kT1/E LT

CEEUE

ER A A1 ES R AL EY Tk S RN oy

Study on the Pixel Circuits of Active Matrix
Touch Panel and Light Sensor

I ¥ -
RERERES HL



IR EL RS SOE P

Study on the Pixel Circuits of Active Matrix Touch Panel and

Light Sensor
g4 RAR Student: LLu-Sheng Chou
hERE TRy #d Advisor: Dr. Ya-Hsiang Tai

S

23 [t
kg 1R s LT

A Dissertation
Submitted to Institute of Electro-Optical Engineering,
Department of Photonics, College of Electrical and Computer Engineering, National
Chiao Tung University
in Partial Fulfillment of the Requirements
for the Degree of
Doctor of Philosophy
in
Electro-Optical Engineering
July 2013
Hsinchu, Taiwan, Republic of China

PEAR - (0= & - 7F

(\.‘3



T TRy B RE P e

P J

FRUEAE

kT IAEF N

Amc AR A EET S PR R EE L e kR R E
302 R LMD S AL R 0 AR SR R 57
]‘ ET”’T%WT&W”F‘: ’%Tﬁqlpif%jé o

B PR A o AP T R R AR B ad a2k 3t FlEpan RC pF R s Ok

AL G HRTAME R PR B o 2 17 08 A AU A R e A R
B A MRS L R G P B 0 S SR TR R
Edpenfin bl E PR RRITEAG R Tl - THUR TR R

BIFUEL o gt RRARFTE B A B AR RITRE G AR F iR i
B RNE KRR T o MENA L S A o PR M A
Bl BEIRPTERENACEELSNBEILE A ER BT R ARERATY

A2

FEORPIMEELZTHAMOBTIE % L MT

£

VF TR R R R R o

(‘m

&
T

FL L HIEL AR o A2 ER B LT 1T RCEFEB A
I TR A B2 B G R A T2 R R

RRETE R SRR TR Y 0T R R T A o



SR 02 BRI R BB TR Y NN N A RS S B o R B P
TRZEFTF T2 I 0 5 AP DR R R AR At BRI
BT P T f ks e 20T G AT B orp 0 1 R i 2 G

FREBRAETRAS G AT TR RS S B Y % = A

#
PR RR LT AT G TRE R AL 0 B R B TR A2 ok A6 R

BRRRIEY b AL BT A A B PR o BAER P ERT
oM e RS X T R h @R P B RS G A
MEFP A2 nA T8y T A PRI v T I REELRBAE o2
APy - BEH o s BHAZEHF BT e 2 TR RIS T
THESA/ AR -y - FTEERL B OLEREFFLRER R FMLAS
EEREFFROBOELTNF BeoPR; AT AR REY B 5 3R =
SR PRI T W AR PR B LRI o 2 ¢ S it a1 kAT B 0 45
B ek it AR P A R L R PR R - BFAIT AT ERY PV i
NFASF)F e L AEEIM  FRE - ERET LR ANT 0 AR AR
M R R Ry g T RTM %o L% Staebler-Wronski (SW)»<
o FEZRLEEE2Z PE PIZERHp PR RS * MR P ¢ o2 P

my i FL o Rk

4
a3
)
¥
L
>
beiis
o
.
\ﬂ-
=t
g
P
=1
#
=h
Do
e
F_‘-
=
é...
.
=

FHTELNT G Ao BY kR BT o
FI# ore a8 £ RN E

AL L EFELE KA AP N kR FIRE

|
<l
e
RiEN
W
[
x-;
m‘%\
g
)
&
Nl

% o



Study on the Pixel Circuits of Active Matrix
Touch Panel and Light Sensor

Student: Lu-Sheng Chou Advisor: Dr. Ya-Hsiang Tai

Department of Photonics & Institute of Electro-optical Engineering,
College of Electrical and Computer Engineering

National Chiao Tung University

Abstract

This dissertation studies the issues about how to develop touch panel or light
sensor integrated in flat panel displays using thin film transistors. The possible
problems in the practical applications of the sensors and the sensing circuits are
discussed and their respect solutions are proposed.

For the touch sensing, the principle of RC time delay on the scan bus, which
makes the display design difficult, is applied to invent the new touch sensing circuit.
A pair of consecutive scan buses is used to drive the proposed touch sensing circuit.
When human touch causes the capacitance increase, the turn-on pulses of the scan bus
signals overlap. In this overlapping time, the proposed circuit outputs an ON-level
current as a sensing signal when it is touched. Compared to other touch sensing
technologies, the touch signal of the proposed circuit is obvious and easy to be read
out. Therefore, the cost of the readout IC can be reduced. Meanwhile, the large signal
provides the immunity against the device variation. On the other hand, if the pixel is
not activated or touched, the output current is at the OFF-level, which can save the

power consumption. In this study, the different circuit configurations using RC delay



are discussed. The circuits are further implemented by amorphous silicon (a-Si) and
a-1GZO TFTs to prove that the proposed circuit is universal to different kinds of TFTs.
Furthermore, the circuit can be adapted in both structures of out-cell and in-cell. For
the various conditions of using the circuit, we propose a general design procedure,
which can be helpful to apply the circuit in flat panel displays more quickly and
effectively. In addition to the demonstration of a 2 inch touch panel to check the
validity of the circuit function, we further discuss the feasibility and possible issues in
applying the proposed method to large panels by simulation. The results show that the
circuit is applicable even for the 42-inch panel.

In the aspect of the light sensing, we respectively discuss the sensing for the
backlight and the front light. The conventional a-Si TFT has little photo response to
backlight illumination because the blockage of the metal gate, and it only has photo
response in the nA order in the OFF region under front illumination. We think it is not
suitable to be a photo sensor. In this study, we introduce an a-Si TFT with asymmetric
structure, called gap-type a-Si TFT, which has a gap as a sensing region between
bottom gate and one of the source and drain electrodes. The gap-type TFTs have
obvious photo sensitivity in ON region not only under backlight illumination but
under front illumination. The large sensing current can improve the signal-to-noise
ratio. The photo sensitivity of the gap-type TFTs are examined to look for the best
operation condition. After that, we analyze the error factors for the sensing in real
cases, including device uniformity, temperature effect, and reliability under
illumination. Especially, the a-Si suffers from a serious current degradation under
continuing illumination, which is well known as Staebler-Wronski effect. If the
influence of the effect cannot be offset, it will be difficult to use a-Si for light sensing.
In this study, we analyze the current degradation behavior of the gap-type a-Si TFT

under illumination. The calibration method and the light sensing circuits integrated in

iv



flat panel display are proposed.

Using the proposed touch sensing and light sensing pixel circuits, a flat display
can be embedded with multiple functions with no need of extra devices. In this way,
the panel can be made in a thinner form and lower cost. A smart display with good

image quality and interactive function can thus be implemented.
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Chapter 1

Introduction

1.1 General Background

The development of the twisted nematic (TN) [1] and supertwisted nematic (STN)
[2] cell configurations, along with the necessary manufacturing technologies [3~6],
resulted in the birth of the LCD industry in the late 1970s and early 1980s. The
subsequent development of thin-film transistor (TFT) technology provided a further
boost to the industry in the late 1980s [7~8]. The boom was significantly supported by
the advancement of material technologies such as the highly reliable manufacturing of
liquid crystal base materials, and the development of polymers for the alignment layer,
color filter materials, and sheet-type polarizers formed from the poly(vinyl
alcohol)-iodine complex [9].

Following the notebook application, in the late 1990s; the TFT LCD is gradually
replaced the dominance of the cathode-ray tube (CRT) monitor in TV market [9~10].
At the beginning of the development, the TFT LCD was pursued for the improving in
image quality and providing more image information in unit area. The resolution of
TFT LCD is required as high as possible. Soon it had not been the only goal since the
resolution is corresponding to the need for human vision. Therefore, the
manufacturers aimed to scale the TFT LCD up, which can provide more image
information on a TFT LCD. After overcoming some problems, such as off-axis image
quality, moving picture quality, and reasonable manufacturing yields, the large-area
TFT LCD can be fabricated with lower price and gradually erodes the lead of the

plasma display panels even in very-large-area display application. However, fostering



the large-area LCD panel should face some questions. The first, the manufacturer
needs to build new factory of next generation for large-size glass substrate, which
critically raises the investment including the factory building, clean room, and other
process facilities. Second, the large LCD panels also raise the technique difficulties in
the peripheral equipment or process issues. Besides, building the factory for large-size
LCD panels can lower the cost on unit area of panels and increase the competition for
market share, but the low product price could be the reason of the deficit if the
demand of display panels is insufficient [10]. Furthermore, as the viewpoint of the
panel resolution, the display size should be confined by the human vision and other
factors such like user space and. the environment conditions.

In order to reduce the risk in slack and increase the demand for panels, the TFT
LCD is going to the way that integrates sensing technologies and provides more
functions for applications. Owing to the participation of sensing technologies, the
position of display has been more important and almost necessary for people life,
which becomes a main interface to receive the information and response the control
signals of user. In addition, the lifetime of the conventional products is often
determined by the malfunction of the conventional button for frequent usage. The
integration of the sensing technology can effectively solve the problems and grant
them the possibility of amazing applications. At present, the touch sensing and the
light sensing technologies are prevalent to be applied in TFT LCD especially in
mobile devices.

In 2007, Apple Corporation announced the first smart phone which supports the
multi-touch function and starts an evolution of mobile phones. After that, touch screen
panels (TSPs) have been widely used in other electronic products such like tablet PC,
LCD monitor, portable player, etc [11~12]. Fig. 1-1 illustrates the annual growing of

TSPs. To meet the rapid and abundant requirement, as shown in Fig. 1-2, an industry
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has formed to provide the needed component, driver, or module of TSPs. For the
aspect of the structure, TSPs can be mainly categorized into out-cell, on-cell, and
in-cell types, as shown in Fig. 1-3. To compare the TSP of different structures, the
additional component adhered on the display panel for sensing touch events reduces
the contract ratio and brightness [13]. For the aspects of light weight, good display
quality, and reducing production cost for touch screen, the in-cell TSPs have much
potential to substitute for the out-cell TSPs since the touch sensing circuit of the
in-cell TSPs can be integrated into display panel [13~14]. However, the out-cell TSP
still dominates in current touch-sensing application due to the lower technique
difficulty and higher stability.

The light sensing has been used in TFT LCD for many years. Many applications
were studied and revealed including image scanner, fingerprint scanner, and active
pixel sensors [15~16]. Recently, light sensing in display is used as an interactive input
for 3-dimension touch sensing, which further extends the applied domain of display.
In 2006, another light sensing application on console game device for body motion
detection was proposed by Nintendo Corporation, Japan. The sensor embedded in the
remote controller can detect the infrared to locate the coordinates and then simulate
the hand feature and motion. Starting from the proposal, the body motion detection
technology is generally applied to the gaming market. Fig. 1-4 illustrates another
motion detection using IR detection proposed by Microsoft. However, as can be seen
in Fig. 1-4, the detection method needs the additional component. If we can use the
TFT as the light sensing device, the light sensor can be integrated into TFT panel so

that the product can be simplified and reduces the fabrication cost.

1.2 Review and Motivation



The combination of touch sensing and light sensing technology makes TFT LCD
have flexibility and possibility for more interactions between people and products.
Even though many researches of them including some commercial products have been
revealed individually, there is no effective method to combine the two technologies
into an active matrix panel yet. Based on the in-cell TSPs concept, TFT LCD is a
potential candidate to integrate the two sensing technology. Besides, in order to
extend the application domain, the target should be aimed at the large size interactive
display not only at the mobile electronics, which would raise the integration difficulty
especially for TSPs.

In this thesis, we would.examine the role of TFTs in the two sensing technologies
and solve the possible issues when the panel integrates the sensing circuits. For
example, if used as a light sensing device, the amorphous silicon (a-Si) TFT suffers
serious current degradation under continuous illumination, i.e. Staebler-Wronski (SW)
effect. Another case is that the device variation affects the sensing result of the active
touch sensing circuit. The device characteristics of the TFTs would be analyzed in the
respect of the applications in touch and light sensing. After that, the corresponding

circuits would be properly designed and integrated into TFT LCD.

1.3 Thesis Organization

There are five chapters in this dissertation, in which can be summarized in Fig.
1-5. The general background of TFT LCD industry is introduced in chapter 1, which
also introduces the applications of touch and light sensing in TFT LCD. In chapter 2,
we propose the active touch sensing circuit and design a 42-inch touch panel using
our proposal. After that, the light sensing is categorized into backlight sensing and

front-light sensing and discussed in chapter 3 and chapter 4, respectively. In the two



chapters, the SW effect under backlight and front light illuminations are studied to
find the calibration methods for practical application. Finally, the summarization of all
experimental results in this dissertation and the suggestions for the future work are

presented in chapter 5. The structure is in the other way listed below for indexing:

Chapter 1 Introduction to Interactive Sensing Technology
1.1  General Background
1.2 Review and Motivation
1.3 Thesis Organization
Chapter 2 Touch Sensing
2.1 " Introduction
2.2 Scan Pulse Distortion and Overlapping
2.3 Sensing Circuit Evolution
2.4 Circuit Discussion and Demonstration
2.5 Large Panel Simulation
2.6 Summary
Chapter 3 Backlight Sensing
3.1  Introduction
3.2 Device Property
3.3 Error Analysis
3.4 Backlight Sensing in Flat Panel Display
3.5 Summary
Chapter 4 Front-light Sensing
4.1  Introduction
4.2  Device Property

4.3 Error Analysis



4.4 Front Light Sensing in Flat Panel Display
4.5 Summary

Chapter 5 Conclusion and Future Work




1,600 100%

1,350 _[ 90%

1.400

1,200

1,000

Units in Millions

2008 2009 2010 2011 2012 2013 2014
ma Total TSP Units -#Year/Year Growth




§

E LCD Panel-Maker
Material Maker || ;

I

:

1

I

(ITO Film/Glass, etc.)

LCD Module-Maker
| @ Module- |

Controller

‘.I.'.'I..l..l...

Pattern Design



TSP Types Add-On Type
: Add-On (Out-Cell) Type (2

(Conventional)

—
Polarizer
. Touch Function (TSP) Polarizer
Conceptual
Structures
Polarizer Polarizer

Technology
::J:::e[:riving + TSP Maker
Fig. 1-3 The lure categorizati i indicat e difference
between t :
(Source:



Scene Depth Image

L. 8-m
IRIGNtSOUTCe  Sandard
Light Coding CMOS Sensor — PS1080 SoC

Fig. 1-4 The'se

10



Chapter 1

Introduction to
Interactive Sensing
Technology

Ch

Fig. 1 i

Chapter 2 Touch Sensing
Scan Pulse Dlsto.rtlon Section 2-2
and Overlapping
Sensing Cllrcmt Section 2-3
Evolution
Circuit Dlscu55|9n and Section 2-4
Demonstration
Large Panel Simulation || Section 2-5 Chapter 5
Summaries
> &
- - Future Work
x li ont-light
n
e
Y 32
Section Secti
Error Analysis 3
C
»

1




Chapter 2

Touch Sensing

2.1 Introduction

In addition to the structure difference, as shown in Fig. 2-1 [17], TSPs have
various sensing methods mainly including resistive [14,18~20], capacitive [13,21~26],
and optical sensing [27~29]. The same type TSP in both of in-cell and on-cell
structure faces some identical problems. Photo detection touch sensors have been
revealed to be sensitive to the ambient light, which easily causes sensing noise, since
they determine the touch signal using the light reflection or absorption. For resistive
touch ‘sensors, although they have the advantage of low cost, the poor reliability
lowers their potential for the application in high-valued productions. Comparing to the
two types touch sensors, the capacitive touch sensors are dominant in most
high-valued products benefiting from the merits of -high- reliability, high sensitivity,
and easiness for multi-touch sensing. However, they suffer some problems for large
size touch panels. The touch signal of the capacitive sensor is determined by the
output current difference between touch and untouched event [25~26]. The signal gets
distorted by the parasitic resistance and capacitance on the signal bus in a large size
panel, which makes the readout ability of the external circuit become more critical for
large area application.

Moreover, in addition to above identical problems, the in-cell TSPs using thin
film transistors have extra issues as following description. Firstly, in order to increase
the open ratio, source follower is usually adapted to buffer the voltage signal to the

read out bus. Nevertheless, as a unity-gain buffer, the source follower cannot amplify
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a small voltage signal. Second, because of the threshold voltage difference between
the input and output of a source follower, a sensing error can be arisen from the
threshold voltage variation of thin film transistor (TFT) devices. Furthermore,
whether pixels are touched or not, the source followers consume power to put out the
sensed voltages, which power should be further reduced.

In this work, we want to discuss a novel active touch sensing circuit, which can
be implemented in on-cell and in-cell structure. Meanwhile, it can effectively

overcome the above mentioned issues for large-area in-cell TSPs.

2.2 Scan Pulse Distortion and Overlapping

In display, the original scan signal is given as a pulse, which is shown in Fig.
2-2. When the Ng scan pulse turns off, the (N+1);, scan pulse becomes turn-on
immediately. As we know, there are some parasitic resistances and capacitances on the
scan line. When a scan pulse propagates on the scan line, it gets distorted by the
parasitic resistances and capacitances, so that the pulse at scan far end has delay with
a RC time constant, and its shape is shown in Fig. 2-3. In Fig. 2-3, we can see that as
the Ny, scan pulse not completely turning off, the (N+1), scan pulse starts to turn on.
It causes there a temporary pulse overlapping which keeps TFT turned on when the
new data comes on to the shared data bus. It causes the error of the pixel voltage and
it is not what we want to see in display. On the contrary, in the proposed touch sensing
circuit, we intentionally use the TFT ON current which is induced by pulse

overlapping to detect whether pixel is touched or not.

2.3 Sensing Circuit Evolution

2.3.1 2T1R1C Pixel Circuit
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Fig. 2-4 shows the sensing circuit which composed of two single-gate TFTs
connected in series, one resistance R, and one sensing capacitance Csen. We feed two
consecutive scan pulses N-1 and N at node B and A, respectively. When sensing pad
is untouched, the pulse at node C is almost the same as that at node B, and the two
TFTs are not in ON state at the same time. In such a case, there is no current occurs
when pixel is untouched. On the other hand, when sensing pad is touched by human’s
hand, the pulse at node C is seriously distorted by the resistance R and sensing
capacitance Csen. The distorted pulse at node C overlaps with the pulse at node A
temporarily. The pulse overlapping when sensing pad is touched causes both TFTs
turn ON concurrently. Therefore, when pixel is touched, there is a significant ON
current, which can be a judgment for whether pixel is touched or not.

Fig. 2-5 shows the schematic of the sensing circuit with the input signals and its
measurement result. In laboratory-level experiment, the RC low-pass filter is
connected by discrete components including a capacitor of 50 pF and a resistor of 10
Mohm, and a readout resistor of 1 Mohm Is used to transfer the current to voltage
signal for the oscilloscope measurement. For the touched case, Va is high and V¢ is
not low enough to turn off the TFT. The spikes in the output voltage waveform (Vou)
on the readout resistor indicate the touch events. In other words, when touch event
occurs, it results in a significant transient current. On the other hand, for the
untouched case, no current is observed. It implies that the proposed sensing method

does not consume readout power when sensing circuit is not touched.

2.3.2 1T1R1C Using Dual-Gate IGZO TFT

A similar sensing circuit using a dual-gate IGZO TFT can be used to replace the
two single-gate TFTs, as shown in Fig. 2-6. It comprises a dual-gate 1GZO TFT, a

resistor R, and a sensing capacitor Cs,. The top and the bottom gates of the TFT are
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connected to the two successive scan pulses, respectively. The difference is that the
scan pulse is fed to the top gate by way of an RC low-pass filter.

The process flow of the dual-gate a-IGZO TFTs is described as following.
Shaped Ti/Al/Ti gate electrodes were capped with SiNx gate dielectric which was
deposited by plasma enhanced chemical vapor deposition (PECVD). For the S/D
metal, Ti/Al/Ti was formed by successive deposition with DC sputtering at room
temperature. By patterning and dry etching these layers, the S/D electrode was formed.
After that, the active layer of 30-nm-thick a-1GZO film was deposited by DC
magnetron sputtering system using a target of In:Ga:Zn = 1:1:1 and defined after
etching. Finally, devices were capped by the passivation at 280°C, and then 1TO were
patterned for top gate. The device cross-section and the symbol of a dual-gate TFT are
shown in Fig. 2-7.

From previous references, the electrical characteristics of dual-gate 1IGZO TFT
are greatly improved with respect to the conventional single-gate IGZO TFT, which is
shown in Fig. 2-8 [30~31]. In addition, we also investigated the 1-V characteristics of
the dual-gate 1IGZO TFT with different bias voltages applied to each gate. Fig.2-9
shows the transfer curves of drain current (Id) versus bottom-gate voltage (Vsg) for
the dual-gate IGZO TFT at different top-gate voltages (V1c). These transfer curves
exhibit parallel shifts with respect to different V¢ values. This phenomenon is
attributed to attraction and expelling of free carriers in the active layer by the top-gate.
As illustrated in Fig. 2-10, the TFT is kept OFF by biasing V¢ at -10V even when the
Vg IS as high as +10V, and vice versa. It implies that, the threshold voltage of the
dual gate IGZO TFT using the bottom-gate in its normal operation can be controlled
by the top-gate and vice versa.

The following explains the operation of pulse overlapping method in more

detail. For most of the time, both the top and bottom gates of the dual-gate TFT are set
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at -10V, and the TFT is turned off. Just before the Vgs pulse coming to the bottom
gate, the pulse of Vg is sent to the top gate through the RC circuit. If no touch event
occurs at this time, the RC time delay is small. Thus, the slightly distorted V¢ pulse
can fall in time to -10V to turn off the TFT before the Vs comes in. On the other
hand, if a touch event happens, it results in large RC time delay. The larger RC delay
leads to more serious pulse distortion and prolongs the voltage falling time of V.
This delay time keeps the TFET from turning off by the time that the bottom-gate
switches to +10V. In such a case, a significant transient ON current flows through the
TFT to be the sensing signal. Consequently, we can use the method to detect touch

events. Fig.2-11 shows. the laboratory-level test result.

2.3.3 . 1T1R1C pixel-circuit

Another 1T1R1C pixel circuit using conventional single-gate TFT and its
laboratory-level test are shown in Fig. 2-12 and Fig. 2-13, respectively. Comparing to
the previously proposed circuit, it further omits a vertical bus of Vpp from the pixel,
which make the new circuit more suitable for the in-cell touch sensing. The simple
circuit can decrease the consumption of aperture ratio and increase the transmission.

In operation, when the panel is untouched, the scan pulse Vscan -1 is firstly fed to
node B and raise the voltage of node B, Vg, to 10V. At this time, the TFT does not
output current because there is no voltage difference between drain and source. Then,
although the scan pulse Vscann COMes in and raises the voltage of node A, Va, to make
a voltage difference between drain and source, the Vg has fallen in time to -10V to
turn off the TFT. On the other hand, if touch event increases the sensing capacitance,
which consequently increases RC time-constant, the scan pulse Vsann-1 gets a
distortion when it reaches the gate of TFT. Therefore, it needs more time to lower the

voltage from 10V to -10V. When the scan pulse Vgcan n rapidly raises from -10V to10V,
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a transient ON current is produced by the pulse overlapping.

For a good design, the transient ON current should occur only when the
selected sensing pixel circuit is touched. To avoid false current, we introduce a time
interval, Tenanle, DEtWeEN tWO CONnsecutive gate pulses, which ensure Vg can get back to
-10V before Va starts rising. Tenale avoids the intrinsic distortion owing to the
parasitic RC influence on row bus in the large area active matrix. It is noteworthy that
the distortion on V¢ without touch is resulted from the parasitic capacitance and
resistance of the transistor. The parasitic capacitance and resistance emphasize the
importance of Tenavle-

As can be seen in the circuit schemes, the proposed circuit is mainly operated by
the scan pulses. The operation of the scan pulses is identical to that in display driving
even the use of Tenanie- IN-general display scan driving, Tenapie IS USed to ensure that the
Clc cannot be influenced by the data voltage of the next pixel. Therefore, the display
and touch sensing scan pulses should be able to be provided by the same scan driver.
In practical signal process, each data line could be connected to a charge integrator

and biased by the integrator [25].

2.4  Circuit Discussion and Demonstration

2.4.1 Circuit Advantages

One of the values of the proposal is universal to the backplane structure,
including on-cell and in-cell. Although the design results are different, the effective
circuit and the design procedures are the same. For example, the obvious difference
for the two structures is the sensing capacitor fabrication. In the on-cell structure, the
touch sensing array can be fabricated individually and then attached to the display

panel. In this case, the sensing capacitor can be formed by the cover glass sandwiched
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in between finger and the electrode fabricated in the touch sensing array and protected
by the cover glass. On the other hand, in the in-cell structure, the capacitor in this RC
circuit can be the liquid crystal capacitance (Clc), which is formed by the electrodes
made on the TFT substrate and the common electrode on the color filter substrate. The
Clc can be increased by the external forcing to compress the gap of the two electrodes
[25~26]. However, although the capacitor fabrications are different, the capacitance
can be proper calculated and simulated. Furthermore, the proposed sensing circuit is
also suitable to different TFT types, such as amorphous silicon (a-Si) TFT, oxide TFT,
and poly-silicon (LTPS) TFT. In addition to the previous test using IGZO TFT, Fig.
2-14 shows the test results.of 2T1R1C and 1T1R1C sensing circuit using a-Si TFT.
For our test devices, since the Vth controlled ability of the top gate of dual-gate a-Si
TFT is not so obvious like dual-gate IGZO TFT, no test result of the sensing circuit
using dual-gate a-Si TFT is included in this dissertation.

The in-cell types of touch panel which detects the change in the liquid crystal
capacitance [25~26] usually have two disadvantages. One is that, the amplifying TFT
outputs large current even in the case without touch and thus keep consuming power
whether pixels are touched or not. The other issue is the threshold voltage shift of TFT.
In a sensing array, different sensing pixels on the vertical line share the same readout
circuit. Because of the threshold voltage variation of the TFTs in different sensing
pixels, touch signal and untouched signal in different pixels could be harder to
distinguish by the same readout circuit. Although the uniformity of a-Si TFT is
excellent, the device variation of other type TFTs including LTPS or oxide TFT could
affect the circuit performance. In addition, the threshold voltage of TFT would shift
under electrical stress of usage.

The proposed circuit only output current when the selected pixel is touched so

that the power consumption could be reduced. Furthermore, the effect of threshold
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voltage variation on the proposed circuit can be avoided, as shown by the simulation
result in Fig. 2-15. We use the same a-Si TFTs size and charge integrator to perform
the simulation. As can be seen in Fig. 2-15(b), there still is a 0.4V difference between
touched signal and untouched signal when threshold voltage shifts 5V in one pixel but
-5V in another pixel. In our design, the output signal is more dependent on the
overlapping time of the pulses than the threshold voltage of the TFT. This provides

the big tolerance of the threshold voltage variation.

2.4.2 Demonstration Using a-Si TET

In the demaonstration, a transistor with a proper fixed gate bias, namely, Rrer is
used to replace the resistor. The alternative pixel circuit is shown in Fig. 2-16. Besides,
the voltage bias for Rret in every sensing pixel is fixed, so it can be provided by Vcom.
By doing this, it is practical in fabrication to save more aperture area than
implementing the resistor with a long metal wire. Fig. 2-17 shows a demonstration of

the proposed circuit using a-SiI TET in a 2-inch 9x9 array.

2.5 Large Panel Simulation

In this section, we design a 42 inch a-Si active touch panel using the proposed

circuit and discuss the problems arisen from the large size.

2.5.1 Design Consideration, Procedure, and Results

There are many factors to design the large-area panel of the proposed sensing
method, such as bus line width, size of TFTs, and sensing capacitance. For example,
to make the sensing area becomes larger, the scan line width can be made thinner but
it will cause a large parasitic resistance on the scan line and thus a serious RC time
constant delay. The delayed scan pulse at scan far end might result in a false touch

signal. When this case happened, the same readout setting cannot be applied at both
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scan near and far ends. On the contrary, if the scan line width is designed to be wide,
it squeezes the area of sensing region. In such a case, the small sensing area
corresponding to the small sensing capacitance may not make large difference in the
RC time constant between the cases of touched and untouched. Another example is
the size of Rrer and the driving TFT. Increase in the driving TFT size can improve the
ability to charge the data bus and the read out circuit, while the gate capacitance of
TFT increases accordingly. Therefore, the difference of total capacitance at sensing
node when pixel is touched or untouched is less significant, and the intrinsic RC time
constant delay of scan pulse increases.

Due to these intertwined. design factors, a design procedure is proposed to
support our task, as shown in Fig. 2-18. It contains the following steps:

Stepl: Specify panel size, aspect ratio, and resolution

Step2: Design line width of scan and data line

Step3: Calculate the area of sensing region, which value is the area of one pixel pitch
subtracting the area of bus line and TFTs of one pixel. For a fast estimation, the area
of TFTs is ignored because it is much smallerthan the area of bus line. The value of
sensing capacitance can be calculated accordingly.

Step4: Design sizes of both driving TFT and Rrer.

Step5: Calculate the parasitic capacitances and resistances on the buses.

Step 6: Verify the design with SPICE simulation.

The design procedure is repeated until the design passes the criteria concerning
the significant voltage difference between touch and untouched. In this paper, the
target of our design is to produce a voltage difference larger than 0.2V, which is good
enough for a common voltage comparator in the peripheral readout circuit to judge the

touch event. Table 1 lists our final design results.

20



2.5.2 Four-Corner Simulation

Since the large touch panel suffers from serious parasitic capacitance and
resistance on the scan and data buses, the intrinsic RC delay of these buses can
possibly make the sensing pixel fail. Therefore, the simulations were conducted for
the four pixels of the four corners of the designed 42 inch touch panel. The simulation
results shown in Fig. 2-19 include the scan pulses and the output signals of the four
pixels when they are touched and untouched. The output signal of the pixel at the scan
far end is larger than that at the near end owing to the intrinsic bus delay. The output
signal from the pixel at data near end is larger than that from the data far end, because
the current signal from the data far end has to pass through the parasitic resistances
and capacitances of the data bus, while the current from the pixel at the data near end
comes out directly. For the worst cases, the smallest touched signal appears at scan
near end and data far end, and the largest untouched signal appears at scan far end and
data near end. The worst-case difference is shown by the two dash lines of the output
signal in Fig. 2-19. This difference between the touched and untouched signals is still

larger than our design target of 0.2V.

2.5.3 Current-Induced Voltage Drop on Scan Bus

There is yet another concern of the proposed circuit that when many pixels on
the same scan line are touched simultaneously, every touched pixel drains current
from the scan bus. This is not an issue for the 2T1R1C pixel circuit and the 1T1R1C
using the dual-gate TFT since the sensing current comes from the individual voltage
bias buses in column. For 1T1R1C using single-gate TFT, the total sensing current
drained from the same scan bus in row flowing through resistances of scan bus results
in the voltage decrease of the scan pulse. In this case, we need to confirm the circuit

can still function when the heavy load of multi-touch happens.
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The pixel circuits of 3T1C and 2T1C shown in Fig. 2-20 and Fig. 2-21,
respectively, were simulated for the two cases without and with the voltage drop on
the scan bus. For the both circuits in a row of 10 and with all the pixels touched
simultaneously, the simulation results of the scan pulse high voltage are shown in Fig.
2-22(a) and 2-22(b), accordingly. It can be observed that there is more decrease of
scan pulse high voltage in 2T1C circuit than in 3T1C circuit. However, the decrease is
as small as 0.22V.

We simulate the worse situation that when the scan pulse high voltage decreases
from 10V to 7V, which corresponds to hundreds of pixels on the same scan line are
touched simultaneously. The result is shown in Fig. 2-23. It can be seen that the
minimum touched signal is still larger than the maximum untouched signal for 0.2V,
which still meets the design target. The concern of voltage drop owing to multi-touch

on the scan bus for the large area panel can be relieved.

2.6 Summaries

A simple but novel concept of pulse overlapping detection for the active matrix
touch panel is proposed. The proposed circuit has many advantages. Firstly, the output
signal of the transient on current of TETs is significant and thus can be easily readout
by low cost ICs. Secondly, current signal only occurs when a pixel is touched. The
power consumption in operation is greatly reduced. Moreover, device variation can be
tolerated, which is the major advantage over the other active touch panels of the
source follower type. A 42 inch touch panel of the proposed method is successfully
designed by the proposed design procedure. The proposed circuit can provide an

excellent way of implementing large area active matrix touch panels.
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Fig. 2-2 The original scan signal of display at scan near end
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Fig. 2-3 The original scan signal of display at scan far end
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Chapter 3

Backlight Sensing in Flat Panel Display

3.1 Introduction

For LCD-based products, 90% power consumption is attributed to backlight [32];
accordingly, backlight power saving is considered one of the most effective ways to
reduce LCD energy dissipation. In recent years, the light-emitting diode (LED)
backlighting is sought to replace the fluorescent backlighting because of the
advantages including ‘ultra wide “color gamut, increased contrast through local
dimming, improvement in.motion picture response time by scanning, lower power
consumption, and elimination of mercury [33~37]. However, the LED backlight
modules could be non-uniform in large panel or degrade after a long time operation
[38], which directly influences the image quality and limits the competitiveness of
LED backlight in large-size flat display panels.

In this chapter, we propose the backlight sensor for the accurate backlight
intensity. The degraded LED backlight can be corrected by the feedback of the
backlight sensor [39], so the lifetime of display can be prolonged. Moreover, the using
of backlight sensors can enhance the performance of backlight-control technologies.
For example, the local dimming technology means that it can adjust the backlight
intensity according to the frame which would be showed. Fig. 3-1 is the schematic of
backlight local dimming. The backlight sensors can be used to detect the light
intensity and determine the intensity whether or not to achieve the value that it should

be.
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3.2  Device Property

Before proposing the sensing circuit, we should fully study the photo response of
sensing devices. Fig. 3-2(a) and Fig. 3-2(b) show the cross-sections and the transfer
characteristics of the illuminated conventional a-Si TFT, respectively. We find that
the conventional TFT does not have any photo reaction. This phenomenon is easy to
figure out from the inserted diagram in Fig. 3-2(b). The bottom gate metal blocks all
the possible backlight which would illuminate on active layer. Therefore, the
conventional TFT does not be considered to be our backlight sensing device.

To reduce the effect of gate metal shielding, a non-conventional structure is
proposed as the sensing device. Comparing to the conventional a-Si TFT, the
non-conventional structure TFT has a gap which exists between bottom gate and one
of top metal electrodes (source or drain). We define the gap size as i and call this
structure TFT as “gap-type TET” [40]. Since it has the same fabrication process as
the conventional a-Si:H TFT, the light sensor can be integrated in panel without
changing the mask number and extra cost. The basic process flow is described as
following. After the deposition and patterning of gate metal on the glass substrates,
three layers, i.e., silicon nitride (SiNx, 3500 A), a-Si:H, and n+ a-Si:H films, were
successively deposited in a plasma enhanced chemical vapor deposition (PECVD)
system. After source/drain electrodes were made, the n+ a-Si:H region with length (L)
of 5 um between the source/drain electrodes was etched off by a reactive ion etch.
Then, a passivation layer was used to cap the channel region.

The transfer characteristics of gap-type TFTs (i=30um) are showed in Fig. 3-3.
Since the gap-type TFT is asymmetric, it can be alternatively operated. Fig.3-3(a) is
the gate-near-drain mode, and Fig. 3-3(b) is the gate-near-source mode. For further

discussion, we define the ratio of the TFT drain current under illumination ( Io_ium)
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to that in the dark ( Io_dark) @S Rup = Ip_ilum/ Ip_dark [41]. We can find that the Rup of
the gate-near-source one is larger not only in OFF region (' Vgs = -10V ) but also in
ON region ( Vgs = 10V ). In aspect of application, the gate-near-source one has better
photosensitivity to be the sensing device. From Fig. 3-3(b), the Rup can achieve to 4
orders both in OFF region and ON region.

Since the operating region of sensing device should be properly in sensing circuit,
we examine the device performance in different operation regions. Fig. 3-4 shows the
OFF current and ON current versus the backlight intensity. They cannot be compared
directly because of the different current levels. To analyze the photosensitivity in
detail, we normalized the curves.of Fig. 3-4 (a) (b) and show the results.in Fig. 3-5(a).
Next, we differentiate the normalized current to the illumination intensity. The
relative photosensitivity versus illumination intensity iIs showed in Fig. 3-5(b). There
is an intersection point at about 10000 lux. It means that the sensing device operated
in ON region has better photosensitivity under 10000 lux illumination. On the
contrary, the device operated in OFF region has better photosensitivity above 10000
lux. On the basis of the following reasons, we decided to operate the sensing device in
ON region to sensing backlight. In TFT-LCD, backlight must pass through the
polarizer and then achieve the TFT array layer. The actual backlight intensity
illuminate on the TFT array would not over 10000 lux. Another reason for choosing
ON region is that the ON current is higher about 2 orders than OFF current, which can
reduce the effect of noise and be read easily.

The non-conventional TFT can detect the backlight because the gap exists. Fig.

3-6 shows the transfer characteristics of the gate-near-source TFT with different gap
sizes (i =5um, 12um, 30um ). When the gap increases, the photosensitivity will be

higher in ON region. Theoretically, we should use the gap as large as possible for
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great photosensitivity of the backlight sensing, but it will reduce the pixel aperture
ratio. Besides, for the TFTs of the various gap lengths, the different dark current
levels lead us to hardly analyze and apply to sensing circuit. To reduce the variables,
we use the gap size i = 30um to be the experimental devices.

For further understanding of the relation between the gap and the photo effect,
we design different structures of gate-near-source TFT, as shown in Fig. 3-7(a). It can
be seen that there are two gates in the new devices, and the length between original
bottom gate and the drain is still 30 .um. The function of the extra gate is to shield the
backlight illumination. The extra gate does not be given any bias, in other words, it is
floating. The new devices.are-benefit to control the photo response without dark
current change. We define “Open-ratio” to name the new structures. For example, the
original structure which gap can be illuminated entirely then we call it open-100%. If
the area of gap is shielded 67% from backlight illumination by floating gate, then we
call it open-33%. Fig. 3-7(b) shows that Io_ilum is proportional to the open-ratio. It

means that the photo effect is proportional to the illuminated area of the gap.

3.3 Error Analysis

After realizing the device properties, some factors caused error on sensing TFTs

are considered in this section.

3.3.1 Device Uniformity

3.3.1.1 ON Current Variation

The measured ON currents of eight devices with respect to the illumination
intensity are shown in Fig. 3-8(a). Four of them are on sample-A glass substrate and
the other four are from another glass substrate sample-B. We average the eight

measured currents, and take it as the reference. Then, the originally measured current
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is looked up the illumination intensity according to the reference. This corresponding

backlight intensity is called LuXmeasures. Since it is different from the device really

shined, the light intensity (LuXar), the error can be defined as “ L UXpeasureg = LUX

Lux

real 2>

real

Fig. 3-8(b) shows the error from the on current variation of the eight devices. It has a

maximum error 7.5% at 5400 lux illumination.

3.3.1.2Threshold Voltage Shift

For the effect on Vth shift, we simulate it by changing Vgs level. Fig. 3-9(a)
shows the ID at Vgs=9V, 10V, and 11V, which represents the influence of Vth shift
+1V in the case of Vgs=10V. We find that there has little change owing to Vth shift. It
can be understood from-the-insert diagram in Fig. 3-9(a). The diagram shows the
ID_illum s almost independent of the gate voltage in ON region. Similarly, we take
the Vgs=10V as a reference, and then calculate error of the cases of the Vgs=9V and
Vgs=11V corresponding to the backlight intensity. From the result of Fig..3-9(b), the
maximum error is only 3.28%, which shows that the threshold voltage shift will not

cause too much influence to light sensing.

3.3.2 Temperature

In application, the sensor is embedded in TET array, and the panel’s internal
temperature will change during usage. Thus, we need to consider the temperature
effect of device. Assume 40°C is the panel’s normal operating temperature, and it is

subject to +5°C variation. Fig. 3-10(a) shows the measured current of device-1 at 35

‘C. 40°C and 457C. Calculating the error of four devices, we find the maximum error

can be up to 16.4%, which cannot be neglected and needs to be reduced.
Fig. 3-11(a) shows the curves of the photo drain current versus temperature.

With the temperature increasing, the drain current also raises gradually [42]. We fit
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these curves linearly and define the slopes as a temperature coefficient (TC). Under
different illumination intensities, we can get the different TCs. It means that the
device does not have the identical response to temperature under different
illumination intensities. Fig. 3-11(b) further shows the relation between TC and
illumination intensity for four devices. We find there is an obvious variation of
temperature response from device to device. This phenomenon will make it more
difficult to develop a calibration method. Therefore, for reducing the error caused by
temperature variation, we propose to control the temperature of the panel instead of
calibrating it. When the temperature variation is controlled within +3.5°C, and the

error can be reduced to.10%.

3.3.3 . Device Reliability

3.3.3.1 Staebler-Wronski (SW) effect

Several possible sensing error factors like device uniformity, temperature, and
instability of a-Si must be considered. However, from the study of photo current
response of a-Si:H TFTs, Staebler-Wronski (SW) effect is a dominant influence to
light sensing [43~45]. The predominant explanation of the effect is that the
illumination leads to the creation of additional meta-stable states in the band gap of
the amorphous silicon, by breaking the weak bounds of the hydrogen atoms to the
silicon, which decreases the lifetime "of excess carriers and thus reduces the
photoconductivity.

To study the SW effect, we use 19160 lux backlight to illuminate the device,
and the stress time is from 0 sec to 4800 sec. Fig. 3-12 shows the result of optical
stress. It can be observed that the current degrades obviously with stress time
increasing. In addition, the exposure time of the measurements (15 sec.) is much less

than light stress time (600 ~4800 sec). Hence, we neglect the degradation resulted
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from measurements. Compared with other error factors, SW effect is very serious. If it
is not calibrated, the device cannot be applied at all. In this work, a method will be
proposed to solve this issue. Before explaining the calibration method, we mentioned
the Ip jium IS proportional to the illuminated area of gap. After optical stress, the
device with larger open-ratio will suffer from worse stress because the gap area is
larger. The different stress levels will result in the nonlinear dependence of photo

current on the operation as shown.in Fig. 3-13.

3.3.3.2 Calibration method of Staebler-Wronski effect

Before introducing the calibration method, we define the ID/Open-ratio as the
new index. The 1D/Open-ratio versus open-ratio before stress is shown in Fig 3-14 (a).
It can be found that the ID/Open-ratio is independent of open-ratio before stress.
Since the device’s degradation level associates with i1lluminated intensity, stress time
as well as illuminated area, it implies that the larger open-ratio structure will degrade
more. Fig. 3-14 (b) shows ID/Open-ratio behavior of the stressed devices. The one
with 100% open ratio degrades most. The smaller open-ratio structure subjects to
smaller influence from SW effect. The first idea coming to mind is to find the
open-0% structure which means it will not be stressed by backlight. Since there is no
open-0% structure of gap-type TFT, which will become conventional TFT and
insensitive to backlight, it could be alternatively achieved by extrapolating the
ID/Open-ratio behavior with different open ratios. For example, Fig. 3-15 (a) shows
the result of extrapolation. A formula in the form of y=a+b*[exp”(-x/c)-1] by
OriginPro software is used to extrapolate the case of 0% stress.

After the calibration, the maximum error shown in Fig. 3-15 (b) can be reduced
to about 13.6%. Here the “Error” is defined as [(LuUXmeasure-LUXreat)/ LUXreqt]. FOr the

case without the calibration, the value, LuXmeasure, Can be evaluated from the measured
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drain current of the gap-type TFT. The initial relationship between illuminations and
drain current of the gap-type TFT can be obtained by the behavior shown Fig. 3-6(c).
For the proposed calibration, the drain current of open-0% structure of gap-type TFT
can be obtained by extrapolation to evaluate the value LuXmeasure based on the
illuminated characteristics of Fig. 3-14(a). In the Fig. 3-15(b), the “without
correction” curves present the errors produced by SW effect on Open-100% gap-type
TFTs, and the “with correction” curves present the errors modified by the proposed
calibration method. In the proposed method, the different open-ratio gap-type TFTs
will be implemented in neighboring sensing pixels to ensure these gap-type TFTs are
exposed to almost equal-illumination intensity and our calibration can be thus
executed. This result indicates that the calibration method is very effective to lower
the influence of SW effect.

In reality, the backlight intensity is not always fixed. Therefore, it would be of
practical interest to verify the feasibility of the aforementioned calibration method
under changed backlight stress. In the following study a two-step backlight
illumination is used. From O to 3600 sec, the devices are stressed by 10000 lux
backlight. And in the following 3600 sec, the devices continue to be stressed by 19160
lux backlight. Because of the different stressed intensities, the curves present two
different degradation rates as shown in Fig.3-16. As for the calibration method, Fig.
3-17(a) shows the characteristics stressed by the two-step light intensities and
illustrates the same trend as Fig. 3-15 (a), which is stressed under the fixed backlight
intensity. The same proposed method is used to calibrate the influence of SW effect.
The error in different stress condition is shown in Fig. 3-17(b). It can be seen that the
proposed calibration method still can calibrate the SW effect effectively under the

changing backlight illuminating situation.
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3.4  Backlight Sensing Circuit

3.4.1 Sensing Circuit and Operation

Based on the results mentioned above, a new light sensing circuit with only one
readout bus is proposed. The schematic diagram of 4T2C circuit and its timing
diagram are shown in Fig. 3-18(a). The sensing part is composed of a reset TFT, a
photo TFT, two capacitors, Cc and Cs. The readout part is composed of a source
follower and a switch TFT.

The operating principles can be described as two. periods, as shown in Fig.
3-18(b). In the reset period, the signal of scan line 1 (-10V~10V) becomes “high”, and
the reset TET is turned on. Thereby, the voltage of node A is charged to VVcom (5V). In
the discharging period, the scan line 1 signal becomes “low”, reset TFT is turned off.
Meanwhile, the signal of the scan line 2 becomes “high”, the photo TFT is operated in
ON region. The backlight is turned on during the discharging period. At the same time,
the voltage of node A rise to a relatively high voltage to VVcom owing to the couple
effect from the voltage changing of scan line 2 through Cs. Then, the photo current,
which is determined by the intensity of the illumination, drained away through the
photo TFT. The voltage of node A would be discharged by the photo current of photo
TFT, and then voltage change at node A can be followed by source follower and
readout through switch TFT line by line. The Cc is especially added to divide voltage
of node A to a proper Vp for photo TFT when coupling happened. Meanwhile, it can
make sure the voltage at node A be lower than the drain voltage of source follower

(Vg, on in our case) for its proper working.

3.4.2 Simulation

Since there is no photo current model for SPICE simulation, we cannot simulate

the photo current under different illumination directly. We have to modify the
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simulation method according to illuminated characteristics of device. Fig. 3-19 shows
the illumination dependence of Ip-Vp characteristics curve; the drain current increased
while the illumination intensity enhanced. Then, we fit the curve in the formula,
which can be expressed as “ID = Ip(L) + Ao(L)xVp”. The Ig(L) and Ao(L) are
intercept and slope, which are illumination dependent. Therefore, we use the different
current sources and resistors in parallel to represent the different photo currents of
TFT. Table 3-1 shows the values of lp(L) and Rg = 1/ Ao(L) at Vgs=10V at different
illumination intensities. For the simulation at different illumination intensities, we
change the value of Ip(L) and R, accordingly. Table 3-2 lists the simulation condition,
and Fig. 3-20 shows .the SPICE simulation results of light sensing circuit. The
illumination intensity can be monitored by the slope of the discharging voltage.

The equivalent circuit and layout of sensor integrated in pixel are shown in Fig.
3-21. We can see the proposed light sensing circuit is compatible to panel’s scan lines,
and it only needs a readout line to output the signal. Taking 52 full HD panel as
example; namely, pixel size of 200x600 um?, the aperture ratio reduces from 84%
(without sensor) to 78% (with sensor). The scarification in aperture is acceptable.

In order to solve the SW effect, a sensing unit should consist of different
gap-type TFTs, as shown in Fig. 3-22. Another question comes to us is how dense the
backlight sensors are needed to be embedded in the pixel array? Fig. 3-23 shows an
example schematic of panel with local dimming function. But the actual situation

must be decided according to the arrangement of the backlight modules.

3.5 Summaries

In this chapter, we use a non-conventional TFT, namely, the gap-type structure,

to be the backlight sensing device. Taking advantage of its higher current level and
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good photosensitivity in ON region to sense light intensity, we proposed a light
sensing circuit which is designed to be integrated into pixel and compatible to panel’s
scan lines. The circuit simulation result by H-spice is quite as we expect. Moreover,
we analyze the possible factors that can affect the sensing accuracy. The SW effect is
the most serious problem. Nevertheless, it can be reduced significantly by proposed

calibration method.




Fig. 3-1 Schematic of local dimming function by LED backlight
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Brightness I(L) [A] R=V/A(L) [2]

Dark -2.85x1013 1.61x10"?
2400Ix 2.22x10-11 1.44x10°
54001x 3.15x101 6.47x108
100001x 6.30x10-11 3.21x108
195001Ix 8.01x101 2.21x108
326001x 7.95x101!1 1.75x108
500001x 7.44x1011 1.43x108

W/L=15/5

Table 3-1 lg(L) and Ro=1/Aq(L) at Ves= 10V with the illumination intensity

variation
Feature Specification
Operation region ON. (Vgs= 10V)
Operation Period 16us
INlumination intensity 0~50000 1x
Scan line -SV~15V
me 5V
Cs, 0.012pF
C. 0.016pF

Table 3-2 Circuit simulated conditions
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Fig. 3-21 (a) Equivalent circuit and (b) layout of the proposed sensor
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Fig. 3-23 Schematic diagram of sensor array embedded in panel
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Chapter 4

Front-Light Sensing in Flat Panel Display

4.1 Introduction

The photo effect of the a-Si:H TFT has been studied to be used in
imaging scanner, light sensor and touch panels, etc [40,46~47]. Currently
discrete photo diodes are used for most ambient light sensing systems. However,
normal environment illumination may contain over 3 orders of magnitude (60 dB or
10-bit) variation from the darkest to the brightest region. To cover such a wide range
with linear photo detectors requires not only excessive output bandwidth but also high
signal-to-noise ratio (SNR) of the sensor. This may impose the complexity and
incidental power consumption on the system. Fig. 4-1 shows the structure of
photodiode. In order to improve SNR for practical applications, it Is necessary to
increase the size of the photo detectors to resolve small difference [46]. However,
large size photodiode may cause additional power consumption at high illumination
levels and not suit with working in the pixel.

Integration of light sensors reduces module complexity, and location of the
sensors close to the pixel array simplifies integration in products. There is an interest
in integrating the sensors in the same TFT technology used to fabricate the display, so
that the overall complexity of the module can be reduced. Since the sensors are
fabricated on the glass substrate using the same fabrication processes as conventional
TFTs, fabrication costs can be saved. In this chapter, we study the device performance
under front light illumination and propose a feasible front light sensing circuit for flat

panels.
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4.2  Device Property

In this section, we examine the device properties under front light illumination as
the similar study in chapter 3. Two different structures devices, conventional a-Si
TFTs and gap-type a-Si TFTs, are discussed here and illustrated in Fig. 4-2 (a) and (b),
respectively. The devices are identical as chapter 3, and the device process was
revealed in section 3-2. To further analyze the effect of front illumination on the
electrical performances of a-Si TFTs, we also evaluate the devices by considering the
characteristics of current low dark current (Io_dark), high illumination current (Io_iium),
and high Rup (Io_itlum / 1D~ dark).

Fig. 4-3 and Fig. 4-4 show the transfer characteristics of the conventional and the
gap-type a-Si TFTs in the dark as well as irradiated at six different levels of halogen
lamp illumination from the front side, respectively. It can be seen that the significant
difference of the photosensitivity among them. Fig. 4-3 shows that the drain current is
almost independent of illumination intensity when the conventional-gate TFT operates
in the ON region. In OFF region, the photosensitivity is significantly higher than that
in the ON-state. It means that the conventional a-Si TFT can be used as a front light
sensor only in OFF region, which would easily influence by noise.

Fig. 4-4(a) shows the gap-type TFT operated as gate-near-drain mode, and Fig.
4-4(b) shows that operated as the gate-near-source mode. The Ry p of the
gate-near-source one is not only larger than that of the other in OFF region (Vgs =
-10V) but also in ON region (Vgs=10V). In aspect of application, the gate-near-source
one has better photosensitivity to be the sensing device. From Fig. 4-4(b), we can see
its Ryp can achieve to 4 orders both in OFF region and ON region. For further

analysis, the gap region in the gap-gate TFT increases the total resistance between
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source and drain, so that the ON current of gap-gate TFT is lower than the ON current
of the conventional TFT. The total resistance Ry can be regarded as the sum of the
resistance of the gate channel (R¢n) and gap channel (Rgap), namely, Ritai=RentRgap. In
the ON region, R, should be low in the on region, so that the R IS dominated by
Rgap- It is consistent with the observation that the illuminated ON current of gap-gate
TFT differing from the conventional TFT is that it is not changed by the gate voltage.

Fig. 4-5(a) shows the relationships between photo current in the ON region and
illumination intensity for several bias conditions. It can be seen that the increasing
rate of the photo current under high illumination intensity is much less than that under
weak light. In other words,.it-has.poorer photosensitivity when device is operated
under higher illumination. In Fig. 4-5(b), the photo current keeps almost linearity
increasing rate with illumination.

To compare the current increasing rates in ON and OFF regions, we normalized
the currents in Fig. 4-5 to their corresponding maximum currents. The normalized
result, in ON and OFF regions at VD=10V are plotted together in Fig. 4-6(a). We
further differentiate the curves of Fig. 4-6(a) to obtain the relative changing rate of
photo current, namely, the relative photosensitivity versus illumination intensity and
plot in Fig. 4-6(b). An intersection point at about 18860 lux is needed at the first sight.
It means that sensing device operated in ON region has better relative photosensitivity
below the illumination of 18860 lux, while OFF region offers better relative
photosensitivity above 18860 lux. Consequently, we propose to operate the sensing
device in ON region for weak illumination. Even very weak illumination, ON region
operation can provide the ON current about 2 orders higher than OFF current. The
higher current signal can reduce the effect of noise and be read easily. On the other
hand, the OFF current is used for high illumination sensing to achieve better

sensitivity with moderate current level. However, since the ambient light intensity in
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an indoor environment is around 100~1000lux, the light sensing circuit operated in
ON region is definitely enough for front light sensing. Thus, in the following

discussion, we will focus on error factors of the devices in ON region.

4.3  Error Analysis

4.3.1 Uniformity

For any circuit needed to be manufacturable, it iIs clear that device-to-device
uniformity must be controlled. Fig. 4-7 (a) shows the transfer characteristic curves of
photo current versus of illumination intensity at Vps=10V of four a-Si TFTs of
gate-type structure for ON-current operation. We average the four measured currents
and take it as the reference standard. Next, we look up the original eight measured
data according to the reference one to get the corresponding ambient light intensity,

called measured light intensity (LuXmeasured). Moreover, the error, which is defined as

Luxmeasured T |-uxReal i

I-uxReaI

13

, Is shown in Fig 4-7(b) to illustrate the error from ON current

variation. At 7547 lux illumination in the range of low illumination, it has a maximum

error of 4.6%.

4.3.2 Temperature

In this section, we consider the temperature effect on device. As the same
assumption in chapter 3, 40°C is supposed to be the panel’s normal operating
temperature, and it varies within the range of +5°C. Fig. 4-8 (a) shows the measured
ON current of device-1 at 35°C ~ 40°C and 45°C. The error owing to temperature
change can be calculated with the same method as that for uniformity. After
calculating the errors for four devices, we plot them in Fig. 4-8(b) and find the

maximum error exceeds 10% and up to 15.8% at low illumination level for ON region
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operation. Because the influence from temperature cannot be neglected, we take
further steps to understand the temperature effect on device.

Fig. 4-9(a) shows the ON current versus temperature at different illumination
intensities. With the temperature increasing, the drain current also raises gradually.
Then we try to fit these curves linearly and define the slopes as temperature
coefficient (TC). Under different illumination intensities, we will get the different TCs.
It means that the device does not have the identical response to temperature under
different illumination intensities. Fig. 4-9(b) is the relation between TC and
illumination intensity for four devices. Moreover, we find there is an obvious
variation to temperature response from device to device. This phenomenon will cause
more difficulty in calibration, since it is impossible to calibrate the sensor one by one
in the panel. Therefore, we propose to add external control of the temperature to limit
the temperature variation within +3.5°C. In this case, the maximum error can be

controlled to 10%.

4.3.3 Backlight Influence

If we plan to integrate the photo-sensor into the LCD pixel array, we should
consider the photo effect of back light (BL) illumination to simulate its real situation
on panel [48~49]. The illumination sources in our measurement include halogen lamp
from front side and LED white light from back side as illustrated in Fig. 4-10.

To discuss on the photo effect of back light illumination, the ON current versus
the front light (FL) intensity are plotted in Fig. 4-11(a). With a shift in the axis the FL,
the corresponding curves for the case with BL are plotted again in the insets together
with original curves for the case with BL. As can be seen, the pairs of the curves
overlap perfectly. It depicts that when we illuminate the device with FL and BL at the

same time, the BL intensity of 5070 lux can be equivalent as FL intensity 3624 lux in
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ON region. If the BL intensity is fixed in application, we can calibrate the BL effect
by the characteristic as mentioned above. Firstly, we take the curve (FL) of the current
versus front light as the reference as shown in Fig. 4-11(a). Next, we use the
originally measured current to look up the illumination intensity according to the
reference. This corresponding front light intensity is called LuXmeasurea- It is different
from the real light intensity (LuX.al), as shown by the solid circles in Fig. 4-11(b).
Another measured intensity can be obtained by subtracting a constant quantity of
illumination, which is called calibrated “intensity LuUXcaibration. The curves of

LUXcalibration VErsUS LUXear are also plotted by solid triangles in Fig. 4-11(b). We define

Lux — Lux

measured

Lux

(13

the error to be

real > - Rig, 4-11(c) shows the case of ON current

real

sensing. For low illumination, after calibration it has a maximum error 4.46% at 6683
lux illumination.

If backlight intensity is a constant, we can offset the BL effect during the sensing
operation by substrate a constant light intensity. Therefore, this issue might not so
important. In such a case, the photo effect of BL illumination on the current
measurement can be subsided. However, BL induced instability will hinder the sensor

operation with.BL illumination. This issue will be discussed in next section.

4.3.4 Staebler-Wronski (SW) Effect

Fig.4-12 shows the curves of current versus illumination intensity for the
gap-type TFT stressed for up to 4800 seconds by a halogen lamp of a continuous front
illumination intensity of 13600 Lux. The drain current degradation under illumination
stress is obviously observed. When the gap-type a-Si:H TFTs are used as sensing
devices in TFT LCD, they are irradiated by backlight of display, too. Therefore, the
influence of backlight illumination must also be considered. The degradation in the

ON current of the gap-type a-Si:H TFT with time under backlight is shown in Fig.
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4-13. For both of Fig.4-12 and Fig.4-13, they are observed that the degradation trend
and level of the illuminated drain current are very similar.

Since the photo effect of gap-type TFT in the ON region is restricted by the high
resistance of gap region, the same high resistance of gap length makes the current
degradation with time, resulting in the same trend for the front and back illuminations.
The different degradation levels are attributed to the different illuminated intensities
and spectrums.

Fig.4-14 shows the ON current of the gap-type a-Si:H TFT measured under
various front light intensities, with and without the illumination at a fixed backlight
intensity of 5070 lux. The case with back light is marked as Iprer) and that without
backlight 1s named as IpFLy. These currents are measured at drain voltage of 10 V and
gate voltage of 20 V. after different illuminated stress time (Tst) of the front light
illumination. It is observed that the curves of Ipri+eL) and oy exhibit parallel shift in
the x-axis approximately, even for the different stress time. This shift is caused by the
backlight of the fixed intensity. It is further observed that the degradation trends under
the two conditions are similar.

A new parameter R, which is defined as the ratio of Ipg+er) t0 Iprry is plotted
against the front light intensity in Fig.4-15. As can be seen, the curves of R versus
intensity of the front light coincide for various stress time. It implies that we can use
this ratio R to be an index for the light sensing, even with the decay in the drain
current after long-term illumination. A formula in the form of y=1/(a+b*x°) is used to
best fit the curves in Fig.4-15. Using the fitting curve as a reference, the light intensity
can be looked up from the ratio R and the extracted error can be calculated.

Fig.4-16 (a) shows the back traced light intensity LuXmeasured fOr various applied
front light intensity LuXqa. The term LuXq.a represents the identified illumination

intensity measured by a photometer, and the term LuXmeasured represents the measured
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result according to the correction concept in last paragraph. In ideal case, the slope of
the curve in Fig.4-16 (a) is equal one. Meanwhile, the corresponding errors for those
data extracted from R and the drain current after long-term illumination are presented
in Fig.4-16 (b). The error is defined as (LUXmeasured - LUXrea1)/ LUXreqr. IN cOnventional
case without calibration, the sensing result is calculated by the degraded illuminated
current according to the initial illuminated characteristic of gap-type TFT. Therefore,
the sensing error without calibration increases with the stress time, as shown in
Fig.4-16(b). In the weak front illumination below 6000 Lux, the error of the calibrated
case is less than 13%. The large error for the high-intensity light is attributed to the
fast degradation during the measurement. Fortunately, such a high intensity is rarely
the case in normal usage. The independence of stress time for the ratio R provides a
way to get around the difficulty in application owing to SW effect, which is to be

discussed in the next section.

4.4  Front-Light Sensing Circuit

4.4.1 Proposed Sensing Circuit

The proposed light sensing array circuit including the display and sensing parts is
shown in Fig.4-17. Because the ON/OFF current ratio for the gap-type a-Si:H TFT is
not significant, in order to restrain the leakage current from the unselected pixels on
the same column, a conventional a-Si:H TFT with light shield is connected in series
with the gap-type TFT. The shielded a-Si:H TFT limits the OFF current of unselected
pixel. Meanwhile, the sensing signal is dominated by the dark or illuminated ON
current of gap-type TFTs, since it is much smaller than the ON current of
conventional a-Si:H TFTs.

The proposed circuit does not need the source follower circuit to buffer out the
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signal because the ON current is used to extract the sensing signal [50]. Thus, it
occupies less area and a lager aperture ratio can be obtained. Moreover, it avoids the
sensing error arisen from the threshold voltage variation of the source follower TFT,
since the drain currents of gap-type TFTs is independent of gate voltage in the ON
region, as shown in Fig.4-4 (b). The error caused by the threshold voltage shift is no

more an issue in the proposed circuit.

4.4.2 Operation in TET LCD

In order to obtain the proposed ratio R, both Iper+a) and Ipg) must be acquired.
In many advanced TFT LCDs, to eliminate the motion blur, black frames are inserted
between normal frames [51~52]. These black frames can be implemented by turning
of the back light. Taking advantages of this technique, we propose the operation
method. The timing scheme for the proposed circuit is shown in Fig.4-18. Before each
scan line N turning on, the reset switch is closed to reset the current integrator. In the
black frame, Ipry) for all the pixels in the array can be measured line by line and the
values for the whole matrix can be stored in a frame memory. In the following normal
frame, another matrix values of IpgL+sL) Can be detected and stored with backlight on.
Assuming that the front light does not change in these two successive frames, the ratio
R for each corresponding pixel can be calculated and stored by the system.
Consequently, the front light intensity can be determined by referring the calculated

ratio R to the predetermined curve of R versus light intensity.

45 Summaries

It is firstly found that the ratio of the front light-induced currents of the gap-type
a-Si:H TFT with and without backlight illumination is independent of the illumination

stress time. This phenomenon gives a way to avoid the issue of SW effect when the
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gap-gate a-Si:H TFT is used as the light sensor. We propose a simple sensing array
circuit and its operation in an array. This method has merits of large signal current
level, wide dynamic sensitivity, high pixel aperture ratio, and immunity to threshold
voltage shift. It can be easily implemented in TFT LCD since it can be made by the
same process with conventional display and the operation is compatible with the TFT

LCD application.
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Chapter 5

Conclusion and Future Work

In previous chapters, the active matrix touch sensing and light sensing circuits
are respectively studied. In chapter 2, the RC time delay concept is applied to the
touch sensing circuit design. Based on the concept, the touch sensing circuit can be
implemented by three different circuit configurations including two series single-gate
TFTs type, one dual-gate TFT type, and one single-gate TFT type. We successfully
verify their function in laboratory test and eventually fabricate a 2-inch touch panel to
examine the issues in practical process. The advantages of the proposed circuit are
revealed as large signal output-and low standing state current. The large signal is easy
to be read out and lower the cost on the readout IC, while the low standing-state
current can effectively reduce the power consumption for whole panel operation.
Since this sensing method can be made by the touch panels of different structures and
different material TFTs, we discuss the difference between the key issues, such like
the sensing capacitance, and propose a design procedure which can be followed by the
manufacturers. This technology can break the barrier to the signal process of the
conventional capacitive touch sensing technology, so that it is aimed to be used for the
large-size touch panel. A model of a 42 inch touch panel is fully designed in this
chapter. Besides, the problems in the large-size panel are discussed and simulated.
According to the simulation result, the effect on the scan voltage drop is obvious but
sustainable in our proposed circuit.

In chapter 3 and 4, we study the backlight and front light sensing applications of
the gap-type a-Si TFT, respectively, which can replace the conventional a-Si TFT

because of the photosensitivity in ON region. For the identical reason with the touch
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sensing circuit in chapter 2, the ON current signal is excellent to acquire high
signal-to-noise ratio. The asymmetric gap-type TFT has a gap region which can be
used for light sensing between the bottom gate and one of the source and drain
electrodes. After determining the proper device operation condition, we consider and
analyze the possible error factors including the device uniformity, temperature effect,
the reliability under illumination. The Staebler-Wronski effect means that the photo
current of amorphous silicon will degrade under long-term illumination, which is the
dominant error to make the sensing circuit fail. After a systematical study on the SW
effect of gap-type TFT, we propose the backlight and front light sensing circuit in the
end of chapter 3 and 4, respectively.

Although the a-Si  TFT “is still _prevalent in current display products, the
amorphous Indium-Gallium-Zinc-Oxide (a-1GZO) TFT rise sharply owing to its
advantages of better mobility and transparent property. Hence, the sensing
technologies for a-Si TFT are gradually required for a-1GZO TFT as well. Our
proposed touch sensing circuit adapts to the process of different material TFTs.
However, our proposed light sensing circuits are designed according to the device
behavior of gap-type a-Si TFTs. The light sensing application using a-IGZO TFT is
still an interesting subject and needed to be revealed. According to our preliminary
experiments, the slow photo response time would also be another obstruction for light
sensing application. To develop the light sensing application of IGZO TFTs, above

issues should be carefully studied in future work.
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