Chapter 1

Introduction

1.1 Background

Thin-film transistor (TFT) liquid-crystal displays (LCD), widely used to support
full-featured multimedia, go toward higher resolution and larger panel sizes. The
display components are always active mode, while the CPU and the memory are in
power down mode during the slack,time. This makes the LCD backlight a major
source of power dissipation. [1]. Thus, reducing backlight power consumption is one
of the primary ways tosextend operating time in battery-operated electronic devices.

Reduction of power consumption through backlight control is one of the most
important requirements for displays used .in mobile applications. One way of
achieving this is by sensing the ambient illumination conditions of the display. Under
conditions of low ambient illumimation the"display brightness can be lowered saving
power and reducing glare.‘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.

Figure 1-1 shows the structure of photodiode. To improve SNR, for practical
applications, it is necessary to increase the size of the photo detectors to resolve small

difference [2].



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.

1.2 Motivation

In this thesis, we explore a method to.sense the light with small size devices which
have the same fabricationprocesses as conventional a-Si:H TETs. A non-conventional
structure of a-Si:H TFT is proposed to achieve good photosensitivity in ON region for
low illumination inténsity, while keepingrits-sizessmall by operation in OFF region for

high intensity sensing.



1.3 Thesis Organization

After introduction of Chapter 1, the photo offset of device will be discussed in
Chapter 2. Then the corresponding sensing circuit will be described in chapter 3. The
error factors of the proposed method will be analyzed in Chapter 4. Finally,
conclusions will be given in Chapter 5. The section organization of this thesis is listed

below:

Chapter 1 Introduction
1.1 Background
1.2 Motivation

1.3 Thesis Organization

Chapter 2 Photo Effect on Device
2.1 The Different Structures,of'a-Si FETs
2.2 Photo Effect of Front-Light lllumination

2.3 Analysis of Sensitivity in ON and OFF regions

Chapter 3 Light Sensing Circuit
3.1 Conventional Light Sensing Circuit
3.2 Sensor Structure and Operation Principle
3.2.1 OFF Region Sensing Circuit (3T1C)
3.2.2 ON Region Sensing Circuit ( 4T2C)
3.3 Simulation
3.3.1 Simulation Method

3.3.2 Simulation Method Result



3.3.3 Discussion

3.4 Digitalization

Chapter 4 Error Factors
4.1 Uniformity
4.2 Temperature
4.3 Back Light
4.4 Staebler-Wronski Effect

4.4.1 Same Degradation Ratio of Photo current under FL Stress
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Chapter 2

Photo Effect on Device

2.1 The Different Structures of a-Si TFTs

The a-Si:H TFTs used in this thesis are the conventional bottom-gate inverted
staggered structure and fabricated on the glass substrates. The cross-section views of
a-Si:H TFTs are shown in Figure 2-1(a). After the deposition and patterning of gate
metal on the glass substrates, three layersyize.ssilicon nitride (SiNx, 3500 A), a-Si:H,
and nt+ a-Si:H films, were successively deposited in a. plasma enhanced chemical
vapor deposition (PECVD) system. After making the source/drain electrodes, 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 device structure of a Gap=Gatephoto=TFT 1s shown' in Figure 2-1(b) [3]. Its
structure differs from that of the conventional TFT in that its source contact is
recessed from the gate electrode "to form ‘@ highly-resistive Gap-Gate gap region.
Figure 2-1(c) shows that structure of Dual-Gate TFT. The Dual-Gate TFT has almost
the same structure as the conventional TFT, expect that Dual-Gate TFT has slit-gate
electrodes (gate-A and gate-B in Figure 2-1(c)) [4]. Because the structure of these
TFTs and conventional TFTs are similar, the Dual-Gate TFTs can be fabricated in the
same process as the conventional TFTs, they can be successfully applied in
active-matrix LCDs.

A detailed analysis and better understanding of the effect of illumination on the

a-Si TFTs electrical performances are necessary before the device is applied to be



used as a photo-sensor. In our research, to increase SNR, we will select a structure by
considering the characteristics of current low dark current (Ip_44+), high illumination

current (Ip_juum), and high Rup (In_izum / Ip_dark) [5]-

2.2 Photo Effect of Front Light Illumination

Figure 2-2, figure 2-3, and figure 2-4 show the a-Si TFTs transfer
characteristics in the dark as well as irradiated at six different levels of halogen lamp
illumination from the front side. For the three TFT structures, namely,
conventional-gate, Gap-Gate, and Dual-Gate, their current levels and
photosensitivities are discussed.

The devices are bias in-the ON, subthreshold, and OFF regimes, in the range of
V= -15 ~ +15V. We can observe the significant ‘difference of the photosensitivity
among these structures, as can be seen in figure 2-2, figuré' 2-3 and figure 2-4.
Considering the possible threshold voltage shift of the TFT, subthreshold region is not
suitable for practical use. Thus we will only focus on the ON and OFF regions.

Figure 2-2 shows that the drain current is almost independent of illumination
intensity when the conventionalsgate TFT operates in the ON region. In OFF region,
we can see the photosensitivity is significantly higher than that in the ON-state.

Figure 2-3 shows that structures of Gap-Gate TFT. Since the Gap-Gate TFT is
asymmetric, it has two kinds of operation. Figure 2-3(a) is the gate-near-drain one,
and figure 2-3(b) is the gate-near-source one. For further discussion, we define the
ratio of the TFT drain current under illumination (/p j.m) to that in the dark (Ip 4a«) as
R = Ip itum/ Ip aark- We can find that the Ry p of the gate-near-source one is not only
larger than that 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 figure 2-3(b), we can see its R;p can achieve to 4 orders both in
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OFF region and ON region.

Figure 2-4 shows that structures of Dual-Gate TFT. The Dual-Gate TFT is also
asymmetric, and can be alternatively operated. Figure 2-4 (a) and (c) are of the
gate(A)-near-drain one , and figure 2-4 (b) and (d) are of the gate(A) -near-source
one. They show that the photo sensitivity of the Dual-Gate with positive gate(B)
voltage is similarly to that of the Gap-Gate one but lower. While the Dual-Gate with
negative gate(B) voltage has photo sensitivity independent of gate (A) voltage.

Table 2-1 compares of the R;p and current level in the dark of the
conventional-gate, Gap-Gate, and Dual-Gate TFTs. Although the conventional-gate
TFT has current level of ON-State 3 to 7 orders larger than the others, it has poorer
R;/p in the ON-state. From the view peint; of photosensitivity, the high ON current of
the conventional-gate TFT is/not suitable for the light sensing application, but it is
suitable for being used in the circuit of the readout part. The high illumination current
and the low dark current lead to the dynamic range. In the aspects of the photo
sensing sensitivity. For this reason, the Gap-Gate TFT is chosen to be the sensing

device and only its behaviors are considered in the rest'of this thesis.

2.3 Analysis of Sensitivity in ON and OFF regions

As mentioned above, only the Gap-Gate TFT will be discussed. Figure 2-5(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. For
other words, it has poorer photosensitivity when device is operated under higher
illumination. Therefore, instead, we propose to use the device in OFF region. As

shown in figure 2-5(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 figure 2-5 to their corresponding maximum currents. The normalized
result, in ON and OFF regions at Vp=10V are plotted together in figure 2-6(a). We
further differentiate the curves of figure 2-6(a). To obtain the relative changing rate of
photo current, namely, the relative photosensitivity versus illumination intensity and
plot in figure 2-6(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 under 18860 lux illumination, while OFF region offers better relative
photosensitivity above 18860 lux. Consequently, we propose to operate the sensing
device in ON region for.weak illuminatiens:Evensvery weak illumination, ON region
operation can provide the ON current about 2 ordersthigher 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 forshigh illumination sensing to achieve better
sensitivity with moderate current level.

In such a case, wel can design the sensing circuits for both the ON and OFF
modes. By combining benefits of | the two modes, the low current operation can be
avoid to waive the effect of noise, and the sensitivity can be kept high. Thus, the
target of wide dynamic range sensing can be achieved. The proposed sensing circuits

will be described in Chapter 3 in more detail.
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Fig. 2-1 (b) The cross- cti i o ¢ a-Si TFTs structure

Fig. 2-1 (c) The cross-section views of Dual-Gate a-Si TFTs structure
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Sensing Conventional | Source Gate Dual Gate Dual Gate
Deylee (ViEB>0) WViEB=0)

Vgate ON OFF |/ON OFF ON OFF | ON OFF
Dark current |104A [10A T 109A) 102A 107A [10°1A [H0MA [ 101 A
level ldark) High Low Low Low Med Low Low Low

Devlce 1109 | 2x10° | 2x10* | Tx10*  3x10° | 4x10° | 4x10° | 5x10°
Sensitivity Low |Med |High |High Med |Med |Med |Med
HMaminy
lidark)

Selection guidelines :
1. Sensltivity to llght = higher sensithvity
2. Easy to be readout = higher current level

Tab. 2-1 The comparison of the R;jpmunder-illuminationtand in the dark and the
current level is shown. in its inset-among conventional-gate,.gap-gate, and dual-gate
TFT.
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Chapter 3

Light-Sensing Circuit

3.1 Conventional Light Sensing Circuit

In conventional design, we use 1T1C to compose a sensing circuit which is
showed in figure 3-1. The operating principles can be described as two periods shown
in the timing diagram. In the charge period (1), when gate signal becomes “high”, T1
TFT is turned on. Thereby, the input weltage (Vin) “high” is stored in Cs and the
voltage of node A (V) is.charged to “Vi, ng,”. In'the discharge period (2), the gate
voltage of T1 is applied so that Tl is operating in the OEF region while sensing
operation. At the same time, Vi, becomes “low”. The photo leakage current drained
away through the Tl The V4 1s discharged bythe photo-leakagescurrent of T1.

Because of the photo leakage. current may alse drain away through the readout
path, we need to minimize this“loading effect."There are several ways to achieve this
purpose, and the most common  method is using an' operational amplifier (OP-Amp)
[6- 7]. However, an OP-Amp using a-Si TFTs'nceds many transistors, which occupy
too large area and increase power. Hence, we added a TFT (T2) to be a source
follower readout part as shown in figure 3-2 [8-9]. A 2T1C light-sensing circuit and
its timing sequence have been proposed [10].

The proposed 2T1C sensor has been fabricated on the glass substrate using a-Si
technology for verification of light-sensing operation as shown in figure 3-3. Since
the photo transistor of conventional circuit is designed as conventional TFT, we can
sense front light. The output voltage of the proposed circuit is measured by

oscilloscope during discharge period under illumination and in the dark. The output
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waveforms are shown in figure 3-4 (a) and (b). The discharging rate of V,, which is
due to photo leakage can be expressed as dV/dt. Consequently, the slopes (dV/dt) of
the waveforms can reflect the drain current under illumination and in the dark, so that
the illumination intensity can be sensed. Similarly, the conventional circuit also needs
extra control bus to operate the photo transistor in proper region. Thus, considering
the incorporation of our circuit design into the pixel, we will try to use the existing

buses in the TFT-LCD pixel array but avoid adding new buses.

3.2 Sensor Structure and/Qperation Principle

After the discussions about illumination effect of Gap-Gate TFTs in chapter 2,
we try to operate theydevice in the OFE and ON region under various ambient light
circumstances. Because the.drain current of TET varies in ajlarge range according to
the illumination intensity, we proposed.two circuits to sense the drain current under
high and low illumination.

The proposed circiits are based on Gap-Gate TETs e€haracteristics to various
sensing capability with photo transistors operated (different regions. The system
composed of 4T2C for ON region operation and 3T1C for OFF region in the sensing
circuits. The sensing circuit for OFF region is shown in figure 3-5(a). The other one
for ON region sensing circuit is shown in figure 3-6(a). For both circuits, the power
and control buses are compatible with there in a TFTLCD panel. Next, we explain

their operation respectably.

3.2.1 OFF Region Sensing Circuit (3T1C)

Figure 3-5 (a) and (b) show the schematic of the proposed 3T1C light-sensing

circuit and its timing sequence, respectively. The proposed circuit consists of a
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storage capacitor (Cs) and a photo (Gap-Gate) TFT, which channel width is 15 zm
and length is 5 ¢z m, as the sensing device.

The operating can be described as two periods shown in the timing diagram. In
the charge period (1), scan line 1 becomes “high”, and thus photo TFT is turned on.
Thereby, the voltage of node A (V) is charged to the input voltage (V.om) and stored
in C,. In the discharge period (2), the gate voltage of photo TFT is switched down so
that photo TFT goes to the OFF region while sensing operation. At the same time, V5
goes “high” owing to the coupling from Cs. The photo leakage current, which is
determined by the intensity of the ambient light, will be drained away through the
photo TFT. And the VA, which'is held by C, is discharged by the photo leakage

current of photo TFT inithe slope correspending tosthe lightintensity.

3.2.2 ON Region Sensing Circuit (4T2C)

The other sensing circuitsfor ON-region operation is shown in figure 3-6(a). In
comparison with previous sensingipart, ‘itvhas*a“reset. TFT and a design at couple
capacitor (Cc). This circuit ean. offer higher current even signal under low
illumination intensity.

The operating can be separated into two periods shown in the timing diagram. In
the charge period (1), scan line 1 signal goes “high”, and thus reset TFT is turned on.
Thereby, the input voltage (Veom) is passed through the reset TFT stored at node A
(Va) by Cs. In the discharge period (2), the gate voltage of photo TFT is set to ON by
scan line 2 so that photo TFT is operating in the ON region while sensing operation.
At the same time, V4 is coupling to “high”. The photo current, which is determined by
the intensity of the ambient light, drained away through the photo TFT. And the Va,

held by Cs, is discharged by the photo current of photo TFT.
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3.3 Simulation

For proposed light-sensing circuits as mentioned in the section 3.2, we necessary

to simulate the behaviors of our light sensor before practical usage.

3.3.1 Simulated Method

In the RPI models of TFT, there is no photo current model for SPICE simulation
[11], so we can not simulate the photo current under different illumination directly.
We have to modify the simulation ‘method according to illuminated characteristics of
device. Figure 3-7 showssthe illumination dependence of dp-Vp characteristics curve;
the drain current increased while the illumination intensity. enhanced. We selected the
approximately linear" region.of the Ip-Vp cunve to fit.the formula, which can be

expressed as

I, =1,(L)+ A4,(L)- V), » 2)

where [o(L) and Ao(L)d are. respectively intercept and' slope, which are both
illumination dependence. Therefore,” we use the different current sources and
resistances in parallel to represent the different photo leakage currents of TFT. Table
3-1 and table 3-2 list the values of Io(L) and Ry = 1/ Ap(L) at V4= -10V and 10V with
the illumination intensity variation. When the illumination intensity changes, the

value of /y(L) and R change with it.

3.3.2 Simulated Results

Firstly, we focus on the readout part as shown in figure 3-5(a) and 3-6(a) and a

switch TFT for multiplexing the readout signal from array to the readout path.
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The ideal transfer characteristic of the switch source follower can be expressed

as
V:Jut = I/m - I/lh . (1)

Figure 3-8 (a) and (b) show the simulation wave form of output signal when the input
triangular signal is 5V to 14V. We can see the output waveform can work when the
input frequency is 60kHz, which is compatible to the panel’s operation frequency.
Next, we focus on the sensing device. Figure 3-9 shows the SPICE simulation
results of TFT (W/L=500um/5um), for which we added a current source /p(L) and a
resistance Ry parallel to simulate the phete cuntent as shown in its inset. In this figure,
we can see the results already ean represent the photo current can be simulated. Figure
3-10(a), figure 3-10(b); and figure 3-10(¢) show the modified light-sensing circuits
model for simulation and its time diagram. We can simulate the situations of TFT
under various illumination conditions by this model. The simulation results are shown
in the figure 3-11 (a) and (b). We can see in this figure, as expected, the output voltage
(Vour) 1s discharged by the photo current of ‘photo TFT. The' larger the illumination

intensity, the faster the discharge rate are.

3.3.3 Discussion
As the figure 3-11 (a) and (b) shown, we can see the response time is around 15
micro seconds in the simulated results as expected. We take further steps to compare
the accuracy of the simulated results between ON region and OFF region. Figure 3-12
shows output voltage after 16us of discharge with respect to illumination intensity.
Figure 3-12(a) shows illumination dependence of circuit Vout of the sensing
circuits. We defined the relative error with illumination as « = |dL/dVout|/L

=|dL/L|/dVout. It means the relative error in lux arisen by a unit noise voltage. The
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relationships between dynamic range and illumination intensity for propose system is
shown in figure 3-12(b). With proper design, the overall error can be minimized to
1% per 1V of noise in V. These results reveal the circuits system we proposed can
make best of the different photosensitivity characteristics of the TFT in ON and OFF
regions to have the optimal performance.

Figure 3-13 (a) and (b) shows the layout configuration of our light-sensing
circuits. Because the fabricated sample is not ready for practical measurement, the

light-sensing operation and the output characteristic will verify in the future.

3.4 Digitization

In order to restrain. the interference of noise and avoid the error due to Vi, shift of
source follower, a high accuracy ADC has been proposed. The digitization circuit is
shown in figure 3-14(a), which consists of two comparators, a “AND” logic gate and
a counter. Two reference voltages Vi.r1and Vi 5 are used to.Compare with Vo, we
can adjust the range of Vi with differentsignals=V,.. 2 and “V,.r »”. If Vou >Vier 1
>Vief 2 OF Vier 1 >Vier 2 >Vigy, the output of logic gate C'is always “0”, as shown in
figure 3-14(b). Only when Vi 1 V> Vier 25 the output of logic gate C will be the
clock numbers of CLK. Therefore, we can discriminate the slopes of V,, between
different illumination intensities by counting the clock numbers. Moreover, in order to

improve the resolution of the ADC, we can increase the speed of the CLK.
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Fig. 3-2 Source follower as the readout part of sensor
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Fig. 3-4 Experiment result of light sensing circuit

(a) in the dark (b) under illumination
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Off region sensing circuit (3T1C)
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Fig. 3-5 (a) Schematic of proposed 3T1C light-sensing circuit and (b) timing sequence
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On region sensing circuit (4T2C)
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Fig. 3-6 (a) Schematic of proposed 4T2C light-sensing circuit and (b) timing sequence
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Fig. 3-7 Illumination dependence of Ip-Vp characteristic and its fitting formula in (a)
OFF region and (b) ON region.
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Table 3-1 Io(L) and Ry = 1/ Ay(L) at V= -10V with the illumination intensity variation

Brightness I0(L) [A] R=1/A(L) [Q2]
Dark -1.65E-13 1.50E+13
392Ix 1.96E-10 9.36E+9
16601x 3.72E-10 3.22E+9

75471x 7.35E-10 1.15E+9
18698Ix 8.61E-10 5.59E+8
33075Ix 8.71E-10 3.41E+8
63315Ix 6.28E-10 2.09E+8

Table 3-2 Io(L) and Ry = 1/ A9(L) at V= 10V-with the illumination intensity variation

Brightness I0(L) [A] R=1/A(L) [Q2]
Dark -9.50E-12 4.83E+10
392Ix 7.41E-10 4.32E+7
16601x 1.05E-9 1.94E+7
75471x 2.10E-9 9.64E+6

18698Ix 2.67E-9 6.64E+6
33075Ix 2.65E-9 5.26E+6
63315Ix 2.48E-9 4.28E+6
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Fig. 3-8 (a) Schematic of ¢onventional source follower, (b) Wave form of the output

signal when the input triangular signal is 5V to'14V
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Fig. 3-9 SPICE simulation results of TFT (W/L=20um/5um) (a) OFF region sensing,

(b) ON region sensing.
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Fig. 3-10 (a) The modified 3T1C light-sensing circuit model for simulation (b) The

modified 4T2C light-sensing circuit model for simulation (c) its time diagram.
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Fig. 3-11 (a) 3T1C light-sensing circuit model and.(b) 4T2C light-sensing circuit

model simulation results under illumination and in the dark
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Fig. 3-12 (a) output voltage and (b) relative error results of the light-sensing circuits

under different illumination intensity in ON region and OFF region
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Fig. 3-13 (b) Pixel of the fabricated 4T2C light-sensing circuit
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Chapter 4

Error Factors

4.1 Uniformity

It is clear that for any circuit to be manufacturable, device-to-device uniformity
must be controlled. Next, we will discuss this issue for the two types of device
variations, namely, OFF current and ON current variation.

Figure 4-1 (a) and (b) show the transfer characteristic curves of photo current
versus of illumination intensity at Vps=10V of four a-Si, TFTs of Gap-Gate structure
for OFF and ON curtent operation,,respectively. We can see the curves have some
variation. And we take further steps to analyze the sensing error. Firstly, we average
the four measured currents, and take it as the reference standard.:Next, we look up the
original eight measured data accordingto the standard one to_get the corresponding

ambient light intensity, called ‘measured-lightwintensity (LuX,.c.s..q). Moreover, the

ST Lux —Lux
error which is defined as * measured

Lux

real v

,-issshown' in figure 4-2(a) to illustrate

real

the error from OFF current variation. For high level intensity sensing at 63315 lux
illumination, it has a maximum error of 1.51%. Figure 4-2(b) shows the error for ON
current variation. At 7547 lux illumination in the range of low illumination, it has a

maximum error of 4.6%.

4.2 Temperature

In application, the sensor is possibly embedded in TFT array. And the panel’s
internal temperature is subject to change during using. Thus, we need to consider the
temperature effect on device. Assume 40°C is the panel’s normal operating
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temperature, and then it happens to vary within the range of *5°C. Figure 4-3 (a) and
(b) show the measured OFF and 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 figure 4-4 (a)
and (b) and find the maximum error exceeds 10% and up to 15.8% at low illumination
level for ON region operation. Because the influence from temperature can not be
neglected, we take further steps to understand the temperature effect on device.

Figure 4-5(a) shows the ON current versus temperature at different illumination
intensities. With the temperature increasing, the drain current also raises gradually
[12]. Then we try to fit these'curves linearly, and define the slopes as temperature
coefficient (TC). Underidifferent illuminationintensities, weswill get the different TCs.
It means that the device does not have. the,identical response to temperature under
different illumination intensities. Figure 4-5(b) is the relation between TC and
illumination intensity for four /deviees.! Moreover, we find there is an obvious
variation to temperature response from device to device. This phenomenon will cause
more difficult in calibration; since it is impossible to calibrate the sensor one by one in
the panel. Therefore, we propose to add external to'control of the temperature to limit
the temperature variation within £3.5°C. In this case, the maximum error can be

controlled to 10% as shown in Figure. 4-5(c) .

4.3 Back Light

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 [13-14]. The illumination sources in our measurement include halogen lamp

from front side and LED white light from back side as illustrated in figure 4-6.
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To discuss on the photo effect of back light illumination, the OFF current and
ON current versus the front light (FL) intensity are plotted in figure 4-7(a) and figure
4-7(b), respectively. Also, With a shift in the axis the FL, the corresponding curves
for the case with BL are plotted again in the insets together with orginal 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 3690 lux in OFF region and 3624 lux in
ON region. Since 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 figure 4-7(a) and figure 4-7(b).
Next, we use the originally measuredseurrent toslook upsthe illumination intensity
according to the reference: This.corresponding front light intensity is called LuXeqsureq-
It is different fromthe real light intensity (LuX;), as shown By the solid circles in
figure 4-8(a) and figure 4-8(b): Anether measured intensity can be obtained by
subtracting a constant quantity of illumination, which is called calibrated intensity

LuXcatibration- The curves of LuiXcaiibration VErsus Lux,e, are also plotted by solid triangles

Lux —Lux

in figure 4-8(a) and figure 4-8(b). We define, the ‘error to be mez””"
ux

real 9

real

Figure 4-9(a) shows the error from OFF current at high illumination with and without
calibration. The error is greatly reduce to have a maximum error 5.26% at 16673 lux
illumination. Figure 4-9(b) shows the case of ON current sensing. For low
illumination, after calibration it has a maximum error 4.46% at 6683 lux illumination.
The equivalent quantity of intensity shift for the case of OFF region is almost the
same as that for the ON region case. If backlight intensity is a constant, we can offset
the BL effect during the sensing operation by substrate a constant light intensity, this

issue might not so important. In such a case, the photo effect of BL illumination on
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the current measurement can be subsided. However, BL induced instability will hinder
the sensor operation with BL illumination. This issue will be discussed in section

4.4.3

4.4 Staebler-Wronski Effect

From the study of thin-film hydrogenated amorphous silicon, it is well known
that the photo current response of a-Si:H deteriorates under illumination. This
property is known as the Staebler-Wronski (SW) effect. 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 thessilicon, which.decreases the lifetime of excess carriers and thus
reduces the photoconductivity/[ 15-17].

For presentingsthe SW effect, we us¢ 20000 lux-front light to illuminate the
device, and the stress time is from 0:see'to 4800 see- Figure 4-10 shows that the drain
current is almost independent of optical stress'time when'the Gap-Gate TFT operates
in the OFF region. On the‘other hand, in ON region, we'can see the photo current is
significantly degradation than that“in the OFF-state. For this reason, only the

behaviors of ON region in the later sections are considered.

4.4.1 Same Degradation Ratio of FL and BL current

under FL Stress

Figure 4-11(a) shows the result after optical stress of 16673 lux front light (FL)
from 0 sec to 4800 sec. We can see that with stress time increasing the current
degrades obviously. Figure 4-11(b) shows the relationship between the drain current

and stress time. It is obvious that the power-law time dependence also appears in our
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ON current degradation under optical stress. The illumination drain current is given

by:

IFL(t):IFL(O)Xta- (3)
To choose two illumination current Igs and Irg under FL illumination conditions of A

(FLA) and B (FLB), we can get:
log[1, ()] =log[/,,,(0)]+logt | “4)

log[/,,;(t)]=1log[l,,;(0)]+alogt . (5)

Subtract equation (5) from equation (4) and we have:

L, (2) 1 ,0)
log[-—=] = log[ 4= 6
1,5 (1) L,75(0) ©
or in another form:
1.t
L,,(0) = 1., (O -7
r4(0) g (0)X i 0" (7)

From equation (7),#if .1,,,(0) is a teference current measured in a known
illumination condition B before optical stress, and.we ‘can measure [, ,(¢) and
I,,,(t) after stress time t. Then, we can trace back the unstress current in condition A
current to /,, ,(0) . Back to our design consideration, we may imagine that there could
be two approaches. One is, if FLB is 0 lux, then /,,,(0) can be referenced by
controlling the constant backlight illuminating. But in this case, we can not control the
sensor to sense only from front light or from the back light alone to retrieve 7,,,(?)
and [,,,(t) respectively. So, we may resort to another approach. If FLB is a
reference front light intensity, then 7,,,(0) can also be referenced. But in this case
as well we can not control the sensing front light intensity to be equal to the reference
intensity to measure /,,,(¢). Though the two proposed methods cannot be applied in

our sensing circuit, it may be on the other hand applied in the image scanner, only
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scan once before operation . But this idea is beyond the scope of this study.
In summary, even though we find an interesting phenomenon of same
degradation ratio, it can not be feasibly utilized in real application. We will then

propose another calibration method will be described in next section.

4.4.2 Top Metal Shielding Ratio

Figure 4-12(a) shows the device structures with top metal shielding electrode.
There is an additional electrode to shield the active region from the front light
illumination. No voltage would be applied onto the extra drain. In other words, the
electrode is floating. Next,.we define the parameter “Open-ratio” for the new structure.
For example, the original structure with gap fully.illuminated can be described as
open_100%. If the area of gap is shielded 67% from the front light illumination, then
it would be open_33%. As referred to figure 4-13(a), if we want to implement such
kind of devices the structures xequire the etch stop-process to.define the extra drain
electrode. However, we only have.devices using back channel etch (BCE) process as
shown figure 4-12(b). Thus, we take an alternative experiment that bottom metal is
used to shield the gap from the front light to"simulate top metal shielding the front
light. Figure 4-13(a) shows the relation between Ip ., and open-ratio at different
illumination intensities. It is found that Ip i, i1s proportional to the open-ratio. It
means that the photo effect is proportional to the illuminated area of the gap. But this
phenomenon could change after illumination stress. Since the larger open-ratio of the
gap area is subject to more optical stress, the different degrees of stress causes the
nonlinear behavior as shown in figure 4-13(b). From the nonlinear behavior, we
observe an interesting phenomenon and develop a calibration method to be describle

below:
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4.4.3 Without Back light Stress

Before introducing the calibration method, we define the Ip/Open-ratio as the
new index. The Ip/Open-ratio versus open-ratio before stress is shown in figure
4-14(a). We can see the Ip/Open-ratio is independent of open-ratio before stress. Since
the device degraded level associates with illuminated intensity, stress time as well as
illuminated area, it implies that the larger open-ratio structure will degrade more
serious. Figure 4-14(b) shows curves of the stressed devices. The one with open ratio
of 100% degrades most seriously. The smaller.open-ratio structure subjects to smaller
influence from SW effect. The first idea coming to mindsis finding open-0% structure
which means it will not.be stressed by front light.

Since there is no open-0% structure. of gap-type TFT, which will become
conventional TFT and insensitive to backlight; we need to extrapolate it by the other
structures with different open ratios: New we explain the procedure of calibration for
the sensing of the 50000 lux front light as‘an"example. Figure 4-15(a) shows the curve
of Ip/Open-ratio versus open ratio-for various stress times. We use a formula in the
form Y=A+B*exp”(-x/C) by OriginPro software to extrapolate the case of 0% stress.
To obtain the case of 0% stress, the x, which represents open ratio, is replaced by 0.
Thus, the exponential item in formula always be 1. Therefore, the Ip/Open-ratio
without optical stress, which is represented by y, would be the sum of coefficient a
and coefficient b. For various stress time, all the extrapolations give almost the same
In/Open-ratio value of 7.73x10™ (+ 1.68x10™) (A/%). Since this value is independent
of stress time, we take advantage of this unique phenomenon for calibration. Looking
back to refer to figure 4-14(a), this stress time independent Ip/Open-ratio value

corresponds to the illumination intensity of 48836 (£ 2986) lux, which is very close to
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the real illumination intensity. For other cases, we can also use this extrapolation
method to obtain the corresponding 0% cases. Then, we transfer the obtained value to
corresponding light intensity according to the curve in figure 4-14(a). Next, we do the

error analysis between the measured light intensity, also called calibrated light

Lux

measured

. . . . . . —Lux
intensity, and the really illuminated intensity. The error defined as Real |

LuX Real

We can see the maximum error, shows in figure 4-15(b), can be reduced to about
13.6%. This result indicates that the calibration method is very effective to lower the
SW influence.

In reality, the ambient light intensityymay not be always the same. Therefore, it
would be of practical interest to check the calibration method, as mentioned above,
under various front light stress condition. The device is stressed by 10000 lux front
light from 0 to 3600 seconds, land then stressed by 19160 lux front light from 3600 to
7200 seconds. Because of' the different stressed intensities, the curves present two
different degradation trend. Figure 4=16(a) shows the drain current versus stress time.
We also use the same proposed'method to calibrate the SW effect, as shown in figure
4-16(b). Similarly, the error analysis, as shown in figure 4-16(c), reveals that the

proposed method can effectively reduce the SW effect on the device.

4.4.4 With Back light Stress

In order to integrate the photo-sensor into the pixel, the Steabler-Wronski effect
of back light (BL) illumination should be considered to simulate the operation
conditions in real applications. In reality, the Steable-Wronski effect would occur for
both the ambient light and back light. Therefore, we want to see the validity of the
calibration, as mentioned above, under both the front light and back light stress. The

device is thus stressed by 19160 lux front light and 16673 lux back light from 0 to
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4800 seconds. Figure 4-17(a) shows the relationship between the drain current and
stress time. The same calibration method is also utilized to calibrate the SW effect, as
shown in figure 4-17(b). Before stress, In/Open-ratio is no longer a constant because
of the constant back light stress. So we want to subtract the current under constant
back light. But this current is no longer a constant after stress because of
Steabler-Wronski effect. So as for our calibration method we can not extrapolate the

case of 0%, which corresponds to the case without Steabler-Wronski effect.

4.5 Discussion

After proposing calibration of SW effect, we assessed the application of our front
light sensor. The Steabler-Wronski effect can be offset by top.metal shielding, but the
Steabler-Wronski effect from ambient light and, back light. For sensing front light
accurately, the sensing TFT must be avoid back light effect, and figure 4-18 is the
schematic diagram."We placegthe ambient light sensor around the monitor without
backlight. Meanwhilefit also can avoid the"optical'stress from back light. If there has
back light, the device could be stressed by not only front light but also backlight. And
it will cause our proposed calibration‘failed. Moreover, in our calibration of SW effect,

we need to use multiple devices with different open-ratio.
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Fig. 4-9 Error analysis of backlight effect between the measured light intensity and
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Ambient light sensor :

With wide dynamic Range

522 Full'HDECD IV

Fig. 4-18"The position of ambient light sensor in the display
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Chapter 5

Conclusions

In our research, we study the application of the a-Si TFTs for light sensing with
wide dynamic range. The Gap-Gate structure of a-Si:H TFT with smaller size as the
sensing device is proposed to achieve high current and good photosensitivity in ON
region for low illumination. In addition, we proposed the sensing circuits which can
optimize the photosensitivity characteristics of the TFT in both ON and OFF regions.
Moreover, we analyze the pessible factors that can affect the sensing accuracy and
find that SW effect is the most serioussissue:Weproposedsa method to calibrate the
error for this effect owing to the ambient light stress. However, the method is not
applicable if both ambient light and backlight'shine on the ambient light sensor. This
sensing technique can be used in the area without backlight for example, in the
peripheral area. It can provide good sensing-accuracy (error < 10%) in the wide

dynamic range of ambient light from 0 lux to 63315 lux.
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