED, which is another promising display device. Therefore, design of
driving circuits for TFT-LCD in LTPS technology is worthy expecting in the future. In [35]
and [38], the TFT devices had been reported to have large variation in the threshold voltage

and the device characteristic, so the device characteristic variation is a very important issue
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for analog circuit design in LTPS technology [42]. In this paper, a 6-bit R-string
digital-to-analog converter (DAC) with gamma correction on glass substrate for TFT panel
application is proposed. The proposed DAC with gamma correction design can reduce the
area and complexity of the DAC on glass substrate, which is beneficial for data driver to be

integrated in the peripheral area of TFT-LCD panels in LTPS process.

2.2 Gamma Correction and Digital-to-Analog Converters

2.2.1 Gamma Correction

Gamma correction of liquid crystal displays is involved due to the nonlinearity between
luminance and human visual system (HVS). The pupils of the human’s eyes would vary
automatically for the change of the ambient light. For this reason, a data driver with gamma
correction is necessary in TFT-LCD panel. The data driver circuit is required to compensate
for the human visual system’s transfer function. Fig. 2.2 shows the operation of the gamma
correction for the normally white twisted-nematic (NW-TN) type LCD panel [6]. The gamma
correction system is composed of three relationships: (1) luminance vs. HVS brightness, (2)
input digital code vs. pixel voltage, and (3) the Voltage-Transmission (V-T) curve of the
NW-TN type liquid crystal. In general, the input digital codes (media codes) are designed to
be direct proportion to brightness in human eye. In data driver circuit, DAC is used to convert
the digital RGB signals to analog gray levels, so-Gamma Correction System in Fig. 2.2 can

be implemented by DAC with specified gamma correction transformation.

Original Data Human Eye Detection

MNormalized Lumi
HVS Brightness

= P S B R
Digital Code Digital Code

Gamma Correction

L - B T T 0 3 % O —
Mormalized Luminance Digital Code Voltage

Pixel Voltage

Transmission

HVS Brightness

Fig. 2.2. The operation of the gamma correction for the normally white TN type LCD panel [3].
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2.2.2 Digital-to-Analog Converters

Fig. 2.3 shows a 6-bit R-string DAC circuit with switch array decoding [43]. The
architecture of this DAC requires no digital decoders and is usually used in LCD data drivers,
because this architecture is simple for gamma correction design. However, the area of such
traditional switch array becomes larger and larger, if the resolution of DAC becomes higher.
The load at the output node (Vout) also becomes larger due to the huge switch array in this
traditional design.

Fig. 2.4 shows a 6-bit R-string DAC with binary-tree decoding [44]. In opposition to the
R-string DAC with switch array decoding, this circuit has less transistors in the decoding
circuits. Nevertheless, the speed of this circuit is limited by the delay through the switch
network. The timing skew among the switch-controlling signals often results in large glitches
at Vout. This circuit also has larger RC-type load at the output node (Vout) due to the
binary-tree switches.

V0-V63
D5 _9|JfJ|J¢|JJ o« o . IJ
] il
D4 —f{ it} o« e e |
alaja T
D3 4]434] o o . jI:|
D2 o o . |
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T * * ¢ |
] ] ]
DO —e'ljljlj « e e Ij
Vout

Fig. 2.3. A6-bit R-string DAC with switch array decoding [43].

For higher-speed applications, Fig. 2.5 shows a 6-bit R-string DAC with digital decoder
[45]. The switch network is connected to the digital decoder which is controlled by digital
input code (Din). The load of the output node can be reduced by the digital decoder, because
the output node is only connected to one column of analog switches. The operating speed of
this DAC using digital decoder is faster than that with binary-tree decoding in Fig. 2.4. This
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architecture is also more suitable for gamma correction design because it is easy to produce
different sections in the resistor string. However, the area and complexity of the decoder
circuits become larger and larger, if the resolution becomes higher. For this reason, this

R-string DAC with digital decoder is not good enough for integrating the data driver in the
higher resolution TFT-LCD panels.
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Fig. 2.4. A 6-bit R-string DAC with binary-tree decoding [44].
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Fig. 2.5. A 6-bit R-string DAC with digital decoder [45].
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Fig. 2.6. The n-bit charge-redistribution DAC [44].

Fig. 2.7. The resistor-capacitor hybrid DAC [49].

As shown in Fig. 2.6, it is a charge-redistribution DAC [41]. The basic idea is to replace
the input capacitor of a switched-capacitor (SC) gain amplifier by programmable capacitor
array of binary-weighted capacitors. This circuit structure has some advantages compared
with the resistor-string DAC in Fig. 2.3-2.5. First, the process matching for capacitor is better
than that of resistor string. Second, charge-redistribution DAC consumes less power because
it has no DC path in this circuit. However, this method is very difficult to achieve gamma
correction for TFT LCD application. In other word, it cannot compensate the inherent
characteristic of liquid crystal.

By utilizing multiple R-string technique, DAC circuits with advantages of
higher-resolution and smaller area had been proposed [46]-[48]. However, by utilizing
multiple R-string technique, it is very difficult to implement the totally nonlinear relationship
between each gray level required for the gamma correction compensation. The first R-string

divides the voltage levels nonlinearly and the second R-string divides two adjacent nodes of
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the first R-string again linearly. Therefore, the output voltage cannot totally meet the correct
voltage level in each gray level of gamma correction.

The benefits and drawbacks of resistor-string DAC and charge-redistribution DAC have
been briefly discussed. A resistor-capacitor hybrid [49], which had been proposed with
benefits and without the drawbacks in the aforementioned DAC, is shown in Fig. 2.7. In this
circuit, the upper bits are adopted in resistor-string architecture and the lower bits are
employed the charge-redistribution structure. This hybrid structure can achieve higher
performance in operating speed, die area, and power consumption. However, it is difficult to
realize such hybrid structure in LTPS process due to design consideration aforementioned in
chapter 1.4. In [50]-[52], the performance of DAC circuits for LCD column driver,
high-speed current-steering, and phase-calibrated applications are better than that of some
traditional architectures of aforementioned DAC. The reason is the devices suffer worse
electrical characteristic and larger variation in LTPS technology compared with that in
CMOS technology. Therefore, the complexity .and the implementable ability are firstly
considered in the design of DAC circuit in LTPS technology.

2.3 On-Panel R-String Digital-to-Analog Converter with

Gamma Correction

2.3.1 Design of Gamma Correction

The display transfer function is shown in Fig. 2.8. From previous section, there is a
nonlinearity relationship between luminance (Luminance Domain) and human visual system
(Brightness Domain). For this reason, the gamma correction design is necessary in TFT-LCD
panel. The nonlinearity between gray level (GL) domain and luminance domain can be
corrected by gamma correction design with the formula shown in Fig. 2.8. For a 6-bit gamma
correction design, the transform function about this system can be expressed

T (GL) _Tmin — (GL/63)7
Tmax _Tmin , (21)
T(GL) = (rmax _Tmin)(GLles)y +Tmin (22)

L(GL) =T (GL) - Kyacuiignt .and (2.3)

L(GL) = (L,

max

- me)(GL/63)7 + I‘min (24)
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where T is the transmission, GL is gray level, y is gamma value, and L is luminance. From
above formula, the transform function between transmission and gray level is shown in
equation (2). Fig. 2.9 shows the percentage transmission vs. voltage (rms) of the liquid crystal
and the liquid crystal is a normally white TN-type liquid crystal. The pixel voltage
corresponding to each gray level can be obtained from the pixel voltage with gamma value of

2.2, the transform function in equation (2), and the V-T curve of this liquid crystal.

Image Coding

(Digital) Display Light Eye and Brain
Quantized Equal Luminance Brightness
Steps or Brightness Perception
Perception
GL Luminance Brightness
Domain Domain Domain

L = K[ (GL /63)" + Bias ]

Bac(g:\t Light "'ah"e'_ normalized, Light valve leakage
dynamic range

Fig. 2.8. The transform function of display system.
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Fig. 2.9. The percentage transmission vs. voltage (rms) of the liquid crystal.
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2.3.2  Design Consideration and Circuit Operation

From above discussions, resistor-string DAC, charge-redistribution DAC, and
resistor-capacitor have been briefly discussed. With design consideration aforementioned in
chapter 1.4, resistor-string DAC is easier to implement totally nonlinear relation between
each gray level to meet gamma correlation requirement for display panel applications, and the
capacitance variation is larger than resistance variation in LTPS process. Therefore,
resistor-string DAC is suitable for realization of on-panel DAC with gamma correction.

The R-string DAC with digital decoder in Fig. 2.5 is an appropriate technique for
reducing the loading of the output node. It also has a simple structure for layout floorplan and
suitable for gamma correction design. But this architecture has too large area of the decoder
in high resolution DAC. For this reason, a new architecture to reduce the area of the decoder
is proposed in Fig. 2.10. The transistor number of the decoder is not linearly increased but
exponentially increased with the growing of the bit number. Fig. 2.10 shows the proposed
6-bit R-string digital-to-analog converter (DAC) with gamma correction on-glass substrate
for TFT panel application. The smaller area and lower complexity can be achieved in this
new design. The new proposed R-string-DAC in Fig. 2.10 is composed of folded R-string
circuit, switch array, two identical segmented decoders, and the reordering decoding circuit
[53]. The input signal Din is segmented into two parts (MSBs and LSBs) and assigned to two
identical segmented decoders. The MSBs determine.the only single row to be selected
through one segmented decoder while all others-remain unselected. This operation connects
eight adjacent resistor nodes in the selected row to reordering decoding circuit. At the
meanwhile, the LSBs determine one of eight resistor nodes in the selected row to be
connected to the output node (Vo) through the reordering decoding circuit and the other
segmented decoder. Therefore, the output voltage matches the correct gray level. In addition,
the reordering decoding circuit is an important part in the proposed DAC to solve the
function error using two identical segmented decoders. Without reordering decoding circuit in
the proposed circuit, when the LSBs of input signal Din are required to select the highest
voltage level in each row, the lowest voltage level will be chosen in even rows on the
contrary and the highest voltage level will be chosen in odd rows due to the folded R-string
circuit. With the reordering decoding circuit, the proper voltage level can be correctly chosen
to meet each gray level of gamma correction.

With the R-string approach, the DAC has guaranteed monotonicity and also has higher
accuracy, because the accuracy of the R-string DAC is dependent on the ratio of resistors, not
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dependent on absolute resistor values [54]. Furthermore, the area of the proposed folded
R-string DAC with gamma correction can be reduced because the reordering decoding circuit
can simplify the decoder circuit. Otherwise, the decoder connected to LSBs has to be
redesigned so the right voltage level can be chosen in even rows. Besides, the partial
decoding function is replaced by the signal paths routing of the reordering decoding circuit.
The fundamental decoders can be utilized for the two identical segmented digital decoders.
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Fig. 2.10. The proposed 6-bit R-string digital-to-analog converter (DAC) with gamma correction on

glass substrate for TFT panel application.

2.3.3  Simulated Results and Comparison

The 1 of 2° Decoder in the traditional design of Fig. 2.6 needs 64 6-input NAND gates
and 6 inverters, while the 1 of 2% Decoder in the new proposed design of Fig. 2.10 only needs
8 3-input NAND gates and 3 inverters. Therefore, the total transistors of the decoders can be
decreased from 780 to 124 in such a 6-bit DAC, as compared in Fig. 2.11. The transistor
number of the R-string DAC can be effectively reduced to about one sixth of the traditional
one by using this proposed architecture. This new proposed 6-bit folded R-string DAC with
segmented digital decoders is also more suitable for applying with different gamma

corrections in TFT-LCD panels.
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» The traditional R-string DAC:

1 of 2° Decoder

4 > x64 + Dox6

12 x64 + 2 x6 = 780 (Trans.)

» The proposed folded R-string DAC: e
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(I Dx8 + PDox3)x2 + 1 x16 —~ i

1002 ncoter -

( 6 x8+ 2 x3)x2 + 1 x16 = 124 (Trans.)

Fig. 2.11. The comparison of the transistors number of the decoders between the traditional and
proposed 6-bit R-string DAC.
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Fig. 2.12. The simulation result of 6-bit R-string digital-to-analog converter (DAC) with gamma
correction in 3-um LTPS technology at 100-kHz operation frequency.
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The pixel value can be derived with gamma value of 2.2 by using the transform function
with proper resistance ratio. The proposed circuit has been designed and verified by the Eldo
software with the RPI model (Level=62) in a 3-um LTPS process. The simulation result of
this DAC, assigned a series of digital input codes from 000000 (GL=0) to 111111 (GL=63) at
100-kHz operation frequency, is shown in Fig. 2.12. Around the lowest and highest gray
levels, some data of simulation result don’t well agree to the ideal pixel value. The reason is
the ideal pixel value in highest gray level is 0 while in lowest gray level is the highest voltage
value (usually is VDD). In this design of R-string DAC, the R-string is divided into eight
intervals to fit the ideal pixel value and each interval is divided into the same sub-interval
again. Therefore, the lowest gray level is not well fitted to the ideal pixel value of VDD and
this sub-interval also doesn’t well agree to the ideal pixel value. The similar situation is
happened in the highest gray level.

2.4 Experimental Results and Discussion

The proposed 6-bit R-string DAC with.gamma-carrection on glass substrate for TFT
panel application has been designed and fabricated in'a 3-um LTPS process. The die photo of
the fabricated DAC circuit on glass substrate is shown in Fig: 2.13, which occupies an area of
1110 pum x 1180 pum. Such areais relatively large-compared with the specification for pitch
area of display panel. However, the layout style in this work is to verify the feasibility of the
proposed circuit. Suitable adjustment can be made according to different display panel
applications. The largest resistor used in the DAC is 56.48 kQ with the occupied layout area
of 75 um x 112 um in a 3-um LTPS process. Due to the gamma correction design, the
resistors have different values in each gray level and the total resistor used in the DAC is
199.95 kQ. The resistor value can be adjusted according to different liquid crystals. If the
output of DAC is connected to a buffer, the resistor value can be drawn larger to reduce the
power consumption from the R-string. The measured results of output voltage in the proposed
R-string DAC with gamma correction in 3-um LTPS process are shown in Fig. 2.14. With the
transform function and proper resistance ratio, the measured results well agree to the
simulation results with a gamma value of 2.2. The measured results are just the output of the
R-string and the buffer is not added in the layout.

Although LTPS process with enlarged poly-grain size can improve the device
performance, it usually accompanies a random device-to-device variation on LCD panel. The

harmful effects of irregular grain boundaries, gate-insulator interface defects, and incomplete
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ion-doping activation in thin poly-silicon channels often result in the variation on electrical

characteristics of LTPS TFTs [36].

. 1180 pm -

1110 pm

Fig. 2.13. The on-glass photo of 6-bit R-string DAC with gamma-correction realized in 3-um LTPS

process.
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Fig. 2.14. The measured results of output voltage in the fabricated on-glass substrate R-string DAC

with gamma correction in 3-um LTPS process.
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Fig. 2.15. The measured results on output voltage-among five fabricated R-string DAC samples in

3-um LTPS process.

In spite of many advantages of LTPS technology, main applications are still limited to
small size displays. The reason is that the poly-Si TFTs have poor uniformity and suffer from
large variations on the device characteristics due to-the narrow laser process window for
producing large-grained poly-Si thin film. The random grain boundaries and trap density exist
in the channel region. This leads to some problems in real product applications such as
non-uniformity brightness in panel, error reading in digital circuits, current gain mismatching
in analog circuits, and so on [38].

Fig. 2.15 shows the measured results of the proposed R-string DAC among five different
samples. INL and DNL are two important characteristics of DAC circuit. Integral nonlinearity
(INL) is usually defined to be the deviation from a straight line and differential nonlinearity
(DNL) is defined the variation in analog step sizes away from 1 LSB [44]. However, in this
work, the proposed DAC circuit presents nonlinear relationship between each gray level due
to gamma correction compensation, that is, the LSB is not a constant value. Therefore, Fig.
2.16 shows (a) the averaged output voltage, (b) maximum error, (c) standard deviation, and (d)
percentage error among five fabricated R-string DAC samples in 3-um LTPS process. The

percentage error shown in Fig. 2.16 (d) is defined as
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Fig. 2.16. (a) The averaged output voltage, (b) maximum error, (c) standard deviation, and (d)

percentage error in five fabricated R-string DAC samples in 3-um LTPS process.

The standard deviation has large difference at the gray_level 63. The reason is that the

simulation voltage in gray level 63 is about 0.005V, and the measured voltage in five
different samples are 0.002, 0.006, 0.003, 0.005, and 0.005, respectively. The variation of

each sample is due to the non-uniformly resistor doping. To eliminate the variation on each

sample, the calibration circuit or layout optimization should be developed [53]. In addition,

Fig. 2.17 shows DNL and INL for the proposed DAC circuit which presents nonlinear

relationship between each gray level due to gamma correction compensation. Since the LSB

is not a constant value in the proposed circuit, DNL and INL are derived by:
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DNL - (Measured_V,,, — Measured_V, )—(Simulated_V,,, — Simulated_V, ) 2.6)
' (Simulated _V,,, — Simulated_V, )

INL, =ZDNLi : (2.7

The INL shows largest variation on the highest code due to the aforementioned reason.
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Fig. 2.17. (a) DNL and (b) INL in five fabricated R-string DAC samples in 3-um LTPS process.

Tek Stop | f | — ] Tek Stop | [ i -

®iF 1.00V__ JM[2.00ms A Ch2 J 2.44 V| @ 1.00V__ |M[10.0us| A| Ch2 J_2.50 V,

(a) (b)

Fig. 2.18. (a) Measured output waveform when digital codes vary from 000000 to 111111 at 100Hz

and (b) measured output waveform for settling time evaluation.

Fig. 2.18 (a) shows the measured output waveform when digital codes vary from 000000
to 111111 at 100 Hz, and Fig. 2.18 (b) shows the measured output waveform for settling time
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evaluation. The overshooting (undershooting) phenomenon comes from the higher (lower)
supply (ground) voltage, which is utilized to fully turn-on (turn-off) the switches in switch
array, applied in the decoders. In Fig. 2.18 (b), the settling time is within 20 us when the
output node (Vo) is directly connected to the oscilloscope; therefore, the output loading is
about 10 pF due to voltage probe. The performance comparison among this work and some

prior arts are summarized in Table 2.1.

TABLE 2.1

PERFORMANCES COMPARISON AMONG THIS WORK AND SOME PRIOR ARTS

This work [48] [50]
Technology 3-um LTPS 2-um LTPS 0.35-um CMOS
Power Supply 4V N/A 5V
Number of Bits 6 8 10
Maximum DNL Fig. 2.16 and 2.17 <1LSB 3.83LSB
Maximum INL Fig. 2.16 and 2:17 N/A 3.84LSB
Settling Time <20 us N/A 3us
Power Consumption 82 u\W N/A 3 pA/buffer
3 mmX30.24 mm
o 0.2 mm x 1.26 mm
Area 1110 um x 1180 pm " | “for DAC and digital
_ for 4 channels
logic
(@) (b) (©

Fig. 2.19. Three different layouts to realize resistor on glass substrate [55].
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Fig. 2.19 shows three different layouts in resistor [55]. The two contacts of a serpentine
resistor should reside as close to one another as possible to minimize the impact of
thermoelectrics. Fig. 2.19 (a) has unnecessarily large thermal variations due to an excessive
separation between its contacts. In Fig. 2.19 (b), the layout reduces thermal variability and
improves matching by bringing the resistor heads into closer proximity. However, this layout
is vulnerable to misalignment errors. Fig. 2.19 (c) eliminates the misalignment vulnerability.
Besides, the trimming technique [56] used in bandgap reference circuit can be further adopted

to get precise output voltage for this DAC on glass substrate.
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Fig. 2.20. Suggested layout arrangement of the proposed circuit with shared R-string for multiple
channels in LTPS TFT panels.

Finally, the R-string is often shared by several output channels for TFT panel
applications, so the routing will be complex. Therefore, the occupied layout area and location
should be optimized in the commercial TFT panels. In this work, the optimization on the
layout area and location of DAC is not well provided because the main purpose of this work

is to verify the function and performance of DAC implemented in LTPS process. For
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commercial TFT panel applications, one suggested layout arrangement is shown in Fig. 2.20.
In Fig. 2.20, the R-String is shared by several DACs, and each DAC is composed of only two
decoders and one reordering circuit. In addition, the output of each DAC (Vo) will be
connected to each channel correspondingly. The control signals for each DAC are in parallel
to each other, so the DAC can be simply duplicated for several channels with the shared

R-string.

2.5 Summary

Compared with DAC circuits implemented in CMOS process for LCD column driver,
the proposed circuit shows worse performance than that of some traditional architectures of
aforementioned DAC. The reason is the devices suffer worse electrical characteristic and
larger variation in LTPS technology compared with that in CMOS technology. With
consideration of the complexity and the implementable ability, a 6-bit folded R-string DAC
with gamma correction on glass substrate has been successfully designed and verified in
3-um LTPS technology. By using the folded R-string circuit, segmented digital decoders, and
reordering decoding circuit, the transistor number of the new proposed DAC circuit can be
effectively reduced to about one sixth of the traditional one. Furthermore, the proposed
architecture is suitable for gamma correction. design ‘in different LTPS processes by
modifying the corresponding R-string.value and the decoder. With more analog and digital
circuits realized on the glass substrate in'L.TPS technology, the goal of system-on-panel (SOP)
applications can be achieved in the near future.

The content of this chapter was co-work with Mr. Yu-Hsuan Li when he studied his B.S.
degree in National Chiao-Tung university [57], and was also published in [40], [41], [53]

with co-author of Mr. Yu-Hsuan Li.
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Chapter 3

Analog Output Buffers with Level Shifting Function

on Glass Substrate for Panel Applications

Two analog output buffers with level shifting function containing the digital-to-analog
converter (DAC) circuit with gamma correction have been designed and verified in a 3-um
low temperature poly-silicon (LTPS) technology, which are suitable for integrated on glass
substrate for panel application,. The new proposed circuits utilize the DAC with gamma
correction of 3-V liquid crystal (LC) specification, but it can also drive the 5-V liquid crystal
to meet the desired 5-V gamma curve without re-designing the DAC with 5-V gamma

correction parameters [58]-[59].

3.1 Introduction

LTPS technology with higher mability characteristic, which has been widely applied in
active matrix liquid crystal display (AMLCD), is conceived as one of most desirable
technology to accomplish system-on-panel (SOP) integration for portable systems, such as
digital camera, mobile phone, personal digital assistants (PDAS), notebook, and so on. The
periphery circuit blocks of LCD panel are roughly composed of four parts: display panel,
timing control circuit, scan driver circuit, and data driver circuit. Display panel is constructed
of the active matrix liquid crystals and the operation of the active matrixes is similar to
DRAM (dynamic random access memory) which is used to charge and discharge the
capacitor of the pixel. Timing control circuit is responsible for transmitting RGB (red, green,
and blue) signals to the data driver and controlling the behavior of scan driver. Data driver
circuit, shown in Fig. 3.1, is composed of shifter register (S/R), data latch, level shifter (L/S),
DAC, and analog output buffer. Shifter register and data latch are used to transit and store the
RGB signals while level shifter translates the RGB signal to a higher voltage level due to the
higher operating voltage of active matrixes. In addition, DAC is used to convert the digital

RGB signal to analog gray level with consideration of gamma correction. The LCD panel
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with larger panel size or higher resolution display results in larger load to this signal, so the
analog output buffer is essential to provide the driving capability of the data driver [6].

Hclock

SR ——> S;“R —

Hsyn

Video Z.
Data

Latch_2%V8 Latch_25N8

Latch_25"8

Gamma
Voltage

N-1 Scan Line ~1

N Scan Line

Fig. 3.1. The basic diagram of data driver circuit for TET LCD.panel [6].

SOP application has the potential to realize compact, highly reliable, and high resolution
display by integrating functional circuits within a display. For a-Si TFT-LCDs, TAB-ICs are
connected to the left and bottom sides of a panel as the Y driver and the X driver, respectively.
Integration of the Y and X drivers with LTPS TFTs on panel requires PCB (printed circuit
board) connection on the bottom of the panel only. The most common failure mechanism of
TFT-LCDs, disconnection of the TAB-ICs, is therefore decreased significantly with the save
in omitting the usage of ICs and all sub-circuits integrated on panel. Besides, the cost of panel
becomes lower, as well as the higher yield rate can be also achieved [23]. Furthermore, some
poly-Si TFT characteristics, such as high carrier mobility, low threshold voltage, high
stability, and high reliability, are required to fulfill the SOP application. Such integration
technology contributes to shorten the product lead time because the assemblage of CMOS
ICs can be eliminated. Currently, such integration has been proceeding from simple digital
circuits to the sophisticated ones. Moreover, LTPS technology is compatible with OLED

(organic light emitting diode), which is another promising display device. Therefore, design
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of driving circuits for TFT-LCD in LTPS technology has been proceeding. In [48], a
TFT-based 8-bit source driver for 2.0 inch QVGA AMOLED panels had been proposed to
reduce source driver size about 40%. In [35] and [42], the TFT devices had been reported to
have large variation in the threshold voltage and device characteristics, so the device
characteristic variation is a very important issue for analog circuit design in LTPS technology.
The carrier mobility depends on the grain size of the active poly-Si layer, and the deviation of
the TFT characteristics is related to the quality of the poly-Si layer [60]. Some recent works
had been reported to suppress the variation of poly-Si TFT characteristics to further redeem
SOP application. In [38], a class-B output buffer with offset compensation had been proposed
to compensate the offset of output buffer to provide high resolution display and uniform
brightness display. In [61], a new gate-bias generating technique with threshold-voltage
compensation had been presented to reduce the impact of threshold-voltage variation on
analog circuit performance in LTPS technology.

Some kinds of circuits had been successfully integrated on TFT-LCD substrates for SOP
application. In [62], a low power consumption TFT-LCD with dynamic memory embedded in
each pixel has been proposed to.hold a digital data corresponding to display image in the
memory, so the operation of data driver can be simplified to reduce power consumption. In
[63], it reported the first LCD- equipped with all the' circuits to display static images
continuously for up to one year powered with a button battery. In [64], an 8-bit CPU
containing 13,000 TFTs on a glass ‘substrate_reported to demonstrate the feasibility of the
SOP.

In this work, two analog output buffers with level shifting function containing the DAC
circuit with gamma correction have been designed and verified in a 3-um low temperature
poly-silicon (LTPS) technology, which are suitable for integrated on glass substrate for panel
application. The new proposed circuits utilize the DAC with gamma correction of 3-V liquid
crystal (LC) specification, but it can also drive the 5-V liquid crystal with the desired 5-V

gamma curve without re-designing the DAC with gamma correction parameters.

3.2 Conventional On-Panel Analog Output Buffer

3.2.1  Source Follower Type
Source follower is one of the most popular analog output buffers integrated on the glass
substrate for data driver duo to its high input impedance and low output impedance. For such
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simple architecture, some drawbacks are found, such as smaller output swing and higher
input offset voltage. Fig. 3.2(a) shows the conventional source follower of analog output
buffer with active load [65]. The final output voltage (Vout) in Fig. 3.2(a) with different input
voltage (Vin) is kept constant but has an offset voltage from the input level, in which the
offset is determined mainly by the threshold voltage of the driving TFT. Besides, the
threshold voltage may not be a constant in different panel locations due to the LTPS device
variation. To balance the input offset voltage, Fig. 3.2(b) shows the modified source follower
of analog output buffer with compensation capacitor. In the compensation period (1), S1 and
S2 are turned on, so the voltage drop is stored in compensation capacitor (Cvt). In the
data-input period (2), S1 and S2 are turned off while S3 and S4 are turned on. At the
meanwhile, the gate voltage of the driving TFT is applied with the voltage difference hold in
Cvt added to the input voltage Vin. Thus, the output voltage is compensated by the voltage
stored in Cvt.

The offset voltage was deceased by .the aforementioned compensation technique.
However, the offset voltage, which is predominantly governed by the threshold voltage of
TFT, may not be stored exactly in the capacitor due to the subthreshold leakage current. The
subthreshold characteristic of .poly-Si TET is rather poor compared with well-known
MOSFETs in the silicon CMOS technology, and the large.subthreshold current of poly-Si
TFTs increases the offset voltage of analog buffers [66]. In addition, compensation capacitor
utilized in this technique may also consume.larger-area. Therefore, Fig. 3.3 shows the analog
buffer of source follower type with device matching technique and its timing diagram of
operation. When the reset signal (Reset) is low, the voltage in output loading capacitor
(Cpanel) is reset. The input signal (\VVdata) is applied when the Reset becomes high, so the
voltage in node A (Va) grows to Vdata+|Vth| due to the diode connection of P1. (Vth is the
threshold voltage of P-type TFT.) After that, P4 is turned on with the active signal and Va
decreases due to bootstrapping effect, as well as Vss is transferred to Cpanel. As Va decreases
to Vdata-|Vth|, diode-connected P2 is turned on to hold this voltage. Therefore, the source
voltage of P3 is about VVdata and the threshold voltage is compensated by device matching.
This analog buffer with device matching technique can reduce the offset generated from the
subthreshold current of poly-Si TFT, but without using additional capacitor to store the

threshold voltage of a poly-Si TFT.
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Fig. 3.2. (a) Conventional source follower analog output buffer with active load, and (b) the
modified source follower analog output buffer with compensation capacitor [65].
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Fig. 3.3. An analog buffer of source follower with-device matching technique and its timing diagram

of operation [66].

3.2.2 Two-Stage OP AMP

Compared with the analog output buffer of source follower type, the unity-gain analog
output buffer with an OP amp has<higher on-panel analog driving capability [67]. Fig. 3.4
shows the two-stage OP amp utilized for unity-gain analog output buffer with Miller
compensation and nulling resistor (M10 and Cc). As a unity-gain buffer, the output node (\o)
is connected to the negative input node (Vi.) and the input signal is applied to the positive
input node (V). This output buffer comprises four parts as following. The 1st part consists of
p-channel differential pair (M1 and M2) with n-channel current mirror load (M3 and M4) and
a p-channel tail current source (M5). The second part is a common-source amplifier stage
(M6 and M7), which can improve the open-loop gain and reduce the input offset voltage. The
3rd part is a constant gm bias circuit (M11-M16 and Rg), which can provide a more stable
voltage reference. The 4th part is start-up circuit (M21-M24) to turn on the bias circuit in the
beginning of power-on operation and be turned off after bias circuit working. The two stage
OP amp has larger unity-gain frequency, better slew rate, lower input offset voltage, better
immunity to noise, and more steady circuit performance, as comparing to the analog output
buffer of source follower type. Furthermore, input offset can be further reduced by the larger

open loop gain of OP amp.
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Fig. 3.4. Two-stage OP amp utilized for unity-gain analog output buffer [67].

3.2.3 Level-Change Analog Amplifier

Fig. 3.5 shows a level-change«analog amplifier which maximizes monolithic circuit
integration, in particular targeting the monolithic integration of high performance analog
circuits [68]. This circuit consists of a differential amplifier, an offset-removing capacitor
“Coc,” and one set of switches allowing connections to 4 voltages. At T1 and T3 period, Coc
is precharged to voltage level determined by the switch settings. At T2 and T4 period, voltage
level of Vref is therefore shifted to the-output-decided by Vx and Vss, where Vref is

corresponding to the image data for an LCD.

S1 | Ctu S1

Vpre D_O/} Goc
s2 | - s2
Vss D—o/ o .

S4

Vref D—6~ o—— sz\é \851

Fig. 3.5. A level-change analog amplifier [68].
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3.3 On-Panel Analog Output Buffers with Level Shifting

Function

3.3.1  Design Consideration

As mentioned above, DAC is used to convert the digital RGB signal to analog gray level
with consideration of gamma correction. The LCD panel with larger panel size or higher
resolution results in larger load to this signal, so the analog output buffer is essential to
provide the driving capability of the data driver to drive the liquid crystal with appropriate
analog gray level. In general, each liquid crystal under the selected operation voltage has its
corresponding gamma curve. Therefore, for various liquid crystal displays, the DAC circuit is
indispensable to be redesigned as well. In general, the capacitive loading for one pixel is
about 300 fF. For XGA display panel application, the effective capacitive loading can be
roughly determined by 1024 x 768 x 3(rgb) x 300 fF.

In this work, two new analog output buffers with level shifting function are proposed to
realize the DAC with gamma correction-of 3-V liquid crystal (LC) specification, and it can
also drive the 5-V liquid crystal‘with the desired 5\ gamma curve without re-designing the
DAC with 5-V gamma correction parameters. Since  the two-stage OP amp has larger
unity-gain frequency, better slew rate, lower input offset voltage, better immunity to noise,
and more steady circuit performance, as.comparing to the analog output buffer of source
follower type, the OP amp integrated in the two proposed analog output buffers with level
shifting function is the same as that shown in Fig. 3.4. Furthermore, input offset can be
further reduced by the larger open loop gain of OP amp. With design consideration
aforementioned in chapter 1.4, the proposed analog output buffer 1l shows better consistent to

ideal gamma curve with gamma value of 2.2 than that of the proposed circuit 1.

3.3.2 On-Panel Analog Output Buffer | with Level Shifting Function and
Simulated Results

Fig. 3.6 shows the new proposed analog output buffer | with level shifting function on

glass substrate for panel application in 3-um LTPS technology with AvDD1 = 3V, AVDD2 =

6V, and R1 = 400kQ. R-string (RS00-RS64) and decoder 1 with digital input code Din are

6-bit R-string DAC circuit with gamma correction implemented by the R-string for 3-V
liquid crystal panel application. When Din is 000000, decoder 1 transforms the digital input
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code to only turn on MSO01, and VO is assigned to Vin+ of OPAMP in Fig. 3.6. In the
meantime, all the other voltages (V1-V63) are not transmitted to Vin+. Therefore, with proper
digital input code, the corresponding voltage level can be correctly chosen to meet each gray

level in Vin+ for DAC circuit with gamma correction for 3-V liquid crystal panel application.

Din
Decoder 1
6
........ jreeee@ O O O ! AVDD2
o Pl vine
[le : ; — +
: ' oo Vout
! E o OPAMP *
SNSRI SRR R i 4 Vin- [
P P — GND
o0
5//; y
Decoder 2 MS
YY) MW\
R1
— p— GND -

Fig. 3.6. The new proposed analog output buffer I with level shifting function on glass substrate.

Fig. 3.7 shows the resistance utilized in the proposed circuit | for (a) RS00-RS64, which
are provided by the LCD panel manufacturer, and (b) R201-R237, which are designed for
converting 3-V gamma correction to 5-V application. Fig. 3.8 shows two gamma curves for
the liquid crystal panel under different (3-V or 5-V) operating voltages. In Fig. 3.7 (a), the
larger resistance variation between RS63 and RS64 is to make V63 = 2.61V, which is close to
AVDD1 = 3V. In addition, RS01-RS05 also shows large resistance variation due to large
voltage degradation from gray level 5 to 1 in Fig. 3.8. In order to meet gray level 0 close to
0V, RSO0 also shows larger resistance. In Fig. 3.7 (b), R201 shows the largest resistance
because the largest voltage variation happened at gray level 63 from converting 3-V to 5-V

gamma correction. Besides, for liquid crystal under different operating voltages, such as 5-V

-45 -



display panel, the 5-V gamma curve is different to that under 3-V application. Since the
applied voltages in each gray level for 5-V gamma curve cannot be simply derived from
applied voltages for 3-V gamma curve by adding a constant or a linear transformation, the
applied voltages for 3-V and 5-V gamma curves show nonlinear relationship in each gray
level. In the new proposed circuit I, 6-bit R-string DAC with gamma correction for 3-V liquid
crystal display is not needed to be re-designed for 5-V operation. OPAMP, decoder 2, R1,
R201-R237, and MR01-MR37 are proposed to operate the analog output buffer with level
shifting function to meet 5-V operation. Decoder 2 receives the input signal from decoder 1
to turn on only one switch of MR01-MR37 at the same time. For example, if MROL1 is turned

on, the OPAMP behaves like an non-inverting amplifier with it function shown below

Vout :Vin(1+
R2

le 3.1
01)° 3D

where Vin=Vin+=Vin- if the gain of OPAMP is large enough. Therefore, with suitable design
of R201-R237, gamma curve for 5-V_ liguid. crystal panel can be achieved without
re-designing the 6-bit R-string DAC that has been realized with 3-V gamma correction
parameters. The proposed circuit-has been designed and verified by the Eldo software with
the RPI model (Level=62) in a-3-um LTPS process. Fig. 3.9 shows the simulated gamma
curves of the proposed circuit in‘a 3-um'LTPS technology for liquid crystal panel under 3-V
or 5-V operations. Vin+ is the output gamma curve of 3-V liquid crystal panel and Vout is the

output gamma curve of 5-V liquid crystal panel:
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Fig. 3.7. Resistance utilized in the proposed circuit | for (a) RS00-RS64 and (b) RS201-RS237.
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Fig. 3.9. Simulated gamma curves of the new proposed circuit | for the liquid crystal panel under

3-V or 5-V operations.
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3.3.3  On-Panel Analog Output Buffer Il with Level Shifting Function and

Simulated Results

In the proposed circuit I, the level shifting function is strongly depended on the absolute
value of resistors (R201-R237). Although LTPS process with enlarged poly-grain size can
improve device performance, it usually accompanies a random device-to-device variation on
LCD panel. The harmful effects of irregular grain boundaries, gate-insulator interface defects,
and incomplete ion-doping activation in thin poly-silicon channels often result in the
variation on electrical characteristics of LTPS devices [36]. The absolute value of resistors
(R201-R237) is therefore easily not well consistent to the simulated result after fabrication.
Therefore, Fig. 3.10 shows the new proposed analog output buffer Il with level shifting
function on glass substrate for panel application in 3-um LTPS technology with AVDD1 = 3V,
AVDD?2 = 6V, AvDD3 = -3V, and R1 = R2 = 900kQ2. The main idea of proposed circuit Il is
similar to the proposed circuit | but the level shifting function is modified below

: R1 R1
Vout=Vin| 1+ —|—Va — .
(el ) 62

where Va is the amendment voltage derived from RA01-RA31 and MA01-MA30.

Decorder1  |«—/

Vout

Fig. 3.10. The new proposed analog output buffer Il with level shifting function on glass substrate.
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Fig. 3.12. Simulated gamma curves of the new proposed circuit Il for the liquid crystal panel under

3-V or 5-V operations.

The operation of the proposed circuit 11 is similar to that of the proposed circuit I in the
former part and RS00-RS64 are the same as that in the proposed circuit I. Nevertheless, when
decoder 2 receives the input signal from decoder 1, only one switch of MA01-MA37 is
turned on at the same time. Therefore, suitable amendment voltage Va is decided by the ratio
of RAO1-RA31. Fig. 3.11 shows (a) resistance utilized in the proposed circuit Il for

- 49 -



RAO01-RA31 and (b) the amendment voltage Va in each gray level for converting the 3-V
gamma correction to 5-V application. In Fig. 3.11(a), RAO1 and RA31 show the lager
resistance because the amendment voltage is varied from -1V to 1V but AVDD3 is -3 V as
well as AVDD1 is 3 V. In the proposed circuit I, the RA01-RA31 has guaranteed
monotonicity to result in higher accuracy of amendment voltage Va, because the accuracy of
Va is dependent on the ratio of resistors, not dependent on absolute resistor values. The
proposed circuit has been designed and verified by the Eldo software with the RPI model
(Level=62) in a 3-um LTPS process. Fig. 3.12 shows the simulated gamma curves of the
proposed circuit Il in a 3-um LTPS technology for liquid crystal panel under 3-V or 5-V
operations. Vin+ is the output gamma curve of 3-V liquid crystal panel and Vout is the output
gamma curve of 5-V liquid crystal panel. Finally, in Fig. 3.6 and Fig. 3.10, the switch MS is
utilized to control the proposed circuits to be operated under 3-V or 5-V application. For 5-V
application, the switch MS is open, so the proposed circuits can be performed just like
mentioned above. For 3-V application, the.switch. MS is shorted, so the output of OPAMP
(Mout) is connected to the negative.input of OPAMP. (Vin-) to perform like a non-inverting
amplifier. Therefore, the proper 3-V gamma value (V0-V63) can be transformed to output
(Vout) correctly.

3.4 Experimental Results.and Discussion

The new proposed circuits have‘been designed and fabricated in a 3-um LTPS
technology. Fig. 3.13 shows the die photo of the fabricated analog output buffer I and analog
output buffer Il with level shifting function on glass substrate, where the area is 3200um X
7600um. Fig. 3.14 shows the measured results in Vout and its variation for the proposed
circuit I with gamma curve for 5-V liquid crystal panel but designed with the resistance ratio
of 3-V gamma correction. Somewhat, the measured result with its variation from -0.1V to
-0.6V is not so well matching with the simulated result due to the variation of on-glass
resistance after fabrication in LTPS process. Suitable adjustment on the layout of R-string
resistance in the LTPS process, a more precise result of the proposed circuit I can be
achieved.

As mentioned in Fig. 2.19 [55]. The two contacts of a serpentine resistor should reside
as close to one another as possible to minimize the impact of thermoelectrics. The serpentine
layout style in Fig. 2.19 (a) has large thermal variations due to an excessive separation

between its contacts. In Fig. 2.19 (b), the layout reduces thermal variability and improves
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matching by bringing the resistor heads into closer proximity. However, this layout is
vulnerable to misalignment errors. If the resistor body shifts downward relative to the resistor
heads, then the length of the resistor increases by twice the misalignment. This vulnerability
can be eliminated by the layout style in Fig. 2.19 (c). Besides, the trimming technique [56]
used in bandgap reference circuit can be further adopted to get precise output voltage for the
proposed circuits on glass substrate.

Fig. 3.15 shows measured results in Vout and its variation for the proposed circuit 1l
with gamma curve for 5-V liquid crystal panel but designed with the resistance ratio of 3-V
gamma correction. As mentioned above, RA01-RA31 has guaranteed monotonicity to result
in higher accuracy of amendment voltage Va, because the accuracy of Va is dependent on the
ratio of resistors, not dependent on absolute resistor values. The measured results in the
proposed circuit 11 show better consistent and much smaller variation (about -0.06V to 0.1V)
to the ideal gamma curve with gamma value of 2.2. However, the proposed circuit 1l requires
another supply voltage AVvDD3.

1€ 7600m >

7600um >

(b)

Fig. 3.13. Die photo of the fabricated (a) analog output buffer I, and (b) analog output buffer 11, with

level shifting function on glass substrate in a 3-um LTPS technology.
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Fig. 3.14. Measured results for the new proposed circuit I in (a) Vout and (b) its variation with
gamma curve for 5-V liquid crystal panel but designed with the resistance ratio of 3-V gamma

correction.
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3.5 Summary

In order to realize the requirement that using the DAC with gamma correction of 3-V
liquid crystal (LC) specification to drive the 5-V liquid crystal with the desired 5-V gamma
curve without re-designing the DAC with 5-V gamma correction parameters, the two-stage
OP amp is applied in the proposed circuits due to its larger unity-gain frequency, better slew
rate, lower input offset voltage, better immunity to noise, and more steady circuit
performance.

With design consideration aforementioned in chapter 1.4, two analog output buffers with
level shifting function on glass substrate for panel application has been successfully designed
and fabricated in a 3-um LTPS technology. By using OPAMP, decoder 2, R1, R201-R237,
MRO01-MR37, and DAC with 3-V gamma correction parameters, the new proposed analog
output buffer I can drive 5-V liquid crystal panel without re-designing the DAC with 5-V
gamma correction parameters. By utilizing amendment voltage Va derived from RA01-RA31
and MA01-MA30, the measured results:in the new proposed analog output buffer 11 show
better consistent to ideal gamma curve with gamma value of 2.2.

The content of this chapter was co-work with Mr. Sao-Chi Chen when he studied his B.S.
degree in National Chiao-Tung-university [69], and was also published in [58], [59] with
co-author of Mr. Sao-Chi Chen.
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Chapter 4

Readout Circuit on Glass Substrate for Touch Panel

Applications

A readout circuit on glass substrate for touch panel application has been designed and
fabricated in a 3-um low temperature poly-silicon (LTPS) technology. In this work, the
switched-capacitor (SC) technique is applied to amplify the small voltage difference from
capacitance change due to the touch event on panel. In addition, the correlated
double-sampling (CDS) technique is also employed to reduce the offset originated from LTPS
process variation. The minimum detectable voltage difference of the proposed circuit is 40
mV. To further identify the different touch area during touch events, a 4-bit analog-to-digital

converter is used to converter the ‘output-of readout circuit into 4-bit digital codes [70], [71].

4.1 Introduction

Owing to the higher carrier mobility, lower threshold voltage, and higher stability of low
temperature poly-silicon (LTPS) thin-film transistors (TFTs), some analog and digital circuits
have been integrated on glass substrate in the active-matrix liquid crystal display (AMLCD)
[72]-[74]. By integrating peripheral functional circuits on the display panel, higher resolution,
smaller size, and high reliability can be further achieved for the system-on-panel (SOP)
application. Since the carrier mobility depends on the grain size of the active poly-Si layer,
the deviation of the TFT characteristic is dependent on the quality of the poly-Si layer. The
device variation compression is especially needed to be considered when the peripheral
functional circuits are integrated on panels [36], [58], [75].

Since some remarkable advances had been made for peripheral functional circuits, more
kinds of circuits had been also implemented on the glass substrate for SOP applications [38],
[48], [61]. In [76], a metal-nitride-oxide-silicon one-time-programmable cell with fast
programming, high reliability, and fully process compatible to low-temperature

polycrystalline-silicon panel had been reported for system-on-panel application. Through
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channel FN programming, superior data retention and low-power operation were therefore
achieved. In [77], an amplitude-shift-keying (ASK) demodulator implemented in LTPS
technology for RF identification tags embeddable on panel displays had been reported with
the highest ASK modulated data rate of 100 kb/s.

Recently, touch sensing gets great demand on panel applications such as PDA, tabled
PCs, and smart phones, due to its intuitive operation and the advantages of easier and faster
entry of the information. Integration of touch sensing function is convinced to be one of the
value-adding solutions that can be applicable to the present flat panel displays (FPDs)
[78]-[80].

4.2 Conventional Readout Circuits

4.2.1  Touch Panel Controller

Fig. 4.1 shows the block diagram. of touch panel controller implemented with LTPS
TFTs on a glass substrate to control a 4-wire resistive touch panel [78]. It induces voltage
gradient across either plate of a 4-wire resistive touch panel, and senses the intermediate
potential at the touch position.- After that, the sensed potential is compared with seven
reference voltages and the 7-bit output of the comparators.is converted to two sets of 3-bit
data for the x- and y-coordinate respectively by the encoder. According to the 6-bit data, the

touch position in x- and y-direction can be obtained.

Ring Osc. |—® | Freq. Divider | — | Level Shifter

Oscillatory Clock
Signal ‘ Clock
4-wire Resistive Power/Signal
Touch Panel Switching Circuit
Vdata
Vref1-7 *
Vref 2-Stage
Generator Comparaotr
_ * 7-bit data
3-bit data
@ DY 3-bit Register for X
6-bit Digital Qutput . : -to-
g PUL]=| 3.bit Register for Y || 7-to-3 encoder

!

Fig. 4.1. The block diagram of touch panel controller [78].
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4.2.2 Touch-Sensor-Embedded Display Panel

Fig. 4.2 shows the readout circuit of the integrated long-side of the LCD driver IC (LDI)
with readout function for touch-sensor-embedded display panels [79]. An electric charge is
generated in the photo TFT depending on the intensity of incident light. The input current is
converted into voltage signal through the integrator. When the Reset is high, the feedback
capacitor C; is shorted and V,_op1 equals to Ve and plus its own voltage corresponding to the
given input current. This voltage, V,, is stored in C, when SPLO is set to low. When the Reset
is low, the input current is converted into output voltage by the integrator. The output voltage
of Vo _op1 decreases with time and the voltage at the falling edge of SPL1, Vs, is stored on Cs.
With global charge amplifier and ADC, the difference between V, and V; can be distinguished
and digitalized into 8-bit digital codes [79].
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Fig. 4.2. The readout circuit of the integrated long-side of the LCD driver IC (LDI) with readout
function for touch-sensor-embedded display panels [79].

4.2.3  Liquid Crystal Capacitive Sensor Circuit

Fig. 4.3 shows the embedded liquid crystal capacitive sensor and its readout circuit [80].
In Fig. 4.3(a), the voltage of Vg, is controlled by the coupling effect from Gn in the reading
period. The liquid crystal capacitance (Cyc) is defined by a sensor gap between the common
electrode and sensor electrodes on a TFT substrate. The sensor gap is reduced when the
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sensor is touched. Therefore, the capacitance is increased as well as the voltage of Vg is
decreased. The voltage difference at Vg, can be further amplified and converted into current
signal (I,0) by TFT;. Fig. 4.3(b) shows the readout circuit with the integrator and the A/D
converter. The output voltage (Vo) is reset to Vs first. Due to the voltage difference from
Vgw, Iro In the non-touch state is larger than that in the touch state. By applying the A/D
converter, the touch and non-touch events can be converted to the digital output.

v SL Vg
reset Reset Reading
Gn i (N I 1
1
Cref Gn | :
TFT, Fgw | ...J L
|l:TFT1 ’ |
_I_I_ Gn+1 eoe
C,c 1 ] Non-
| ITouch | touch
(| ~a H
Vcom |m ¢ ng I o8 e ..
Gn+1 o
@
SL Reset
5 o Latch
Pulse
o l
Cro
Vio
Vier=5V
A/D
Integrator  Converter
(b)

Fig. 4.3. (a) Liquid crystal capacitive sensor circuit and (b) the corresponding readout circuit [80].

In this work, a new readout circuit on glass substrate for touch panel application has
been designed and fabricated in a 3-um low temperature poly-silicon (LTPS) technology. Fig.
4.4 shows the block diagram of touch panel system. There are totally 14 and 8 capacitive
sensor lines in the x- and y-direction respectively on the touch panel. When the touch panel is

touched, the total capacitance of the capacitive sensor line will be changed. By applying the
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switched-capacitor (SC) circuit, the voltage difference from capacitance change due to the
touch events can be amplified. In addition, the corrected double-sampling (CDS) technique is
also employed to reduce the offset originated from process variation. To further identify the
different touch area during the touch events, a 4-bit analog-to-digital converter (ADC) is used
to converter the output of readout circuit into 4-bit digital codes. Finally, by 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.

On-Panel
Readout Circuit
— 1 [ |
| SC 4
TP‘::;'I’ —~|| Circuit |—| ADC :74» Algorithm
|with CDS |
. =
4-Bit Digital
Code

Fig. 4.4. The block diagram of touch panel-system.

4.3 On-Panel Readout Circuitfor Touch Panel Applications

4.3.1 Equivalent Model of the ‘Capacitive Sensor Line

Fig. 4.5 shows the equivalent RC model of one capacitive sensor line on a 2.8 inch touch
panel provided by the panel manufactory with total R of 150 k2 and C of 100 pF. The Fanout
block is the equivalent parasitic RC network of the interconnect line between the sensor line
to the output node Fin. The touch capacitor (C tuch) is varied from 0.5 pF to 2 pF according
to the different touch area. When the sensor line is touched by the finger, C touen is added in
parallel to the touched node and the total capacitance on the capacitive sensor line is also
changed. Since the different touch area is represented by different digital outputs of readout
circuits, multi-touch events can be further determined by analyzing both digital outputs of
readout circuits in the x- and y-direction through the appropriate algorithm of software in the
system.

In order to discriminate between the touch and non-touch events, that is, to detect the
capacitance change from C (uch, €ach node on the sensor line is pre-charged to 6 V at the

beginning. When the touch event happened, the voltage at the output node Fin (Vgin) will be
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changed to

C ota
VFIN = Ctota|+t—tcl ’ Vpre—charge | (41)

_touch
where Vopre-charge = 6 V, Ciotal = 100 pF, C touch = 0.5 pF - 2 pF. Therefore, the voltage level at
output node Fin under the touch event can be derived from 5.88 V to 5.97 V with the
corresponding C (ueh value from 2 pF to 0.5 pF. For such a capacitive sensor line, the
capacitance change due to the touch event can be indicated by the voltage change. So the
on-panel readout circuit is designed to distinguish the voltage difference at the Fin node. In
this work, the switch-capacitor (SC) technique is applied to enlarge the voltage difference
from capacitance change in the touch panel and the corrected double-sampling (CDS)
technique is employed to reduce the offset owing to process variation. In addition, the
different touch area is further identified by the 4-bit digital output code from on-panel

analog-to-digital converter (ADC).

Finger

i PPttt |\ / 1
Fin . 10kQ | 10kQ  10kQ  10kQ  10kQ 10kO |
in —\W\—4—1—+AVW—34—MWA——AM—9— A\ —

el R el el Bl |

|13.2pF—— ! |6.2pF—— 6.2pF—— 6.2pF—— 6.2pF es 6.2pF— |

l Il l I :|: :[ Ctouch Il

| | I - !

| L L L L L L 1|

T ___C DT ____T_

Fanout 14 sensor pads

Fig. 4.5. The equivalent RC model of one capacitive sensor line on a 2.8 inch panel.

4.3.2 Design Consideration and Circuit Implementation

From design consideration aforementioned in chapter 1.4, the device characteristic
variations in LTPS technology are quite larger compared with CMOS technology, so the
effect of device variation must be considered for on-panel circuit design. In chapter 3, a two
stage OP amp. on glass substrate had been implemented and discussed in [69]. Since Miller
compensation and nulling resistor are necessary for two-stage OP amp., random
device-to-device variation on resistor and capacitor in LTPS process exert quite influence on
performance of two-stage OP amp. Therefore, the folded-cascode operational amplifier is
utilized in the proposed circuit. In addition, the corrected double-sampling (CDS) technique
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is employed for on-panel circuit design to reduce the offset originated from LTPS process
variation.

Fig. 4.6 shows the new proposed on-panel readout circuit for touch panel applications in a
3-um LTPS technology. The proposed circuit is designed to detect the capacitance change
from the capacitive sensor line shown in Fig. 4.5. The proposed circuit is composed of two
parts. One is the switched-capacitor (SC) circuit with correlated double sampling (CDS)
technique [44], and the other is on-panel analog-to-digital converter (ADC) [81]. The SC
technique is applied to amplify the small voltage difference between V; and Ve with the
factor of C,/C,, where Vi is the voltage from the output node (Fin) of the sensor line. Since
the TFTs suffer large device variation in LTPS process compared with that in CMOS silicon
process, the CDS technique is utilized to eliminate the offset of operation amplifier (OP). The
effect of the input offset can be modeled as an error voltage source (Vos) placed in series with

the positive input of OP.
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Fig. 4.6. New proposed on-panel readout circuit to sense the voltage change due to the capacitance

change on the touch panel in a 3-um LTPS technology.

Fig. 4.7 shows the on-panel switched-capacitor circuit with CDS during the logical high
in (@) Clk; and (b) Clk,. In Fig. 4.7 (a), the voltage across C; is reset and both the voltages
across C; and C, are equal to the input offset of OP (Vs(t1)) at t1. In Fig. 4.7 (b), Vi charges
C; and the charging current flows across C,. Consequently, the change in charge across C;

equals to the change in charge across C,. So, the output voltage (Vou op) at to can be derived

by
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Vout_OP (tz) = Vref + % ’ (Vref _Vi )+ [Vos (tz) - Vos (tl)] (l—i_%j | (42)

2 2
whereas the output voltage is only valid during the logical high in Clk,. The offset voltage is
also cancelled since the error voltage source was assumed to be independent of time.

The second part of the proposed circuit is the on-panel ADC. Since the voltage level at
Vout_op With analog signals usually cannot be directly applied for digital processing when the
sensor line is touched, an on-panel ADC is required. Furthermore, with different V, (Va1 to
V) of reference voltage, the output voltage of OP (Vou op) can be digitalized according to
the different input voltage (V). As the CIk; is high, the logical threshold voltage (V;) of the
inverter (INV) is stored in Cs as well as V.. When the CIk; is high, (Vou ortVi-Va) is applied
to the input of INV and the logical threshold voltage (V:) of the INV can be further cancelled.
Therefore, the output of ADC depends only on (Vou or-Va) and it shows logical high when
the sensor line is touched. Finally, the different touch area can be identified by the 4-bit

digital output (Vout t0 Voua) from on-panel ADC.

2 CZ
I I Viet ]I I[
Vooa
Vopa
Vv I Vi || i
L - (From Fin) ¢, oP
Cs oP . v
ViertVos(ts) — out_OP
ViertVos(t) — + Vout_op 1+Vos(t2) +

Fig. 4.7. The proposed switch-capacitor readout circuit with CDS during the logical high in (a) Clk;

for reset with offset storage and (b) Clk, for amplification and offset cancellation.

The schematic diagram of the folded-cascode operational amplifier (OP) used in this
work is shown in Fig. 4.8. Compared with the traditional two stage operational amplifier, this
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architecture exhibits better input common mode range, power supply rejection ratio, larger
gain, and easier frequency compensation [44]. The proposed circuit has been designed and
verified by the Eldo software with the RPI model (Level=62) in a 3-um LTPS process [82].
With consideration of implementation for SC and CDS techniques, and requirement for
operating frequency (tens herts) and detection range (0.5 pF~ 2 pF) of touch panel
applications, the simulated frequency response of the folded-cascode OP in open-loop
condition is shown in Fig. 4.9 under the supply voltage (Vppa) of 10 V. The DC gain and the
phase margin are 60.5 dB and 70°, respectively. The simulated unit gain bandwidth is 12.8
MHz. Fig. 4.10 shows the simulated output voltage of the switch-capacitor circuit with CDS.
The output voltage shows 6.89 V, 6.69 V, 6.48 V, 6.26 V, and 6.03 V under V; =5.88 V, 5.91
V, 5.94V, and 5.97 V, respectively. The output voltage is only valid when the Clk; is high.

Fig. 4.11 shows the simulated result of the proposed circuit under the non-touch event
with Vppa = Vops =10V, Vies =6V, Va1 = 6.15V, V2 = 6.36 V, Vi3 = 6.6 V, Viu = 6.8 V,
Clk;, = Clk, = 100 kHz, C; = 8 pF, and C, =.L pF. By applying the SC and CDS technology,
the output voltage of the proposed circuit (Voun t0 Vouu)-is only valid when the CIk; is high.
Therefore, the non-touch event of.the proposed circuit.shows the digital output code of ‘0000’
when the Clk; is high. Fig. 4.12.shows the simulated results under different V;. The digital
code of ADC presents ‘1111,” “1110,” “1100,”and 1000’ under V; = 5.88 V, 5.91 V, 5.94 V,
and 5.97 V, respectively.
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Ver —q[ My

M |p——d[ ™

Vip_(’]H M, M2 [b—Vin L — v ®
out_OP
Ms =" m,
M

My 2
S—

Fig. 4.8. The schematic diagram of the folded-cascode operational amplifier (OP).
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Fig. 4.9. The simulated frequency response of the folded-cascode operational amplifier in open-loop

condition.
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Fig. 4.11. The simulated result of the proposed circuit under the non-touch event with the digital
output code of ‘0000°.
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Fig. 4.12. The simulated results of the proposed readout circuit with (a) V; = 5.88 V (digital output
code: “1111%), (b) V; = 5.91 V (digital output code: ‘1110"), (c) V; = 5.94 V (digital output code:
*1100%), and (d) V; = 5.97 V (digital output code: “1000°), where the V¢ is kept at 6 V.
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4.4 Experimental Results

4.4.1 Indium Tin Oxide

The new proposed circuits have been designed and fabricated in a 3-um LTPS technology.
Fig. 4.13 shows the die photo of the fabricated readout circuit with Indium Tin Oxide (ITO)
on glass substrate, where the ITO is utilized to verify the capacitive sensor line shown in Fig.
4.5. The ITO is drawn with the equivalent resistance of 150 kQ in the square form instead of
a line in Fig. 13 due to the limitation of layout area in the experimental chip. The area of ITO
is 2800 um x 2450 um and the area of on-panel readout circuit is 980 um x 630 um. Fig. 4.14
shows the fabricated circuit on glass substrate with ITO to verify the readout function of the
proposed circuit, when the ITO, which is utilized to verify the capacitive sensor line shown in
Fig. 4.5, 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.

< 2800um —

On-Panel
Readout
Circuit

980um

«—2450pum —

Fig. 4.13. The die photo of the fabricated readout circuit with Indium Tin Oxide (ITO) on glass

substrate, where the ITO is utilized to verify the capacitive sensor line shown in Fig. 4.5.
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Fig. 4.14. The fabricated circuit on glass substrate with 1TO to verify the readout function of the
proposed circuit, when the ITO, which is utilized to verify the capacitive sensor line shown in Fig. 4.5,

is touched by a finger.

4.4.2 Measured Results with External Applied Voltage

The fabricated readout circuit is first verified with the externally applied input signals
(Vi). Fig. 4.15 shows the measured result-of the fabricated circuit under non-touch event (V; =
6 V), where the digital output code is “‘0000.” Fig. 4.16 shows the measured results of the
fabricated circuit under different’V;. The digital output code shows *1111,” “1110,” “1100,” and
1000’ under V; =5.88 V, 5.9V, 5.93 V,and 5.96 V, respectively.
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Fig. 4.15.  The measured result of the fabricated circuit under non-touch event (Vi = 6V) with the
output code of ‘0000°.
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Fig. 4.16. The measured results of the fabricated readout circuit verified with the applied V; signal
of (a) 5.88 V (digital output code: ‘1111"), (b) 5.9 V (digital output code: ‘1110’), (c) 5.93 V (digital
output code: “1100%), and (d) 5.96 V (digital output code: “1000’). The corresponding digital codes
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443 Measured Results under Touched Area of ITO by Finger

Since the TFTs may suffer large device variation in LTPS process compared with that in
CMOS silicon process, the minimum detectable voltage difference is 40 mV in the measured
results. 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 Vi node,
which is used to simulate the touching event modeled in Fig. 4.5. The different digital output
codes are confirmed according to the different touch area of ITO. Fig. 4.17 shows the
measured result of the fabricated circuit under non-touch event, where the digital output code
is “0000.” Fig. 4.18 shows the measured results of the fabricated circuit under different touch
area. The digital output code shows “1111,” *1110,” “1100,” and “1000” when the touched area
by finger is covered with full, 3/4, 1/2, and less than 1/4 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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Fig. 4.17. The measured result of the fabricated circuit under non-touch event.
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Fig. 4.18. The measured results of the fabricated readout circuit under the touched area by finger
covered with (a) full, (b) 3/4, (c) 1/2, and (d) less than 1/4 of the ITO area.

4.5 Summary

A new on-panel readout circuit for touch panel applications has been designed and
fabricated in a 3-um low temperature. poly-silicon. (LTPS)-technology. For the purpose of
touch-event detection, the switched-capacitor (SC) technique is applied to enlarge the voltage
difference from the capacitance change of touch-panel. With design consideration in chapter
1.4, the folded-cascode operational amplifier is utilized in the proposed circuit instead of
two-stage OP amp. because random device-to-device variation on unlling resistor and Miller
compensation capacitor in LTPS process exert quite influence on the performance of on-panel
readout circuit in LTPS process. In addition, the corrected double-sampling (CDS) technique
is employed for on-panel circuit design to reduce the offset originated from LTPS process
variation.

The minimum detectable voltage difference of the proposed circuit is 40 mV, with
corresponding capacitance change of 0.5 pF under total capacitance of 100 pF, and the
different touch area can be identified by the 4-bit digital output. The proposed readout circuit
for touch panel application on glass substrate can be integrated in the active matrix LCD

(AMLCD) panels to increase the sensing resolution of touch panel for SOP applications.
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Chapter 5

Readout Circuit on Glass Substrate with Digital

Correction for Touch Panel Applications

In this chapter, a readout circuit on glass substrate with digital correction for touch panel
application, which contains transconductance amplifier, counter, and digital correction circuit,
has been designed and simulated in a 3-um low temperature poly-silicon (LTPS) technology.
In this work, the voltage difference from capacitance change due to the touch event on panel
is converted to current change by transconductance amplifier. By charging and discharging
the capacitor in the counter, the counter displays different digital output codes according to
touch or non-touch event. Furthermore, not only the touch or non-touch event can be
distinguished but also the influence of process variation can be compensated by digital

correction circuit.

5.1 Introduction

Low temperature poly-silicon (LTPS) technology exhibits numerous advantages over
amorphous-silicon (a-Si) technology in display applications, resulting high resolution, small
size, low power, high reliability, and further reduction in the cost. For these features, LTPS
thin-film transistors (TFTs) can be utilized to achieve system-on-panel (SOP) applications,
where some peripheral functional circuits are integrated on panel, such as digital-to-analog
converter, timing controller, DC-DC converter, and interface circuits. Furthermore, the
operating voltage and scale of device should be also shrunk for low power consumption and a
narrow picture frame as the integration of peripheral functional circuits progresses [83]-[86].
Fig. 5.1 shows the trends in mobile system-on-panel liquid crystal displays [84]. Broadband
services get great demands as wireless transmission speed is increasing, so the features of
LTPS technology is highly requested to encourage the further spread of SOP applications.

SOP applications with LTPS TFTs had been developed for many years and the integration

of peripheral functional circuits had also been achieved. By using LTPS TFT technology, a
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2.2-inch QVGA format system display with integration of a low voltage 6-bit RGB parallel
interface circuit was developed [87]. A low voltage interface circuit with 1.8-V operating
voltage and a horizontal driver, which allows for narrower frame width, were integrated in
this panel. In [88], a low-power and small-area holding latch with level-shifting function
using LTPS TFTs for mobile applications was proposed with a 5-um design rule on a glass
substrate for power and cost effectiveness. In [89], a novel low-power consumption all-digital
system-on-glass display with serial interface was mentioned by combining the technique of
integration of serial data receiver function and pixel memory circuits. This panel switches the
display mode according to the command and all the data are directly communicated with
circuits inside panel. In addition, the number of interface pins is very few so it is suitable for

the portable products.

Year 2002 | 2004 | 2006 l 2008
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Chip Driver
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Integrated Gate Driver DAC Memory/Controller
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Fig. 5.1. Trends in mobile system-on-panel liquid crystal displays [84].

Many researches had been reported for integration of peripheral functional circuits and

there were some other improvement for SOP applications [90]-[92]. The first RF frequency
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divider on glass substrate was reported in [90]. The single-stage ring oscillator was developed
with additional cross-coupled transistor pair to increase the phase shift and the operating
frequency was extended from 60 Hz to 18 MHz. The locking range of the frequency divider
is 2 MHz and the overall operation frequency is from 120 Hz to 8 MHz. In [91], a
phase-locked loop (PLL) with self-calibrated charge pumps (CPs) was proposed in a 3-um
LTPS TFT technology with maximal locked time of 1.75 ms. A voltage scaler and
self-calibrated CPs were used to reduce the static phase error, reference spur, and jitter of
LTPS-TFT PLL. In addition to the SOP applications on integration of radio frequency (RF)
circuits, an integrated ambient light sensor fabricated with LTPS technology was also
developed on a display panel [92]. Backlight noise elimination, large photo sensing area, high
ambient light transmittance, and good flexibility in circuit integration with a vertical stacking
structure were achieved by the photo sensor with nano-crystalline silicon buried in an SRO
file sandwiched between the bottom metal and top ITO electrodes.

Recently, touch panels have gained significant interest and market penetration with its
intuitive operation and advantages of easier and faster entry of the information for electronic
devices as PDA, tabled PCs, and-smart phones [93]. Capacitive-type touch panels have been
widely adopted in high-end mobile applications due to the capability of multi- and soft-touch
with higher durability and light transmittance over resistive-type touch panels. Furthermore,
there is a desire to integrate touch-screen panel, readout circuits, and other function blocks for
touch panel to reduce system cost and-achieve SOP-applications [94]-[96].

In [93], a novel pixel circuit for an in-cell capacitive type force-sensitivity touch panel is
presented. Fig. 5.2 (a) shows the structure of planar type sensor capacitor which both
electrodes are formed in the ITO layer of the TFT substrate. A protrusion is fabricated on the
counter substrate opposite electrodes to improve the sensor response, which is to increase the
relative change in capacitance to cell-gap deformation. A key advantage of this structure is
the isolation between the sensor and display operation. Fig. 5.2 (b) shows the sensor pixel
circuit schematic diagram. The pixel circuit is composed of an amplifier transistor, M1, a
liquid crystal sensor capacitor, CLC, a read-out capacitor, C1 (which is formed by a
voltage-dependent integration capacitor), and a DC biasing diode, D1. The voltage of sensing
node, Vsense, rises as the touch event happened, to turn M1 on and forming a source follower
amplifier with the bias transistor, M2. The output voltage generated by the source follower
amplifier, Vpix, is sampled and held by the sensor column readout circuits.
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Fig. 5.2. (a) Structure of planar type sensor capacitor and (b) the sensor pixel circuit schematic
diagram [93].
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Fig. 5.3. The schematic diagram of charge amplifier and compensation circuits [94].

Fig. 5.3 shows the schematic diagram of charge amplifier and compensation circuits
utilized in a mobile-display-driver IC embedding a capacitive touch-screen controller system
[94]. The charge amplifier measures the capacitances of the sensing line that are composed of
signal component (Csig), horizontal- (Cy), and vertical-parasitic (C,) capacitances and the
signal component is the overlapped capacitance between the sensing line and the finger.

However, the parasitic capacitance results in a reduced dynamic range allocated to the signal
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component, which means the sensitivity is also reduced in the sensor. In order to overcome
this issue, a single charge amplifier is connected to each sensing line one by one using a
switch array [97]. To further reduce the effect of horizontal parasitic capacitance, the voltage
across the Cy, is designed to 0 when a sensing line is connected to the charge amplifier. To
reduce the effect of vertical parasitic capacitance, a compensation capacitor and a
compensation pulse (V) are utilized to make output voltage (Vou) independent of the C..
Since the effect of horizontal/vertical-parasitic capacitances are eliminated, the output voltage
can be derived:

_1+sR,(C, +Csig)

1+sR,C,

e (s) (5.1)

In [95], an innovative design of touch panel embedded in LCD which includes a
capacitive type touch panel and integrated color sequence display (CSD) is proposed to
achieve higher transparency, lower interference, higher yield and improved touch sensitivity
compared with that of the conventional one: [Furthermore, the new structure is also coated
thin films on single side for external touch panel so-the structure can be produced flexibly
depends on customer’s demand. Fig. 5.4-shows the novel design structure for internal touch
display. Both X and Y sensor are-coated on the same layer and the material of black matrix is
changed from resin to metal to be a shielding-layer to avoid- interferences from LCD (VCOM
and Data) [95].

Polarizer
Insulation Layer

ITO Sensor Pater

Glass Substrate

Black Matrix
ITO Layer

Liquid Crystal

TFT Substrate

Polarizer

RGB Backlight Module

Fig. 5.4. Novel design structure for internal touch display [95].
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Because the degraded sensitivity in large panel with high loop impedance, the
applications of projective capacitive touch panels are limited only to small glass-based
display devices. The resistance of the sensing electrode, such as indium tin oxide (ITO), must
be reduced to increase the capability of implementation for large-area flexible display with
touch-sensing [96]. Fig. 5.5 shows the cross-section schematic of a touch sensing film. The
film thickness is only 20 um and transmittance is more than 90%. The touch sensitivity is not
degraded after bending under 2 cm curvature radius for more than 5000 times. The sheet
resistance of transparent conductive oxide layer is less than 20 Q/(1. The ultra-thin colorless
PI substrate, which has higher transition temperature and higher chemical resistance to enable
high-temperature ITO deposition with low sheer resistance, is coated on glass with
de-bounding layer. The transparent sensing electrode, ITO, is sputter-deposited at room
temperature and patterned by oxalic acid. All the process temperatures of the ultra-thin touch
panels is kept under 220°C [96].

Bonding

Antireflective Layer
| Conductive Layer ‘

Interlayer
I Electrode (ITO)
Buffer Layer (SiNx)
Pl Substrate

Fig. 5.5. Cross-section schematic of a touch sensing film [94].

In this work, a new readout circuit on glass substrate for touch panel application has
been designed and simulated in a 3-um low temperature poly-silicon (LTPS) technology. Fig.
5.6 shows the block diagram of touch panel system. There are totally 14 and 8 capacitive
sensor lines in the x- and y-direction respectively on the touch panel. When the touch panel is
touched, the total capacitance of the capacitive sensor line will be changed. The voltage
difference from capacitance change due to the touch event on panel is converted to current by
transconductance amplifier. By charging and discharging the capacitor in the counter, the

counter displays different digital output codes under touch or non-touch event. The digital
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output codes from the counter are stored in digital correction circuit periodically and not only
the touch or non-touch event can be distinguished by digital output codes of digital correction
circuit but also the effect of process variation can be compensated. Finally, by analyzing the
digital output 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.
On-Panel
Readout Circuit
‘ __________ 1
Touch |Gm Amp. Digital ||
Panel || _and |—=(Correction —slAlgorithm
|| Counter Circuit |
|
L Y —

Fig. 5.6. The block diagram of touch panel:system.

5.2 Methodology for Correction of Analog Circuits

In practical implementation of analog circuits, physical parameters (e.g. oxide thickness,
physical dimensions, doping profile) are subject to variations due to instabilities of the
fabrication technology. The achievable tolerance of "individual component values thus
depends on the accuracy of the manufacturing process, and cannot be totally reduced.
However, analog circuit design rarely relies on the absolute value of single physical
components, but rather on relative values of several components. The relative values can be
achieved by utilizing appropriate design techniques, which are discussed in this section, so
high-precision circuits can be realized even with poor manufacturing processes [98].

The most common technique for improving the precision of analog blocks is matching.
The following rules should be applied for optimum matching of integrated components: same
structure, same temperature, same shape, same size, minimum distance, common-centroid
geometries, same orientation, same surroundings, and non-minimum size. Mismatch of active
and passive devices represents a major limitation to the accuracy of analog circuits. It can be
minimized by respecting a set of basic rules. Designs must be based on sound concepts that
take maximum advantage of all available components [99].

Operational amplifier is one of the most important components in analog circuit design

and it suffers many imperfections such as flicker noise, offset, and so on at low frequency or
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even DC. The idea of chopper stabilization is to transpose the signal to a higher frequency to
eliminate these effects, to amplify the modulated signal, and finally to demodulate the
amplified signal back to the baseband [100], [101]. Fig. 5.7 shows the functional schematic of
a chopper amplifier [98]. A modulation signal m(t) periodically changes the polarity of the
input signal Vin and the equivalent input offset (Vofiser) and noise (Vnoise) are applied to ideal
amplifier block (A). The amplified signal is demodulated by sign changes using the same
signal as for input modulation, resulting in the system output Vout. Therefore, Vout is
correctly presented in the base band but the higher frequency component should be removed

with additional low-pass filer.

m(t) I
R Va N\ Ve
Vin '® 'E{/ g D‘@)_’V“t

Voffset"'vnoise

Fig. 5.7. Functional schematic of a chopper amplifier [98].

Autozero is another common technique used to minimize offset and flicker noise in
amplifiers. The main idea is to first sample‘the undesired effect and then to subtract it during
the second phase when the input signal is processed by the imperfect amplifier [45]. Fig. 5.8
shows the principle of autozero amplifier in (a) sampling phase and (b) processing phase
[101]. The amplifier with gain Ais ideal and the noise (V) and offset (V,) of the amplifier is
represented by the voltage source connected to the positive input. During the sampling phase,
the amplifier is disconnected from the input signal by switch S, and V + V, are sampled on
capacitor Caz across switch Sgg:

V. =ﬁ(vo +Vy) (5.2)
During the processing phase, the amplifier is used in its normal processing configuration. The
autozero capacitor is connected so that it cancels the effect of the parasitic voltage source.

Correlated double sampling (CDS) is similar to the autozero technique as mentioned
above. With autozero, the noise is first sampled, and then the amplifier performs

continuous-time output, subtracting the sampled noise value. However, in the second phase of
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CDS, it samples signal and the subtraction of two sampled values allows removing the offset
and noise from the signal. The first application of CDS was in CCD sensors, but the same

technique can be utilized in any sampled signal processing system [102].

\Y) +VN
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VOUt
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1 I+ J
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Sks
(a)
V+Vy

V. = J) U Vout
n

Sk
(b)

Fig. 5.8. The principle of autozero amplifier in (a) sampling-phase and (b) processing phase [99].

The aforementioned compensation and correction techniques put the emphasis on most
widespread solutions for calibrating analog circuits. Furthermore, there are many other
systems, like digital-to-analog and analog-to-digital converters, where specific techniques are
used for improving performance of analog circuits. In this work, the digital correction circuit
IS composed two registers, which are utilized to store the digital output of counter
periodically, and exclusive-or (XOR) gate, which is to compare the output of two registers.

The touch or non-touch event can be further distinguished by output of XOR gate.

5.3 On-Panel Readout Circuit with Digital Correction for Touch
Panel Application

5.3.1. Equivalent Model of the Capacitive Sensor Line

Fig. 4.5 shows the equivalent RC model of one capacitive sensor line on a 2.8 inch touch
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panel provided by the panel manufactory with total R of 150 kQ and C of 100 pF. The Fanout
block is the equivalent parasitic RC network of the interconnect line between the sensor line
to the output node Fin. The touch capacitor (C_touch) is varied from 0.5 pF to 2 pF according
to the different touch area. When the sensor line is touched by the finger, C_touch is added in
parallel to the touched node and the total capacitance on the capacitive sensor line is also
changed. Multi-touch events can be further determined by analyzing both digital outputs of
readout circuits in the x- and y-direction through the appropriate algorithm of software in the
system. In order to discriminate between the touch and non-touch events, that are to detect
the capacitance change from C_touch, each node on the sensor line is pre-charged to 10 V at
the beginning. When the touch event happened, the voltage at the output node Fin (Vgin) will
be changed to

CI tal
= otal . V 1 53
" C, +C_touch pre—charge (5.3)

where Vprecharge = 10 V, Ciora = 100 pF, C_touch = 0.5 pF - 2 pF. Therefore, the voltage level
at output node Fin under the touch event can be derived from 9.8 V to 9.95 V with the
corresponding C_touch value from 2 pF-to 0.5 pF. For such a capacitive sensor line, the
capacitance change due to the touch event can be indicated by the voltage change. So the

on-panel readout circuit is designed to distinguish the voltage difference at the Fin node.

5.3.2. Design Consideration and Circuit Implementation

From chapter 4, a new on-panel readout circuit with SC and CDS techniques for touch
panel applications has been designed and fabricated in a 3-um LTPS technology. However,
with design consideration aforementioned in chapter 1.4, the device characteristic variations
in LTPS technology are quite larger compared with CMOS technology, so the effect of device
variation must be considered for on-panel circuit design. Although SC and CDS techniques
result in the higher performance for on-panel readout circuit, the complexity of such circuit is
still too high for implementation in LTPS process. In this chapter, new on-panel readout with
digital correction for touch panel is proposed. The proposed circuit is composed of larger
digital part, smaller analog part, and digital correction circuit, so it can be realized more
easily and successively compared with that in chapter 4 in LTPS process.

Fig. 5.9 shows the new proposed on-panel readout circuit with digital correction for touch
panel applications in a 3-um LTPS technology. The proposed circuit is composed of three

parts: transconductance amplifier (Gm. Amp.), counter, and digital correction circuit. The
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gate of Gm amplifier is connected to Fin node of one capacitive sensor line shown in Fig. 4.5.
In the i sensor line, the voltage variance at Fin node is converted to different current (Igin i)
by Gm amplifier as the touch event happened. By charging the capacitor in counter (C), the
voltage of capacitor (V.) rises as well as 7-bit counter starts to count. The Schmitt trigger is
utilized to control the charge or discharge of C. by MS1 and MS2, and the output of Schmitt
trigger (SM1) is used as the reset signal of 7-bit counter and the clock signal of 1-bit counter.
As V. reaches to the higher threshold voltage of Schmitt trigger, MS2 is turned on as well as
MS1 is turned off. The 7-bit counter stops counting and V. is decreased. When V. reaches to
the lower threshold voltage of Schmitt trigger, MS2 is turned off as well as MS1 is turned on.
The 7-bit counter starts counting again and V. is increased. Since the current of Gm amplifier
(Iein_i) is different due to touch or non-touch event, the charging/discharging time of V. is also
different, which means that the 7-bit counter shows different output (A6-AQ) under touch or
non-touch event. However, even under the same touch or non-touch event, 7-bit counter in
different sensor line show various output due. to. the process variation of LTPS technology.
The digital correction circuit is necessary to overcome this issue.

| |
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: Ve SM1|(Reset)| 7.git || | “o__ Register QA6-QA1 s I\TJ'I 1 !
| Counter :AG A0 H 6-Bit * |
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Counter Digital Correction Circuit

Fig. 5.9. New proposed on-panel readout circuit with digital correction to sense the voltage change

due to the capacitance change on the touch panel in a 3-um LTPS technology.

In digital correction circuit, two 6-bit registers are utilized to store the output from 7-bit
counter (A6-Al) periodically according to the output of 1-bit counter (CA). The least
significant bit of 7-bit counter (A0) is combined with CA by logical operation to perform the
clock of two 6-bit registers so the proposed circuit needs only one external clock signal,
which is applied to 7-bit counter. After that, the outputs of two 6-bit registers (QA6-QA1 and
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DQAG6-DQAL) are compared by XOR gate as SM1 is in low logic level. Some of the output
for XOR gate show logic high when the touch event happened as well as the logic low is
displayed for all output of XOR gate under non-touch event. Even if 7-bit counter in different
sensor line show various output due to the process variation of LTPS technology, the digital
correction circuit can compensate the effect of process variation by storing output from 7-bit
counter (A6-Al) periodically and comparing the outputs of two 6-bit registers (QA6-QAL
and DQA6-DQAL) by XOR gate. The number of bit for counter and registers are depended
on the resolution and operating frequency required by the specification of touch panel
applications.

Fig. 5.10 shows (a) the schematic of Schmitt trigger and (b) its simulated results under
10-V supply voltage. The hysteresis characteristic raises the switching point when the input is
low and lowers the switching point when the input is high. The higher threshold voltage and
lower threshold voltage of Schmitt trigger are 7.2 V and 3 V, respectively. Fig. 5.11 shows
the D-type positive-edge-trigger flip-flop, which.is utilized for counters and registers in the
proposed circuit, with its schematic, graphic symbol,~and characteristic table [103]. Two
latched respond to the external D (data) and Clock inputs and the third latch provides the
outputs for the flip-flop. In addition, one additional reset.signal (Reset) is applied. When
Reset = “0’, the D-type positive-edge-trigger flip-flop is reset, that is, Q = ‘0’ whether D = “1’
or ‘0’. Fig. 5.12 shows the schematic of (a) N-bit.counter and (b) N-bit register, which are

implemented with D-type positive-edge-trigger flip-flop shown in Fig. 5.12.

VDD _ Vout (V)

Vin —

(a) (b)

Fig. 5.10. (a) The schematic of Schmitt trigger and (b) its simulated results.
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Fig. 5.11. The D-type positive-edge-trigger flip-flop with its schematic, graphic symbol, and
characteristic table [103].
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Fig. 5.12. The schematic of (a) N-bit counter and (b) N-bit register.

5.3.3. Simulated Results of the Proposed Circuit
The proposed circuit has been designed and simultaed by the Eldo software with the RPI

model (Level=62) in a 3-um LTPS process [82]. Fig. 5.13 shows the simulated output of 7-bit
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counter in the proposed circuit under non-touch event (Vein i = 10V) with VDD = 10 V, MS1
= MS2 = 4 um/20 um, C. = 10 pF, and Clk = 10 MHz. V. is increasing and decreasing

according to the higher threshold voltage and lower threshold voltage of Schmitt trigger and

the counter is reset as SM1 = ‘0’. The simulated output of (a) the top 6-bit register and (b) the

bottom 6-bit register in the proposed circuit under non-touch event (Vgin i = 10V) is shown in

Fig. 5.14. In Fig. 5.14, the output of 7-bit counter is stored separately in two 6-bit register

periodically, and each output of two 6-bit registers is held as the other one is storing the

output of 7-bit counter. By applying the XOR gate to compare the outputs of two 6-bit

registers, each output of XOR gate displays logic low under the non-touch event. Therefore,

Fig. 5.15 shows the simulated results of the proposed circuit under non-touch event (Vgin i =

10V) with all digital outputs are ‘0.
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Fig. 5.13. The simulated output of 7-bit counter in the proposed circuit under non-touch event (Vin i

=10V).
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Fig. 5.14. The simulated output of (a) the top 6-bit register and (b) the bottom 6-bit register in the
proposed circuit under non-touch event (Vgin i = 10V).
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Fig. 5.15. The simulated results of the proposed circuit under non-touch event (Vg i = 10V) with all

digital outputs are ‘0.

Fig. 5.16 shows the simulated results of the proposed circuit under 2-pF touch event
(VEin_i = 9.8 V) with some digital outputs are “1* in (a) SM1 = ‘0’ and (b) SM1 = “1’. Since
the output of 7-bit counter is stored separately in two 6-bit register periodically, some outputs
of XOR gate show ‘1’ right after the touch event happened and each output of XOR gate still
displays logic low before the touch event happened and after some outputs of XOR gate
showing “1’. Furthermore, the period for some outputs of XOR gate showing ‘1’ may be
different under different touching time, that is, when SM1 = ‘0’ and SM1 = “1’ because the
effect of variant charging time on C; results in different output of 7-bit counter. Fig. 5.17
shows the simulated results of the proposed circuit under 0.5-pF touch event (Vein_ i = 9.95 V)
with some digital outputs are ‘1’ in (a) SM1 = ‘0’ and (b) SM1 = “1".

In order to consider the influence of process variation from LTPS technology on the
proposed circuit, the 20% threshold voltage variation of pTFT and nTFT are also simulated in
a 3-um LTPS technology. Fig. 5.18 shows the simulated results of the proposed readout
circuit with (a) 2-pF touch event (Vein_i = 9.8 V) under +20% threshold voltage variation, (b)
2-pF touch event (Vrin i = 9.8 V) under -20% threshold voltage variation, (c) 0.5-pF touch
event (Vein_i = 9.95 V) under +20% threshold voltage variation, and (d) 0.5-pF touch event
(VEin i = 9.95 V) under -20% threshold voltage variation. According to the simulated results,

the proposed readout circuit on glass substrate with digital correction can not only distinguish
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the touch or non-touch event but also can compensate the influence of process variation by

digital correction circuit.

VFini N\ , , . . . x - 08V
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Fig. 5.16. The simulated results of the proposed circuit under 2-pF touch event (Vgi, i = 9.8 V) with
some digital outputs are ‘1’ in (a) SM1 = *0’ and (b) SM1 = “1".
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Fig. 5.17. The simulated results of the proposed circuit under 0.5-pF touch event (Vgi, j = 9.95 V)
with some digital outputs are ‘1’ in (a) SM1 = 0" and (b) SM1 = “1".
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Fig. 5.18. The simulated results of the proposed readout circuit with (a) 2-pF touch event (Vgin i =
9.8 V) under +20% threshold voltage variation, (b) 2-pF touch event (Vgi, i = 9.8 V) under -20%
threshold voltage variation, (c) 0.5-pF touch event (Vei, i = 9.95 V) under +20% threshold voltage
variation, and (d) 0.5-pF touch event (Vgiy i = 9.95 V) under -20% threshold voltage variation.

The layout of the proposed circuit is illustrated in Fig. 5.19 in a 3-um LTPS technology
with the area of 1030 um x 2410 um. The proposed circuit is composed of Gm amplifier,
Schmitt trigger, 1-bit counter, 7-bit counter, two 6-bit registers, and one XOR gate. The
fabricated chip to verify this design is now under wafer fabrication. The measured results in
glass chip will be shown in the future. Table | shows the performance comparison among [70]
and this work. The proposed circuit in this work is composed of larger digital part, smaller
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analog part, and digital correction circuit, so it can be realized more easily and successively
compared with that in chapter 4 in LTPS process. The proposed circuit in the prior art
consumes larger power consumption due to the compensation period for on-panel ADC but it
also shows smaller area. The correction technique of correlated double sampling (CDS) is
applied in [70] as well as the digital correction circuit is applied in the proposed circuit to
compensate the device variation from LTPS process. Since there is larger digital part in the

proposed circuit, the complexity of prior art is higher than that of the proposed circuit.

T M 7-Bit
| Counter
1-Bit [E e =

g C_0unte_ R
3| S|
=4 |

= e i =
1 I XOR Gate

1_ ]

DE— 2410pm .

Fig. 5.19. The layout of the proposed circuit in a 3-um LTPS technology.

TABLE 5.1

PERFORMANCES COMPARISON AMONG THIS WORK AND PRIOR ART

Chap. 4 This work
Detection Range 0.5 pF ~ 2 pF
Complexity High Low
Avg. Current Consumption 13.9 mA 0.44 mA
Detection Time 10 ps 20-30 ps
Area 980 um x 630 um 1030 um x 2410 pm
Compensation Technique CDS Digital
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54 Summary

With design consideration in chapter 1.4, the proposed circuit in this chapter is
composed of larger digital part, smaller analog part, and digital correction circuit, so it can be
realized more easily and successively compared with that in chapter 4 in LTPS process. In
chapter 4, a new on-panel readout circuit with SC and CDS techniques for touch panel
applications has been designed and fabricated in a 3-um LTPS technology. Although SC and
CDS techniques result in the higher performance for on-panel readout circuit, the complexity
of such circuit is still too high for implementation in LTPS process.

In this chapter, a readout circuit on glass substrate with digital correction for touch panel
application, which contains Gm amplifier, counter, and digital correction circuit, has been
designed and simulated in a 3-um low temperature poly-silicon (LTPS) technology. In this
work, the voltage difference from capacitance change due to the touch event on panel is
converted to current by Gm amplifier. By charging and discharging the capacitor in the
counter, the counter displays different digital output.codes according to touch or non-touch
event. According to the simulated results, the proposed-readout circuit on glass substrate with
digital correction can not only-distinguish the touch or non-touch event but also can

compensate the influence of process variation by digital correction circuit.
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Chapter 6

Conclusions and Future Works

This chapter summarizes the main results and contributions of this dissertation.
Suggestions for future research topics in the fields of on-panel analog circuits design in low

temperature poly-silicon for display panel applications are also provided in this chapter.

6.1 Main Results of This Dissertation

In this dissertation, some on-panel analog circuits have been designed and implemented
in LTPS process for display panel applications. With design consideration in chapter 1.4, the
functionality and performance of«the proposed circuits in this dissertation have been
demonstrated by simulated and ‘measured- results. of “the fabricated test chips. The
achievements of this dissertation have been published or submitted to international journal
and conference papers. The research topics of this dissertation including: (1) a 6-bit folded
R-string DAC with gamma correction.on glass substrate, (2) two analog output buffers with
level shifting function containing the DAC -circuit with gamma correction, (3) a readout
circuit on glass substrate for touch panel application, and (4) a readout circuit with digital
correction on glass substrate for touch panel application in 3-um LTPS process.

In chapter 2, compared with DAC circuits implemented in CMOS process for LCD
column driver, the proposed circuit shows worse performance than that of some traditional
architectures of aforementioned DAC. The reason is the devices suffer worse electrical
characteristic and larger variation in LTPS technology compared with that in CMOS
technology. With consideration of the complexity and the implementable ability, a 6-bit
folded R-string DAC with gamma correction on glass substrate has been successfully
designed and verified in 3-um LTPS technology. By using the folded R-string circuit,
segmented digital decoders, and reordering decoding circuit, the transistor number of the new
proposed DAC circuit can be effectively reduced to about one sixth of the traditional one.
Furthermore, the proposed architecture is suitable for gamma correction design in different

LTPS processes by modifying the corresponding R-string value and the decoder. With more
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analog and digital circuits realized on the glass substrate in LTPS technology, the goal of
system-on-panel (SOP) applications can be achieved in the near future.

In chapter 3, in order to realize the requirement that using the DAC with gamma
correction of 3-V liquid crystal (LC) specification to drive the 5-V liquid crystal with the
desired 5-V gamma curve without re-designing the DAC with 5-V gamma correction
parameters, the two-stage OP amp is applied in the proposed circuits due to its larger
unity-gain frequency, better slew rate, lower input offset voltage, better immunity to noise,
and more steady circuit performance. With design consideration aforementioned in chapter
1.4, two analog output buffers with level shifting function on glass substrate for panel
application has been successfully designed and fabricated in a 3-um LTPS technology. By
using OPAMP, decoder 2, R1, R201-R237, MR01-MR37, and DAC with 3-V gamma
correction parameters, the new proposed analog output buffer I can drive 5-V liquid crystal
panel without re-designing the DAC with 5-V gamma correction parameters. By utilizing
amendment voltage Va derived from RA01-RA31 and MAO01-MA30, the measured results in
the new proposed analog output buffer 11 show better consistent to ideal gamma curve with
gamma value of 2.2.

In chapter 4, a new on-panel readout circuit for touch panel applications has been
designed and fabricated in a 3-um low temperature poly-silicon (LTPS) technology. For the
purpose of touch-event detection, the switched-capacitor (SC) technique is applied to enlarge
the voltage difference from the capacitance change of touch panel. With design consideration
in chapter 1.4, the folded-cascode operational amplifier is utilized in the proposed circuit
instead of two-stage OP amp. because random device-to-device variation on unlling resistor
and Miller compensation capacitor in LTPS process exert quite influence on the performance
of on-panel readout circuit in LTPS process. In addition, the corrected double-sampling (CDS)
technique is employed for on-panel circuit design to reduce the offset originated from LTPS
process variation. The minimum detectable voltage difference of the proposed circuit is 40
mV, with corresponding capacitance change of 0.5 pF under total capacitance of 100 pF, and
the different touch area can be identified by the 4-bit digital output. The proposed readout
circuit for touch panel application on glass substrate can be integrated in the active matrix
LCD (AMLCD) panels to increase the sensing resolution of touch panel for SOP
applications.

In chapter 5, with design consideration in chapter 1.4, the proposed circuit in this

chapter is composed of larger digital part, smaller analog part, and digital correction circuit,
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so it can be realized more easily and successively compared with that in chapter 4 in LTPS
process. In chapter 4, a new on-panel readout circuit with SC and CDS techniques for touch
panel applications has been designed and fabricated in a 3-um LTPS technology. Although
SC and CDS techniques result in the higher performance for on-panel readout circuit, the
complexity of such circuit is still too high for implementation in LTPS process. In this chapter,
a readout circuit on glass substrate with digital correction for touch panel application, which
contains Gm amplifier, counter, and digital calibration circuit, has been designed and verified
in a 3-um low temperature poly-silicon (LTPS) technology. In this work, the voltage
difference from capacitance change due to the touch event on panel is converted to current by
Gm amplifier. By charging and discharging the capacitor in the counter, the counter displays
different digital output codes according to touch or non-touch event. According to the
simulated results, the proposed readout circuit on glass substrate with digital correction can
not only distinguish the touch or non-touch event but also can compensate the influence of

process variation by digital correction circuit:

6.2 Future Works

Some on-panel analog circuits design in low temperature poly-silicon for display panel
applications have been proposed and verified in-this dissertation. To integrate all kind of
circuits within a display for SOP application is the trend to achieve compact, highly reliable,
and high resolution display. At present, many remarkable advances have been done not only
on the circuit integration such as analog-to-digital converter, DC-DC converter, bandgap
reference circuit, memory, demodulator for RFID Tags, phase-locked loop, and so on, but
also on some other applications for system integration like sensor, touch screen panel, CPU,
and so forth. The integration of circuits or systems on panel for SOP application should take
power consumption into consideration, since low power consumption of electric products is
an important target for energy saving and for longer operating time especially in portable
devices.

In addition, trends toward larger display panel applications, current consumption and
temperature effect of on-panel circuits are more important due to the feature of glass
substrates utilized in LTPS process. Current density of ITO layer in LTPS process is less than
that of metal layer in CMOS process, so the capability for current supply is limited by such
feature. Quality viewing performance in small formats and high strength in thin form factors

are also creating challenges for display components. Since the electrothermal enhanced
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migration of Si atoms at the grain boundary plays a greatly important role for LTPS TFTs
under high-current situations, to reduce the size of the grain boundary and to design the
low-power circuit will be the first priority for system-on-panel applications [102], [103].
Thermal dissipation in LTPS process is much worse than that in CMOS process due to the
feature of glass substrates utilized in LTPS process. Temperature effect should be considered
for on-panel circuit design. Finally, the emphasis should be putted on green technologies,

multi-touch display, 3-D displays, and flexible displays in the future.
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