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ABSTRACT

Thin film transistor (TFT) device structure with transparent conductive oxide semiconductor is proposed for the
photosensor application. The adoption of TFT-based photosensor device also is promising to be integrated with pixel-
array circuits in a flat panel display and realize the system-on-panel (SoP) concept. The photosensitive TFT device can
be applied to sense the ambient light brightness and then give the feedback to the backlight system adjusting the
backlight intensity for the power-saving green displays. In this work, we studied the photosensitivity of amorphous
indium zinc oxide (a-1ZO) TFT to ultraviolet light. The a-IZO-based semiconductors have been paid much attention due
to their uniform amorphous phase and high field-effect carrier mobility characteristics. The obvious threshold voltage
shift was observed after light illumination, and exhibited slow recovery while returning to initial status after removing
the light source. This mechanism for the photoreaction is well explained by the dynamic equilibrium of charge exchange
reaction between O, and O;™ in the backchannel region of 1ZO-based films. An electrical trigger using charge pumping
method is used to confirm the proposed mechanism and accelerate photoreaction recoverability for the first time. Using
knowledge of photoreaction behavior, an operation scheme of photosensing elements consist of a-IZO TFTs is also
demonstrated in this paper.

Keywords: photosensor, power-saving, amorphous indium zinc oxide (a-1Z0O) TFT, electrical trigger method

1. INTRODUCTION

As the development of flat panel displays grows rapidly, the thin film transistor (TFT) technologies have been
widely used as switching devices in active-matrix liquid crystal display (AM-LCD) or integrating in peripheral circuits
to apply driving signals. System-on-panel (SoP) concept also has been proposed to enable various functional devices,
such as driver, sensor, memory and controller devices, to be integrated on a single panel for achieving high-performance,
low-cost and more compact display products. Not only for large size display but also for portable display products, the
demands for novel electronic display apparatus are mainly toward high resolution and low power consumption. The
adoption of excellent characteristic semiconductor materials instead of typically-used silicon as a channel layer of TFT
can effectively increase the resolution of display and reduce the power consumption. [1-3] The introduction of
photosensor devices to display peripheral circuits can adjust a luminance of display panel in accordance with ambient
light intensity, and thereby power consumption can be reduced further.[4] To realize the SoP technology, the electronic
devices with different functions are preferred to have the same or similar device structure for manufacture with ease.
However, photosensor devices generally appear in the form of photodiodes or photo-resistors at present, which is
difficult to be embedded directly to the TFT pixel circuits. Also, the photosensor devices discussed above strongly relied
on the sensitivity characteristics of photo-reaction materials and process temperature in fabrication. Those surely limit
the application and manufacture cost. In this work, TFT-based photosensor device with transparent conductive oxide
(TCO) is studied. Such amorphous TCOs as indium zinc oxide (a-IZO) or gallium doped a-IZO (a-IGZO) not only have
great potential to form a uniform amorphous phase but also include highly conducting carriers and exhibit high field-
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effect carrier mobility characteristics. [5-8] Although the a-1ZO film is transparent and has the energy band gap up to
3.05 eV, visible light sensitivity was still found in the a-IZO due to the structure defects inside. The photosensitivity of
single a-I1ZO film itself has been reported in previous reports, but most of them were only focused on the analysis of thin
film characteristics and few for the device aspect.[9-10] The present work proposes a reasonable physical mechanism to
describe the photoreaction behavior of the a-IZO TFT device. Using knowledge of the photoreaction mechanism,
potential applications for photosensor devices are depicted in this study for the first time. The photosensitivity of a-IZO
TFTs also extends its application for light sensors in flat panel displays.

2. EXPERIMENTS

Our experimental work was based on the inverted coplanar structure TFT device fabricated on a glass substrate.
After cleaning the glass substrate, a 100-nm-thick MoW layer was formed and patterned, serving as gate electrode by a
DC sputtering system. A layer of 300-nm-thick silicon nitride (SiNy) was subsequently deposited on the patterned MoW
layer by plasma-enhanced chemical vapor deposition (PECVD). Then, a 100-nm-thick indium tin oxide (ITO) layer was
sputter-deposited and patterned to form source/drain electrodes. It was followed an active channel layer (ACL) of 50-
nm-thick a-IZO formed by RF magnetron sputtering with a power of 100W at room temperature and defined by
microlithography and wet etching processes. The target for the deposition of a-1ZO film was an IZO pellet with the
component ratio of 1:1 (In,O3:Zn0). The sputtering process was done in an argon and oxygen mixture with the ratio
Ar/0,=2/1 under a total pressure about 3x107 torr. Diluted HCl-based solution was used for the chemical etchant of a-
1ZO film and the etch rate was about 10A/sec. Finally, these samples were thermal annealed at 350°C in nitrogen ambient
for 1 hr, finishing the fabrication of a-IZO TFT devices. Figure 1 shows the schematically sketched TFT device structure
in our work. As for the study of photoreaction, the light source was the halogen optic lamp from OSRAM company,
which had a power of 150W and generated the light intensity about 63,315 lux. Electrical trigger procedure and
measurements were carried out at an electrical analyzer Keithley 4200 and samples were kept in a black box to keep
away from the interference from ambient environment.
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Figure 1 The schematic a-IZO TFT device structure used in our study.

3. RESULTS AND DISCUSSIONS

Figure 2 (a) shows the transfer characteristics of the a-IZO TFT biased at different drain voltages (Vp). The threshold
voltage (Vy,), subthreshold swing (S.S), and effective field mobility extracted at Vp=1V are 0.75V, 750 mV/decade, and
44.68 cm?/V.s, respectively. The electrical performance of the a-IZO TFT device is so good that it can be applied for
peripheral circuits in a flat panel display. For the photo-reaction characteristics, the energy band gap of a-IZO film is
about 3.05 eV, and theoretically sensitive to the illumination light with the wavelengths shorter than 400 nm. However,
the transmission curve measured by UV-visible system presents that a-1ZO film seems to have absorption reaction to the

Proc. of SPIE Vol. 7603 760316-2

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 04/25/2014 Terms of Use: http://spiedl.or g/terms



visible light spectra between 450 nm to 700 nm, as shown in Fig. 2 (b). The photosensitivity of a-IZO film to visible
light can be attributed to the defects present in the amorphous IZO film prepared by the sputtering process. Also, these

defects play the role of electric trap centers and form trap states in the forbidden energy band gap (E,), enhancing the
optical absorption.
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Figure 2 (a) The transfer Ip-Vg curve of a-IZO TFT measured in initial dark states at Vp=1 and 11 V. (b) The

transmission rate with different wavelength lights. It is clearly to found that a-IZO can absorb visible-light under
visible light region.

To investigate the photo-sensitivity of the a-IZO based TFT, we used the incandescent lamp as the light source to
illuminate the a-IZO TFTs and recorded the Ip-Vg curves under the initial dark state (referred to as the Initial), instant
light illumination (referred to as the LO) and light illumination for 10 minutes (referred to as the L10). The measurement
temperature was well controlled at room temperature. With constant current method to extract the electrical parameter in
saturation region, the threshold voltage was 0.22V, -11 V and -11.89V for the measurement conditions of dark state,
instant light illumination and 10min-illumination, respectively as shown in Fig. 3 (b). The a-1ZO TFT transfer curves
were observed shifting in the direction of negative voltage as a result of exposure to light illumination.

10° )
o (@) -—— ot (b)
,—.105 I /' = 2}
sl 7 P
0 / e
Sl £
- G
o108} 4 e
£ f 2 st
Ewet fy g
1040 - nitil E-']D‘
=+ LONnN
o == L10nin er
10‘!"} L 1 L _14 { { i
-10 0 10 20 Iritial Lo L10
Gate Voltage (V) Staus

Figure 3 (a) The transfer Ip-Vg curve of a-IZO TFT measured under the initial dark state (referred to as the Initial),
instant light illumination (referred to as the L0) and light illumination for 10 mins (referred to as the L10). (b) The
evolution of Vy, after light illumination as a function of illumination duration.
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Figure 4 shows the evolution of Ip-Vg curves after removing light source for the a-IZO TFT devices staying at
the dark. After the 10-min-light-illumination, the a-IZO TFTs which stayed in the dark for various durations from 0
to 720 min were referred to as DO and D 720. It is clearly observed after removing the light illumination that the
transfer curves of the a-IZO TFT shifted in the direction of positive voltage to a limited extent (Vy, being -9.1V),
and did not return to the initial dark state immediately. After 720 min period of time, the transfer curve recovered its
initial dark state, as shown in the D720 curve of Fig. 4(a). The evolution of Vy, as a function of staying duration in
the dark is summarized in Fig. 4(b).
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Figure 4 (a) The transfer Ip-Vg curve of light-illuminated a-IZO TFT after removing light source and then
measured in the black boxes to keep samples from disturbance of ambient environment. The a-IZO TFT devices
were laid in a black box for 12 hours. (b) The evolution of threshold voltage of the light-illuminated a-1ZO TFT as
a function of staying time in the dark, recorded from measuring stage DO to D720.

Previous studies have reported the physical and chemical absorption reaction of oxygen with TCO films like a-1IZO
was very slow. In 1977, Y. Shapira et al. have used the proposed theory to explore the relationship between the changes
of carrier concentration and time. [11] In the thesis, the rate of change of the conductivity was proportional to the change
in the surface density of ionized gas from the ambition environment, and would decrease reciprocally with the square
root of stay time (¢), as described below.

dAN -y
— ot
dt

where N is excess electron concentration. Although the actual case was not quite the same as the formula Y. Shapira et
al. derived, the main point of his studies lay in the influence of surrounding gas and the slow reaction and nonlinear
relation with time factors. The physical and chemical absorption of oxygen species from ambient air with ITO-based
film can be described further as the reaction Egns. (2) and (3) as followed. [12][13]

0,+e <0,

(M

(2)
0,0, +h' 3)

where e~ denotes electrons and h* denotes holes. In this experiment, Oy Was present in the ambient air and was easily
negatively charged (O,01iq)) by capturing free electrons. An a-1ZO TFT is an n-type semiconductor with many electrons.
Chemical reactions will also be equilibrated dynamically in the ambient. This suggests that the reaction equilibrium is
disturbed and the net reaction direction moves toward the right side of the reaction equation. Conducting electrons are
trapped by Oy to form O,". The resultant buildup of negative space charges easily repels conduction electrons in the a-
IZO TFT channel, leading to a decreased on current and thereby positively shifting V. In contrast, the Vy, will
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negatively shift while the chemical reaction moves toward the left. Generally, excess electron-hole pairs are generated
and contribute to photo leakage current in electronic devices while a typical semiconductor exposes to light illumination.
In the n-type a-IZO film, the percentage change of minority-carrier (hole) concentration originating from light
illumination becomes more significant than that of majority carrier (electron) in a-IZO film. The variation of hole
concentration disturbs initial chemical equilibrium and reacts Eq. (3) shift left while Eq. (2) remains itself, causing the
net reaction transferring toward the left. As a result, after light illumination to the a-IZO TFT, the Vy, shifts in the
direction of negative voltages as indicated in the curve of L10 of Fig. 3(a).

To confirm the validity of the proposed mechanism responsible for the photoreaction behavior, a charge pumping
procedure was conducted to disturb the equilibrium of Eqns. (1) and (2) by increasing the electrons in the a-1ZO film.
We propose a charge pumping method to accumulate electrons in the a-IZO channel. In this work, a 5V voltage of
charge pumping was first applied to the gate electrode. The applied gate voltage of 5 V was verified in advance so as not
to degrade electrical characteristics of the a-IZO TFT. Compared to the result of no gate bias application (720 min), a
period of 90 min was required to return the electrical characteristics of the light illuminated a-IZO TFT to the initial dark
state, as shown in Fig. 5(a). The evolution of staying time versus threshold voltages of a-IZO TFT with a pumping
voltage of 5V is shown in Fig. 5(b). The speedy recovery of electrical characteristics was attributed to excess electrons
accumulated in the a-IZO layer. These electrons were responsible for shifting Eq. (2) toward right. Consequently, the
resultant increase of O, speed up the Vy, of the light-illuminated a-IZO TFT positively shifts and return to the initial
dark state, as discussed above. The nearly matching transfer curve between the a-IZO TFT with and the a-IZO TFT
without 5 V gate bias also confirms electrical degradation not to occur during the charge pumping process. As mentioned
in previous studies on conventional amorphous silicon-based device, small voltage and short time gate voltage bias stress
would cause state creation effect, and changed the threshold voltage and subthreshold swing.[14] However, in this work
this phenomenon was not been observed. This also indicated the prepared a-1ZO TFT devices can exhibit good electrical
stability. In this experiment, we also found rapid recovery of the threshold voltage is achieved within a period of 10 min,
as the gate pumping voltage increases to 35 V. It can also be well explained by the proposed model in Egns. (2) and (3).
The recovery property results of high pumping voltage with short time period potentially create the application for
photosensor devices.
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Figure 5 (a) Transfer characteristics of the 10-min-light-illuminated a-IZO TFT, which was gate-biased at a DC
voltage of 5V for 5, 15, 30, 45, 60, and 90 min, respectively. It only took 90 min to return to initial dark state. (b)
The extracted threshold voltage (Vy,) from Fig. 5 (a) as a function of standing time in the black box, while a
pumping voltage of 5V was applied to the gate electrode of a-IZO TFT device.

The schematic circuit and timing chart for the proposed photosensor technology are shown in Fig. 6. TFT 1 is
the main a-1ZO TFT device to sense the light intensity and then converts it to current signal. TFT 2 is a switch
device to be turned on/off by the sequential pulse signals. G1[1] and G2[1] are the pulse signals in first row. In
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the reset pulse period, G1[1] to G1[n] give higher positive pulse to reset the TFT 1. At the scan pulse period,
G1[1] and G2[1] supply synchronic timing pulse to read the current signal in each row. Eventually, the current
signals is inputted to an analog-to-digital converter (ADC) block for logic calculation. In this case, the G1[1]
can be set at -2V. While in the dark (e.g. Vy = 0.25 V), the applied Vg of -2V maintains the a-1IZO TFT cutoff,
resulting in an output voltage equal to the power supply voltage (depend on DC power in Fig. 6 (a)). The output
power (Poupur) is equal to IpXVpg=0. In the other hand, after light exposure, the V, negatively shift, causing the
applied Vgs of -2V to turn the a-IZO TFT on and pull the output voltage close to zero. This indicates the power
consumption of light sensing element will be low and potentially realize an array circuit form for the

photosensor technology. The proposed charge pumping method can be applied to rapidly refresh the sensing
element which consists of an a-IZO TFT, and to repeat the cycle.
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Fig. 6 (a) The proposed photo-sensor circuits. (b) The synchronic timing pulse to read the current signal in each row

4. CONCLUSION

In short, we investigated the photoreaction of a-IZO TFTs. Experimental results have shown the Vy, shift occurred
on the a-IZO TFT after visible light illumination. The mechanism responsible for photoreaction behavior can be
explained by the dynamic equilibrium between O, and O, in the a-IZO layer. The recoverability of electrical
characteristics to the initial state is rather slow. The physical mechanism for the photoreaction reversibility has been
investigated and confirmed experimentally through an external gate voltage triggering. With a charge pumping method,
the recoverability of electrical characteristic is speeded up remarkably. A rapid recovery of the threshold voltage even
can be achieved within a period of 10 minutes, as the pumping voltage increases up to 35V. The knowledge of physical
mechanisms for the photoreaction behavior of a-IZO TFT will be potentially beneficial for photosensor technology
applications.
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