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Development of Low Temperature Annealing and Contact treatment by
Light illumination on Amorphous Indium-Gallium-Zinc-Oxide (a-1GZO)
Thin Film Transistor
Studen: Ching-Neng Huang Advisor: Prof. Hsiao-Wen Zan
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Institute of Electro-Optical Engineering
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Abstract

A low temperature fabrication method based on light illumination for amorphous
Indium-Gallium-Zinc-Oxide thin film transistors (a-1GZOQ TFTs) was developed in this study.
The as-fabricated a-1GZO TFTs without post annealing are quite unstable and demand
post-annealing to get adequate repeatability in electric characteristic. The crystal structure of
IGZO channel layer deposited by radio frequency sputter (rf sputter) in as-fabricated TFTs
may be disorder and result in some trapping defects near interface between dielectric and
active layers. Carrier trapping effect during device operation is the main source that causes
instability of IGZO TFT. The general annealing method is furnace that base on thermal effect
and may be not compatible with some temperature limited systems. Light illumination based

on pulse laser (Nd:YAG, 266nm) or UV lamp (Xe excimer lamp, 172nm) developed in this
Il



study provides another effective annealing approach without heating the substrate obviously.
In this thesis, the stability-improved a-1GZO TFT treated by pulse laser and UV lamp also
have accepted criteria, such as mobility (Laser:6.23 cm?/Vs, UV:3.49 cm?/Vs), threshold
voltage (Laser:0.3 V, UV:0.2 V), subthreshold swing (Laser:0.32 V/dec. UV:0.71 V/dec.) and
On/Off ratio (107) which are comparable with the one annealed by 350°C furnace
(mobility:6.51 cm?Vs, Vth:1.8 V, subthreshold swing:0.75 On/Off ratio:10%). Moreover,
illumination could also be a timesaving and localizable method for further application. The
threshold voltage shift during sequent transfer ‘curve measurement is the most direct
parameter to reflect the instability, caused by trapping effect. The threshold voltage of
as-fabricated a-1GZO TFT generally could achieve 10.8 V. Pulse laser and UV lamp annealing
could reduce the threshold voltage shift to 0.5V and 0V respectively. This work was studied
with my senior classmate, Cheng-Wei Chou and Wei=Tsung Chen.

This study also demonstrates that pulse laser also could be used to treat the a-1GZO
surface to reduce the resistivity and then improve the carrier injection in contact. This
provides an effective approach for contact treatment or even direct contact pattern. In this
study, the light only patterned a-1IGZO TFT perform comparable performance as compared the
one with metallic contact. Therefore light illumination seems a possible method to replace ion

implantation for valuable top gate self-aligned structure.
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Chapter 1
Introduction
1-1 Introduction

1-1.1 Introduction of metal oxide transistors

Metal oxide semiconductor was first reported in 1964 by H. A. Klasens et.al. [1]
The material of metal oxide composed of heavy metal cations with an electronic
configuration (n - 1)d '° ns ® (n>4) are promising candidate for next generation
semiconductor. [2] These ns orbitals have large radius, so that there is a large overlap
between the adjacent orbitals shows-in'Fig. 1.1. Over the past few years, several oxide
materials are reported to be the channel material in. TETS, The polycrystalline zinc
oxide (ZnO)[3,4], amorphous zine tin oxide (ZTO) [5], amorphous zinc indium oxide
(Z10)[6], and amorphous indium gallium zinc-exide (1GZO)[7-9] are proposed to be
the active layer in transparent TFTs. Among the transparent oxide channel materials,
amorphous indium gallium zinc oxide (a-1GZO) applied to thin film transistors (TFTs)
has drawn considerable attention due to their high mobility, good transparency, and
unique electrical properties. [10,11] Moreover, the amorphous type of a-IGZO was
insensitiveness to the distorted metal-oxygen-metal chemical bonds. [2] Large band
gap (>3eV) induces that the a-1IGZO material was insensitive to the ambient light and

transparent in visible region (400nm~700nm). The carrier contraction (n: 10*~10%



cm™®) in the a-IGZO film was tunable by controlling the oxygen pressure during film
deposition.

When a-1GZO TFTs is applied to temperature limited substrates like flexible
substrate, the radio-frequency (rf) sputtering technique is one of a few methods which
enables us to deposit thin films of high-melting-temperature materials over large areas
at low substrate temperatures. [12] However, H. Hosono et al. proposed that the
chemical species and/or a structure in a thin film are naturally unstable when thin
films are deposited at low temperatures. [12,13} Additionally, they are stable while
thin films are deposited ‘at higher-temperatures. The*chemical species and/or a
structure are frozen in the as-deposited thin film which relax to a more stable state and
/or give the atoms more energy to rearrange-upon thermal annealing, leading to an
appreciable change in the electron:transport. properties. [12,13] Most oxide TFTs,
especially a-IGZO TFTs, are fabricated using physical vapor deposition (PVD)
techniques at room temperature and often require a high temperature post-deposition
thermal annealing process to get high-performance and high-stability TFTs. [12-18]
Among the post-deposition thermal annealing techniques, rapid thermal annealing
(RTA) [16,17] or furnace annealing [18] are usually used to anneal the oxide TFT
devices. For the application of a-1GZO TFTs which is fabricated on the temperature

limited flexible substrate, high temperature thermal annealing may damage the



substrates. Development of the annealing method at low substrate temperature is
essential when applying a-1GZO TFTs to flexible and temperature limited substrates
1-2 Carrier transmission mechanism of metal oxide

semiconductors

The mechanism of carrier transmission in amorphous oxide semiconductor,
a-1GZO, was discussed in this section. Before reporting the a-IGZO mechanism, the
hydrogenated amorphous silicon (a-Si:H) transmission mechanism, the conventional
material for flexible TFTs will be described briefly. As shown in Fig. 1.2, the carrier
transport paths in a-Si:H composed-with covalent.bonds*of sp® orbitals was affected
obviously by the ordering of ‘the structure..The electronic levels and trap states was
influenced by théluctuation of the bonding -angl e in:the a-Si:H structure. [19]
Compare to the a-Si:H, the characteristics in amorphous oxide semiconductors (AOSs)
are different from the semiconductors with covalent bonds. The carrier-transport path
in AOSs was shown in Fig. 1.3. The bottom of the conduction band in the oxide
semiconductors that has large ionicity is primarily composed by spatially spread metal
ns (here n is the principal quantum number) orbitals with isotropic shape. [19] There
were no conduction paths formed by the 4s orbitals had been obtain so far in any
amorphous oxide. Based on these facts, the condition necessary for good conductivity

in a-1GZO is that the conduction paths should be composed of the ns orbitals. The
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principal quantum number is at least 5 [20] and direct overlap among the neighbor
metal ns orbitals is possible. The magnitude of this overlap is insensitiveness to
distorted metal-oxygen—-metal (M-O-M) chemical bonds that intrinsically exist in
amorphous materials. [21,22] The amorphous oxide semiconductors (AQOSSs)
containing post-transition-metal cations was possible to show the degenerate band
conduction and high mobility (>10 cm?/Vs). [20,23]

Each sub-element in this ternary material of a-1GZO film showed various
characteristics to affect the parameters of TETs.sHigher concentration of In atom is
expected to generate high carrier..[24];The element of In.is a big atom and easy to lose
electrons while the oxygen is‘a small atom and easy to get electrons form the In. The
released electron from the.element of In may -move to the conduction band when the
composition of a-IGZO lacked #or oxygen. [25] It will enhance the carrier transport
during the operation in TFTs. In addition, the element of Ga was introduced provide
high stability in a-1GZO TFTs. [26] The element of Ga in the a-1GZO film was
introduced to reduce the electron concentration, mobility. The Ga was chosen because
of atomic radius of Ga closed to In. Hosono et al. reported that the Ga** in the a-1GZO
film attract the oxygen tightly due to the high ionic potential resulted from the small
ionic radius and +3 valence. It suppresses the electron injection and induces the

oxygen ions escaping from the a-1GZO film. [27] Compare to the carrier



concentration in the material of 12O (~10?* cm-%), smaller carrier concentration of
a-1GZ0 (~10" cm-?) is reported. [20, 27-29] Ga also reduces the sensitivity of the
carrier concentration when the O,/Ar ratio is varied. [29] Introducing the element of
Ga to the a-1IGZO film helps the carrier concentration of the a-IGZO film to be
controlled easily. However, the mobility reduced while the Ga was introduced to the
a-1GZO film. Doping the oxygen molecules to increasing the carrier concentration
and the carrier mobility when the element of Ga was introduced the a-1GZO film
which was porposed by Hosono etal. [30] The element of Zn in the a-1GZO film was
reported to affect the crystallization of:the thin film. When the ratio of the Zn atoms in
the a-1GZO film is larger than 65%, the crystalline structure was reported. [25] The
crystalline structure in the.a-1GZO film may degrade the electrical characteristic while

the uniformity was decreased by the disorder grain boundaries.

1-3 Low temperature annealing of metal oxide transistor

In last section we reported that Hosono et al. proposed the chemical species
and/or a structure in a thin film are naturally unstable when thin films are deposited at
low temperatures. [12,13] They are stable while thin films are deposited at higher
temperatures. The chemical species and/or a structure are frozen in the as-deposited
thin film which relax to a more stable state and/or give the atoms more energy to

rearrange upon thermal annealing, leading to an appreciable change in the electron
5



transport properties. The a-IGZO TFTs, are fabricated using PVD techniques at room

temperature required a high temperature post-annealing process to get

high-performance and high-stability TFTs. [12-18] Among the post-annealing

techniques, rapid thermal annealing (RTA) [16,17] or furnace annealing [18] are often

used to anneal the oxide TFT devices. In order to the application of a-1IGZO TFTs

which is fabricated on the temperature limited flexible substrate, high temperature

thermal annealing may damage the substrates. Development of the annealing method

at low substrate temperature is essential when applying a-1GZO TFTs to flexible and

temperature limited substrates. To solve this problem, we lead into the laser and UV

annealing method to get an overall low temperature process even at room temperature.

In this thesis, we reported:-the laser and UV post-annealing method help to improve

the performance of a-IGZO_ TFIs that-'can® compare with the furnace

annealing. Nakata et al. reported that the laser annealing at low substrate temperature

improved the performance of a-IGZO TFTs [31]. The wavelength of the laser used to

anneal the a-1GZO TFTs was 308nm. The bandgap of the a-1GZO film was around 3.2

eV. It means that the wavelength of the UV area was easy to be absorbed by the

a-1GZ0 film.

1-4 Motivation

To fabricate high performance low temperature a-IGZO TFTs on temperature
6



limited substrate. The annealing methods using light illumination were proposed in

this paper. The photon energy of employed light source was larger than the bandgap

of a-1GZO. High energy photons can be absorbed effectively by the a-IGZO film. The

light sources proposed to anneal the a-1GZO film at low substrate in this thesis were

Nd:YAG pulse laser (266nm) and Xe excimer lamp (172nm). By applying these

simple and convenient annealing methods, it is possible to fabricate high stability

flexible transparent electrical devices on some temperature limited substrates, such as

flexible substrates.

Ahn et al. reported that laser annealing at the high energy density lower the sheet

resistance of the film. [32] The laser annealing at high density is proposed to reduce

the contact resistance in: the metal-semiconductor - interface which between the

source-drain (S/D) electrodes and a=1GZO. It is crucial to achieve high-performance

TFTs. The most research of a-1IGZO TFTs have focused on fabricating process

variables such as the chemical components, oxygen partial pressure, deposition power

of the IGZO target and processing techniques [33,34]. Recently, two researches

reported the effect of argon (Ar) plasma treatment on the contact resistance in bottom

gate [35] and top gate [36] a-IGZO TFTs. We follow the ideal of post-treatment to

reduce the contact resistance and use the LASER to replace the Ar plasma. If it was

employed on self-aligned structure that can minimize the parasitic capacitance by



reducing the gate overlap and eliminates the contact resistance between the electrode

and channel layer. [37] The major loss of the device performance is often due to the

presence of high resistance metal-semiconductor interface. A poor interface between

the a-1IGZO channel and gate dielectric leads to large interface trap density and

reduced carrier transport properties. It causes a degradation of device parameters such

as leakage current, saturation mobility and subthreshold swing. [38] Light pattern

treatment can overcome these problems and improve these drawbacks.

For the achievement of flexible displays,-it would be extremely helpful to

fabricate high performance’a-1IGZO TFETs at substrate with temperatures less than 150

°C. Laser [30] and ultraviolet (UV) illumination are the appropriate method for low

temperature post-annealing, it-.can help to fabricate the device on temperature limited

substrate. This method not only:can-use in the temperature limited substrate, but also

can get the similar performance just as after furnace annealing.

1-5 Thesis outline

In chapter 1, we brief introduced advantage and potential of a-1IGZO based

transistor compare with a-Si material. Then we also reported the benefit of low

temperature post-annealing and used laser to reduce the contact resistance. The

theoretical of carrier transmission mechanism of metal oxide semiconductor and

specific property of a-IGZO in metal oxide based semiconductor for each sub-element
8



also report in this section.

In chapter 2, introduce the experimental procedure, like device preparation, laser

annealing, contact treating condition and how to extract the characteristic parameter.

Then overview the experimental equipment such as sputter, E-beam, Nd-YAG

LASER and four-point probe resistivity measurement.

In chapter 3, the main point of this thesis we study the results of low temperature

post-annealing and discuss the phenomenon after annealing.

In chapter 4, make a conclusion of our experiments and future work.


http://tw.dictionary.yahoo.com/search?ei=UTF-8&p=%E7%8F%BE%E8%B1%A1�

Figures of Chapter 1

Fig. 1.3 The carrier transport paths in AOSs [7].
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Chapter 2

Experimental Techniques and procedure

2-1 Experimental procedure

In this section, the device structure and the process flow of the a-1GZO based
TFTs on the SiNy dielectric were demonstrated. As described in section 2-2.1, the top
contact structure of the a-1IGZO layer was patterned on the SiNy surface using the
shadow mask. In section 2-2.2, the laser treatment condition and structure will show.
The detail fabrication processesare listed as following sections:

2-1.1 Sample preparation forannealing
1.Substrate and-gate electrode

As shown in Fig. 2.1, @ 6-inch p-type heavily-doped single crystal silicon wafer
is used as substrate and gate electrode for fabricating a top-contact bottom-gate based
TFTs.

2. Deposition of the SiN, dielectric

1000A silicon nitride (SiNy) formed the dielectric layer in order to fabricate the
a-1GZO TFTs device. The SiN film was deposited on all samples using low pressure
chemical vapor deposition (LPCVD) at 780 °C with the NH3 and SiH,Cl, reactant gas.
The silicon nitride formed on the back of the silicon substrate was etched by the ion

etching (RIE). Before etching SiNy, the FH-6400 photo resist was spin-coating on the
11



front of silicon wafer to protect the dielectric surface. To remove the SiNy from the
back of silicon wafer, the RIE system required the reactant gas, including the oxygen
(O2) 5 sccm and CF4 80 sccm. The working pressure of 15.0 Pa and the RF power of
100W were controlled to etch the SiNy film. After the RIE process, the clean process
of the SC1 and SC2 was required to clean the wafer.
3. Deposition of the a-1GZO film
After the SiNy films were deposited and cleaned, the a-IGZO film
(In:Ga:Zn=1:1:1) was deposited by: RF sputtering.and patterned by shadow mask in
Step I. The channel layer was -deposited by RF magnetron sputtering at room
temperature using a 3 inch ‘diameter InGazZnO, target. For the deposition of the
a-1GZO film, pre-sputter was executed at the powers of,30:W and 70W in the pressure
of 5x107 torr for 250 seconds. The film was dep6sited using a rf-sputtering system at
room temperature with a power of 100W, a working pressure of 5x10°Torr, and an
O2/Ar flow rate of 0/30.The thickness of the a-1GZO channel layer was about 35nm.
4. Deposition of the Source/Drain electrode
In Step I1, the metal material of Ti was used as the source/drain electrodes on the
a-1GZO TFTs. The thickness of the Ti electrode pad is 120nm and the S/D pattern is
defined by shadow mask. As shown in Fig. 2.2, the S/D contacts were treated by the
Nd:Yag laser to reduce the contact resistance before the deposition of Ti and patterned

12



by shadow mask..

2-1.2 Laser annealing and contact treating condition

The laser we used here were Nd:YAG solid state laser, in order to get the channel
layer from conduction to insulation, we change the lens position to vary the laser
power, the detail list in Table 2.1 and system show in Fig. 2.3. To move the pinhole

position to control the LASER power applied on devices.

2-2 Operation mechanism anesparameter of transistor

In the TFTs, there are two major. -operation modes, depletion mode and
enhancement mode. The depletion made devices in which a channel already exists at
zero gate voltage. In contrast, «the enhancement mode devices in which a channel
exists at the gate voltage applied. The ideal device for TFTs were enhancement mode,
it have very low leakage current at zero gate voltage. However the a-IGZO is an
n-channel material and we need to apply the positive voltage to form a channel path.
The delocalized electrons that are accumulated near the active layer/insulator interface
when a positive voltage is applied to the gate contact provide a path for current
conduction, which is denoted as the channel. As a positive voltage is applied to the
drain electrode of the TFTs, these delocalized electrons in the accumulation layer are
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extracted from the channel, giving rise to drain current path through the TFTs. The
later section we will report the definition of linear region and saturation region and
their current function.
2-2.1 Linear region
When the small positive drain voltages, i.e., voltages smaller than the gate
voltage minus the threshold voltage, Vps < Vgs — V1n, the drain current conduction

can be modeled as a linear relationship as is given by

1w
Ip = 5 uCox 712(Ves = Vi) Vs — Vs ] (2-1)

where the threshold voltage (V1u)-isithe voltage at which the intercept point of the
square-root of drain current ‘versus voltage' when the device operate in saturation
mode, Cox is the oxide capacitance, piis the mability of the electrons, W is the width
of the channel, L is the length of the channel. Vs and Vps are the gate-to-source and
drain-to-source voltage, respectively.
2-2.2 Saturation region
As the drain voltage reaches the pinch-off voltage, i.e., the voltage at the channel
near the drain is depleted of carriers, Vps > Vgs - Von, the drain current saturates, thus

the current independent of the drain voltage and is given by
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1 w
Ip = 2 HCox T (VGS - VTH)2 (2-2)

2-2.3 Mobility

Mobility is a measurement of how fast carriers can move in material. A higher
magnitude of mobility allows for a faster switching time, i.e., the time it takes for the
device switching from the off state to on state. A larger mobility value means that the
device can conduct more current. Generally, mobility can be extracted from the

transconductance maximum gr, in the linear region:
8 = [ 7 b Vo @3
The saturation mobility -is -another commonly used type of mobility. It is

extracted from an ID-VG curve when the device is biased in saturation. [39] The

saturation mobility is calculated as

2m?

Hoae = lW

(2-4)

R lsaturation

2-2.4 Threshold Voltage

Threshold voltage is related to the operation voltage and power consumptions of
TFTs. We extract the threshold voltage from equation (2-5), the intercept point of the
square-root of drain current versus voltage when the devices operate in saturation

mode.
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JIb = ;N_LHCOX V6 — Viu) (2-5)
2-2.5 lyn/loss Ccurrent ratio

The lon/lotr (On/0FT) ratio represents large turn-on current and small off current. It
is an indicator of how well a device will work as a switch. A large on/off current
ration means there are enough turn-on current to drive the pixel and low off current to
maintain in low consumption.

2-2.6 Subthreshold swing

Another important characteristic for device ;application is subthreshold swing. It
is a measurement of howtrapidly the device switches*from off state to on state.
Moreover, the subthreshold swing also represents the interface quality and the defect

density [40].

aVg
S — 2-6
[0(10g1D) Vp=const (&)

If we want to have a better performance TFTs, we need to lower the subthreshold
swing.

2-3 Experimental instruments

2-3.1 Sputter

1.Radio frequency sputtering

Several methods are reported to deposit a film on to a substrate. Chemical vapor
deposition (CVD) and physical vapor deposition (PVD) are the most commonly used

to form and deposit a film in semiconductor-based area. Sputter is one of the
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deposition techniques in PVD and it can be divided into two kinds of sputtering
methods: Radio frequency (RF) sputtering and direct current (DC) sputtering. RF
sputtering in wildly used to deposit a-IGZO in recent years. It uses a radio frequency
of 13.56 MHz to generate plasma. The generated plasma creates ions to sputter the
target material. The ions are accelerated towards the target by a negative DC bias on
the target due to theflux of electrons. The ions hit the target with enough energy to
deposit the target atoms onto the substrate. Generally, the RF sputtering is performed
at the pressure of 1 - 50 mTorr to improve the quality and the deposition rate of the
deposited film. The quality of ;the-thin film deposited at the low pressure was
increased due to the increased mean free path.-Large mean. free path help the species
to find a stable state and te-form a high quality-thin film.

As shown in Fig. 2.4, the RF sputtering can. be used to sputter both insulating
and conducting targets. The RF voltage can be coupled capacitively through the
insulating target to the plasma and charge does not build up on the surface of the

target.

2.Direct current sputtering

The major change from RF to direct current (DC) sputtering is the used power
supply. The mechanism of the sputtering process is unchanged. Compare to RF
sputtering, the DC sputtering has higher deposition rates and lower cost. In DC

sputtering system, the deposition pressure is controlled to 1-100 mTorr. As shown in
17



Fig. 2.5, the DC voltage is applied across electrodes to create plasma and the top
electrode is the source material to be deposited. The DC sputtering use secondary
electrons to sustain DC plasma, which created by the ion bombardment are
accelerated away from the cathode. These electrons then pass through the cathode
sheathe and collide with the Ar atoms in the negative glow region, ionizing some of
them and sustaining the plasma. [41] Conventional DC sputtering can be only used to
sputter the conductive targets. Ar accumulates on the -V target, decreases the voltage

less than to sustain the glow discharge.and the plasma would shut down.

2-3.2 Electron beam evaporation

Electron beam evaporation (E-beam) is used E-beam.to deposit titanium (Ti) as
the electrodes in this thesisi* A beam of electrons is-typically with energy about ~10
keV and current up to several amperes. The metal was heated to the evaporation
temperature by the electron beam. In the evaporation process, the outer portion of the
charge was not melted to minimize the film contamination from the trace amount of

impurities inside the graphite or silicon carbide crucible. [41]

2-3.3 Nd:YAG LASER

The Nd:YAG LASER is one of the solid state laser, neodymium-doped yttrium

aluminum garnet (Nd:YAG, more precisely Nd**:YAG). Nd:YAG is a four-level gain
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medium, offering substantial laser gain even for moderate excitation levels and pump
intensities. The gain bandwidth is relatively small, but this allows for a high gain
efficiency and thus low threshold pump power. The most common Nd:YAG emission
wavelength is 1064 nm. Starting with that wavelength, outputs at 532, 355 and 266 nm
can be generated by frequency doubling, frequency tripling and frequency
quadrupling, respectively. [42] We employed here is frequency quadrupling to have
the wavelength of 266nm. Because the energy source of laser has high photon energy
of 4.66 eV that larger than the optical bandgap of a-1GZO (3.2eV). It could be absorb
by a-IGZO film and is possible to-employ Nd:YAG laser‘as an annealing source. The
pulse duration is approximately 4ns and- the energy density of single pulse is
10.7mJ/cm?. During annealing process; the pulses’were shot in sequence with 10Hz
frequency and swept the TFTs<on substrate. Laser ‘duration of one TFT is about 1

second.

2-3.4 Ultraviolet (UV)

Another annealing method was based on ultraviolet (UV) lamp. The employed
UV lamp is xenon (Xe) excimer lamp. It is formed and emitted as the following
mechanism: Xe atom is excited and ionized by the high energy discharged electron.
Excited Xe atom and ground state Xe atoms produce Xe excimer molecules by

three-body reaction. It does not interact with the weakly bound ground state, but
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decays by radiation. The spectrum is dominated by second Xe excimer continuum
emission band at 172nm with 14nm half bandwidth and the power density is around
50mW/cm? [43]. Because the photon energy is quite high (7.2 eV) and photon
absorbing of oxygen is easy, the sample must be set in an isolated box with
introducing nitrogen to expel oxygen. The high photon energy (7.2eV) is larger than

band gap of metal oxide and emitted photon could be effectively absorbed by a-1GZO.

2-3.5 Four-point probe resistivity measurement

A standard way of measuring electrical resistance of a sample is by passing
current through the sample and measuring the voltage drop across it and taking the
ratio of the voltage to the.current. However in this method.the electrical resistance of
the contacts is also measured along with the resistance of the sample. This can be
neglected if the resistance of the sample‘is'very high, but usually when measuring the
sheet resistance of semiconductor samples, the contact resistance cannot be neglected.
A four point probe configuration is usually used to measure the sheet resistance of a
semiconductor. A standard four point probe set up is shown in Fig. 2.6 below. Four
identical probes are placed are placed in a linear configuration, equally spaced, along
the sample. Current is forced through the outer probes, while the voltage is measured
across the inner probes. The voltage is measured using a high impedance meter, which

minimizes the current flow, thereby minimizing the contact resistance to a negligible
20



value.
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Figure of chapter 2
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Fig. 2.1 The a-1GZO TFTs fabrication process.
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Fig. 2.3 The pulse laser annealing system.
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Fig. 2.5 The DC-powered sputter deposition system.

24



Fig. 2.6 Four-point probe.

Position Radius Are? Energy De?sity
(cm) (cm?) (mJ/cm”)
+5 0.045 0.006 267.36
+4 0.060 0.011 150.39
+3 0.075 0.018 96.25
+2 0.090 0.025 66.84
+1 0.105 0.035 49.11
0 0.120 0.045 37.60
-1 0.135 0.057 29.71
-2 0:150 0:.071 24.06
-3 0.165 0.085 19.89
-4 0.180 0.102 16.71
-5 0.195 0.119 14.24
-6 0.210 0.138 12.28
-7 0.225 0.159 10.69
-7.5 0.233 0.170 10.02

Table 2.1 Laser intensity conditions.
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Chapter 3

Results and Discussions

3-1 Instability of as-fabricated a-1GZO TFTs

Low temperature fabricated transistor (<150°C) is one of promising destinations
of metal oxide that attract the most attention. Nevertheless, when the deposition
process of metal oxide channel layer is executed at low temperature, the transistors
are quite unstable. [12,13] Figure 3.1 shows the sequent transfer characteristics (Ip-Vg
curve) of a-1GZO TFTs that include eight times forward sweeping measurements (Vg
ranging from -15V to 20V) and eight times backward ‘sweeping measurements (Vg
ranging from 20V to -15V) before post-annealing. As shown in Fig. 3.1, the threshold
voltage of transfer curve shift to positive direction with’ sequent measurements. The
result mentioned above demonstrate “that the as-fabricated a-1GZO TFTs without
post-annealing treatment are unstable. Figures 3.2, 3.3, 3.4 and 3.5 shows the
evolutions of threshold voltage (V), field effective mobility (cm®/Vs), subthreshold
swing (V/dec.) and drain current at Vp=20V extracted from the data in Fig. 3.1,
respectively. As shown in Fig. 3.2 and 3.3, the threshold voltage and mobility
increased with sequent Ip-Vs curve measurement (Threshold voltage ranging from
3.3V to 15.9V, field effective mobility ranging from 0.96 to 5.09 cm?/Vs). Backward

sweeping has higher ability to shift the 1p-Vs curve because the saturated threshold
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during sequent forward sweeping was varied in depth. The threshold voltage shift

during sequent operation which maybe caused by an electron trapping center that also

plays a mobile carrier scattering center. Therefore, if the electron trapping centers

occupied by mobile electrons, the threshold voltage and mobility will both increase at

the same time. The trapped mobile electrons will not be entirely released before the

next Ip-Vs measurement, therefore the larger threshold voltage will be observed

during the next measurement. The increase of occupied trapping states means the

decrease of scattering probability that lead to increase of mobility. The defect that

induce serious threshold voltage shift maybe caused by the disorder structure of room

temperature deposited a-1GZO film. In this study, we assume that the mobile electrons

were trapped on channel/dielectric -interface. after 15-V¢ curve measurement that

reduce the quantity of mobile carries.at one gate. voltage. On the other hand, lager

positive gate voltage is needed to turn the 1GZO TFT for the following Ip-Vg

measurement. [44] Backward sweeping could induce more threshold voltage shift

after the threshold voltage achieved saturation during sequent forward sweeping

measurements that could be explained by the suddenly applied large positive V¢ in

the beginning. As shown in Fig. 3.4, the subthreshold swing is fluctuant during

sequent Ip-Vg curve measurements, backward sweeping especially. Figure 3.5

presents the evolution of drain current at gate voltage of 20 V with sequent
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measurements. Reducing drain current at one gate voltage is quit easy for un-annealed
TFTs caused by the serious instability. The current level decreased one order after just
few times sequent measurements (varying from 10®° to 10°). The as-fabricated
a-1GZO TFTs never attain stable state because the shifted threshold will recover after
an idle period as shown in Fig. 3.6. We executed seven times sequent Ip-Vg curve
measurement twice with an idle interval of half hour. The result shows that the
transfer curve somewhat recovered after an idle period. The experiment result
mentioned above demonstrated that the as-fabricated a-1GZO TFTs are very unstable
before post-annealing. We ‘executed seven times sequent‘transfer curve measurement
because the threshold voltage will achieve saturation within seven times. Therefore

the deviation of seven sequent Ip-Vg curves could effectively reflect the instability.

3-2 Effect of Post-annealing

In this study, we demonstrate that appropriate post-annealing could make
a-1GZO TFTs adequately stable. The stability of a-IGZO TFTs were graded by the
threshold voltage shift during sequent Ip-Vg curve measurement.

Here, we defined the parameter, /\Vry, to reflect the instability of a-IGZO TFTs.
AVry = Vry 7e0 — V1 1st (3-1)
/A\Vy is the difference of threshold voltages of the first and seventh transfer curve. In

this study, we roughly judged the adequate annealing by threshold voltage of less than
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0.5 V. Smaller AVt means more stable characteristic of IGZO TFT.

In this section, we compare five a-IGZO TFTs with various annealing conditions.

The various annealing conditions are un-annealing, furnace annealing at 300°C in

nitrogen atmosphere, furnace annealing at 350°C in nitrogen atmosphere (commonly

used in papers [45-49]), pulse laser annealing and UV lamp annealing. Figures 3.7,

3.8, 3.9, 3.10 and 3.11 show the seven times sequent transfer characteristics of five

various annealing respectively. As shown in Fig. 3.7, un-annealed a-1IGZO TFT was

quite unstable (AV1y=10.8V). Theas-deposited a-1GZO TFT may has a lot of defect

states caused by disorder structure-on:the channel/dielectric interface, and the defect

states are trapping centers for'mobile electrons: The applied positive gate voltage will

induce the trapping process.. The reduction of .mobile electron at one gate voltage

results in lower drain current. Therefore a larger-positive voltage is required to turn on

the transistor [44]. The threshold voltage will achieve saturation after some times

sequent Ip-Vg curve measurement. In fact, the saturated transfer curve could shit

again by applying higher gate bias. The measurement result demonstrate that the

as-deposited a-1GZO TFT is quite unstable.

Then two thermal annealing were compared, Fig. 3.8 and 3.9 show the effect of

furnace annealing at different temperature in nitrogen atmosphere. In Fig. 3.8, the

annealing condition involves temperature of 300 °C, nitrogen flow rate of 10L/min
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and period of one hour. Although the criteria like field effective mobility (9.54
cm?/Vs), threshold voltage (2.8V) and subthreshold swing (0.1 V/dec.) as shown in
Table 3.1 are satisfied, the stability was still inadequate (AVty=1.6V). Therefore,
furnace annealing at 300 °C is not an appropriate condition. In chapter 1, we have
concluded that the temperature of more than 300 °C was required to have stable
a-1GZO TFT. To improve the stability, a higher temperature of 350 °C was used to get
more stable a-1GZO TFTs. As shown in Fig. 3.9, The threshold voltage shift of 350 °C
annealed 1GZO TFT decreased .in: depth (AV15=0.5V) as compared with the one
treated with 300 °C thermal:annealing: The temperature of 350 °C was used generally
in published papers [45-49]. The parameters.of a 350 °C furnace annealed a-1GZO
TFT is listed in table 3.1.-All parameters presented in this study were extracted from
the seventh Ip-V¢ curve in sequent measurement to make objectively comparison.

In Figs. 3.10 and 3.11, the effect of pulse laser and UV lamp annealing was
presented respectively. Sequentially probed transfer curves of pulse laser and UV
lamp annealing present adequate repeatability within seven times measurements
(AV1y=0.5V for pulse laser and AVy=0 V for UV lamp). Other parameters such as
mobility, subthreshold swing and on/off ration are accepted listed in Table 3.1. The
stability of light annealed 1GZO TFTs are comparable to the one of 350 °C thermal
annealing. Therefore, pulse laser and UV lamp annealing are valid post-annealing
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methods. As shown in Fig. 3.12(a), the estimated penetration depth of light at 266nm
wavelength in a-IGZO film was about 95 nm. At a wavelength of 266nm, the
absorptance was roughly 30%, which shows that the pulse laser light was efficiently
and uniformly absorbed throughout the entire a-1GZO film thickness, shown in Fig.
3.12(b). The pulse laser with wavelength at 266 nm could provide enough energy to
realign the atoms in a-IGZO film and make the structure more order. The laser
annealing process could keep low temperature for substrate. The UV lamp at
wavelength of 172nm is also a feasible light source. for annealing. Because the photon
energy of 7.2 eV is larger than the bandgap of a-IGZO film. Pulse laser annealing is
relatively quick process for single TFT as compared with furnace annealing. The laser
exposure time on one single TFT"is just few seconds. The furnace annealing requires
the temperature of more than 300 °C and a period of one hour to get comparably
stable device. It can be extrapolated that the low temperature fabrication process will
be demanded for future industry and the laser or UV lamp annealing is a potential

instrument.

3-3 Ip-Vp Diagram

Output characteristic (Ip-Vp) diagram is an important tool to present the
characteristics of a transistor. Figure 3.13 show four Ip-Vp diagrams for four various

annealing methods by cyclic sweeping measurement with Vp ranging from 0V to 20V.
31



Figure 3.13 (a) present the Ip-Vp diagram of as-fabricated a-IGZO TFT. Figures 3.13

(b), (c) and (d) belongs to the a-1GZO TFT treated with furnace annealing at 350°C in

nitrogen atmosphere, pulse laser annealing and UV lamp annealing, respectively. The

Ib-Vp curves probed by cyclic sweeping could reflect both the adjustability of current

and stability. The stability could be graded by the deviation between two cyclic curves.

As shown in Fig. 3.13 (a), the saturation current was relatively low as compared with

the one of 350 °C furnace annealed 1GZO TFT that could be explained by large

threshold voltage (Vt4=11.1V) attained after sequent measurement. In Fig. 3.13 (b),

3.13 (c) and 3.13 (d), the curve slop-in linear region is relatively slow maybe caused

by non-negligible contact resistance. Although the threshold voltages of pulse laser

and UV lamp annealed a-1IGZO TFTs are small (<0.3V) and stable, the saturation

currents in Figs. 3.13(c) and 3.13(d) are still relatively small as compared with the one

in Fig. 3.13(b). That could be explained by the smaller field effective mobility and

un-annealed contact. Because the metal electrode of source/drain contact could

shadow the irradiation during annealing process, the region under electrode was

un-illuminated that may cause non-negligible contact resistance. In fact, a-1GZO TFTs

with light annealing include both pulse laser and UV lamp has degraded mobility

compared with as-fabricated a-IGZO TFTs although the stability was improved. The

mechanism of light annealing is underdeveloped.
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3-4 Laser intensity dependence on a-1GZO TFTs during

Annealing

In this study, we also propose an illumination based method to treat the interface
between source/drain contact and a-1IGZO layer. The illumination treated a-1IGZO film
will possess high conductivity. Recently, several published papers reported the study
of contact treatment to reduce the contact resistance [44, 13-16] like plasma treatment
and RIE. This study employed a pulse laser (Nd:YAG, 266nm) to treat the contact
area on a-IGZO film that couldtdefine the S/D contact directly without metal
electrode or modify the intérface between a-1GZ0 and metal electrode. Ahn et al. [50]
reported that the laser irradiation with the-high photon energy caused the thermal
decomposition of II-VI ar 11I-V- group semiconductor.<The relatively light atoms
which could form gas phase will easily separate with metallic atoms due to the higher
volatility than the one of metallic atoms. For example, the escaped oxygen in ZnO [51]
and the escaped nitrogen in GaN [52]. Therefore, it is reasonable to assume that the
oxygen component near the a-IGZO film surface was preferentially dissociated from
a-1GZO film by the laser irradiation.

The employed Nd:YAG laser is a energy source with high photon energy of 4.16
eV that larger than the optical bandgap of a-1GZO (3.2eV). The laser illumination not
only could stabilize the IGZO TFTs but also could vary the composition of a-1IGZO
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film. By our experiment result that will be discussed in detail later, laser is a feasible
tool to execute contact treatment. Although pulse laser is a valid annealing method
that mentioned before, the effective range of energy density (mJd/pulse cm?) is narrow.
The transfer curves with various energy densities are shown in Fig. 3.14 and the
extracted parameters were listed in Table 3.2. There are three used energy densities
close to the feasible annealing (10.96, 12.28 and 14.24 mJ/pulse cm?). Energy
intensity 10.96 mJ/pulse cm? was referred to the best among the discussed values. The
energy densities exceed the feasible fange betwieen 16.71 to 267.36 mJ/pulse cm? are
useless. Because too low energy density could not make a-IGZO TFTs adequately
stable and too high energy density will make a-1GZO layer excessively conductive.
The energies that could make IGZO-conductive may be appropriate choices for S/D
contact treatment. Base on the experiment resultabove, we employed 4-point probe to
measure the sheet resistance as shown in Fig. 3.15. The sheet resistance at a laser
energy density of 24.0 6 mJ/cm? was roughly 3 orders of magnitude less than that for
an un-irradiated film. Although the higher energy seems better for contact treatment,
excessively high energy density more than 100 mJ/pulse cm?will injury the dielectric
layer and lead to serious current leakage.

Besides, when annealing applies after laser treatment and the content of the
oxygen deficiency is almost to the level of the as-deposited device. This result led to
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an increase in the S/D sheet resistance and degradation of TFTs performance [45]. The
annealing process comes firstly could eliminate this problem, but it will become more
difficult to make the film conductive. We make an assumption which the device after
annealing the atoms arrangement turned into ordered and the conduction parameter
for laser treatment is not like before. The annealing condition we used was furnace
annealing 400°C 1hr with oxygen (O,) flow rate 120 sccm at pressure 0.3 torr. The
reason why used the furnace as this experiment process not the laser is that we wanted
to get rid of the first laser annealing effect and observe the pure laser contact
treatment on the device. After finding this problem, the“laser power increase to find
the conduction condition when device is.annealed. Finally, we find out that the
intensity 96.25 mJ/Pulse’ecm? is the-best condition to treat the film after annealed,
shown in Fig. 3.16. The graph and parameters detail will show in later section.

3-5 UV intensity dependence on a-1GZO TFTs during

Annealing

The effect of illumination time of UV lamp is also discussed in this study. Figure
3.17 presents the transfer characteristics with various UV illumination time and the
parameters extracted from the data in Fig. 3.17 are listed in Table 3.3. The 30 minutes
is the best illumination period among the discussed values (AVty=0V, n=3.49 cm?/ Vs,
V=02V, S.5.=0.71 V/dec. and on/off=2.5x10°). The a-1GZO film becomes
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excessively conductive as the illumination time more than 30 minutes. On the
contrary, the a-IGZO channel will not be annealed adequately when the illumination
time less than 30 minutes. In Fig. 3.18, shows the sheet resistance with different UV
illuminate time. The sheet resistance after 3 hours illumination decreases about 3
orders. The conductivity of a-1GZO channel after annealing with UV lamp could not
achieve the high value that could be attained by pulse laser as shown in Fig. 3.19 even
the illumination time is as long as 3.5 hours. Therefore the pulse laser is more suitable

than UV lamp to define an area on a-1GZ0 film with high conductivity.

3-6 Result of contact pattern:by laser illumination

In this study, the _feasibility of -contact pattern-.by light illumination is
demonstrated. Figure 3.20 1$ the flow charts that present the light pattern procedure.
Before light pattern process, the stack 'of a-IGZO/SiN,/wafer was annealed in furnace
at 400°C for 1 hour. The oxygen flow rate of 120 sccm and the furnace pressure of 0.3
torr were maintained during annealing process. There are three device structures with
various contact treatment were investigated in this study. The source/drain contacts
were patterned by pulse laser illumination directly of the first a-IGZO TFTs denoted
by Sample (A). The second a-IGZO TFT denoted Sample (B) equipped with Ti pads
on the area treated by pulse laser previously to form the source/drain contact. Ti pads

serve as source/drain contacts in the third IGZO TFT which denoted by Sample (C).
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Sample (C) was not subjected any laser treatment. The Ti pads of the IGZO TFTs
mentioned above were deposited by e-beam evaporation. Figures 3.21 and 3.22 is the
diagram of transfer characteristic (Ip-Vg) and diagram of output characteristic (Ip-Vp),
respectively. The figures 3.21 and 3.22 could present the effect of laser treatment on
source/drain contact. Accepted transfer curves of Sample (A), Sample (B) and Sample
(C) in Fig. 3.21 demonstrate that light patterning is a feasible method and that could
be applied in depth for other critic structure like self-aligned top gate TFT. Compare
transfer curves of Sample (A) 7and 'Sample~(C) in figure 3.21, Sample (A)
(15=9.06x10> A) with laser-only:treated source/drain contact shows larger on current
than Sample (C) (1p=6.94x10° A) with metal €lectrode at’Vs=20V. The mobility of
Sample (A) is also larger-than the one of Sample (C). It-could be concluded that the
a-1GZO contact formed by laser treatment is:more suitable than Ti electrode for
electron injection. Chung et al. [53] reported that the portion of contact resistance of
IGZO TFT originated from the bulk of a-1GZO is rather than the one originated from
the interface between the S/D electrode and a-IGZO. The transfer curves of Sample
(B) and Sample (C) were compared in figure 3.21, Sample (B) with laser treated
interface between a-IGZO film and metal electrode present higher field effective
mobility and on current (u=9.78 cm?/Vs, 15=1.44x10"* A at \/s of 20V for Sample (B) ;
u=6.85 cm?/Vs, 1p=6.94x10° A at Vg of 20V for Sample (C)). The result
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demonstrates that laser illumination could effectively improve the interface between
the S/D contact and IGZO channel. In Fig. 3.22 compares Sample (B) and Sample (C),
the laser treatment for contact could increase the saturation current twice for the
a-1GZO TFT structure with metallic electrode (Ip=1.3x10* A at Vg of 20V for
Sample (A); 15=6.94x10" A at V¢ of 20V for Sample (C)). Parameters extracted from
figures, such as mobility, subthreshold swing and on/off ration are listed in Table 3.4.
The performance improvement of a-IGZO TFTs by laser treatment may caused by
reducing contact resistance. It is coinciding withr the data in section 3.3, the devices
without any contact treatment has-lower on current in-lp-Vp diagram as compared
with light treated devices presented in this  section. By our experimental result, it
could be concluded that the laser illumination is not only a feasible post-annealing

method but also a potential contact treatment approach.

3-7 Assumption

3-7.1 Mechanism of mobile carrier trapping

The as-fabricated a-1IGZO TFTs with low-temperature deposition process of
IGZO channel layer was quite unstable before post-annealing. The instability maybe
caused by the defect originated from disorder structure or weak atomic bonding. The

threshold voltage could shift substantially after just few times sequent operation. It
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was observed frequently that the threshold voltage achieved to the value more than
10V during sequent Ip-Vg curve measurement with gate voltage ranging from -15V to
20V. In this study, the a-IGZO channel layers deposited by rf-sputtering without
substrate heating also suffer the instability issue. The arrangement of atoms in 1IGZO
layer deposited by rf-sputtering may be poor that caused trapping defects. Defects are
also potential to form by ion bombardment of sputtering ions (e.g. Ar*). [54] The
defects locate between dielectric and a-IGZO layer are considered trapping centers
that could catch mobile carriers for a non-negligible period, therefore the enlarged
threshold voltage was observed during following measurement. It is assumed that the
defects have ability to catch or scatter mobile electrons. The electron occupied defects
will lose the ability to catch or scatter other .mobile carriers, therefore threshold
voltage will shift little and the mobility will increase during following transfer curves
measurements. [9] The trapping mechanism was shown in Fig. 3.23. The positive gate
bias could induce the electric field near interface between dielectric and channel
layers. The electric field bends both bands in channel and dielectric lays that cause
electron trapping near SiN,/a-1GZO interface, as shown in Fig. 3.23(a). After remove
the bias, the trapped electrons were still not released as shown in Fig. 3.23(b). During
next measurement, the larger positive gate voltage is required to flat the conduction
band, shown in Fig. 3.23(c). Flat band voltage is the starting point to bend the band to
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turn on the transistor. Moreover, we assume that the trapping defects also play as
mobile carrier scattering centers. During earlier transfer curve measurement, there are
lots of un-occupied defects that will make threshold shift and lower mobility as shown
in Fig. 3.24. After earlier transfer curve measurements, the defects will almost be
occupied that induce higher mobility as compared with the value extracted in earlier
transfer curves. This is the possible reasons why the threshold voltage and the
mobility of as-fabricated a-1GZO TFTs will increase following last transfer curve
measurement.
3-7.2 Physical mechanisms of channel‘annealing by light

illumination

During post-light annealing process executed by pulse laser and UV lamp, the
atoms may relax to a more stable state _and/or-get.the enough energy to re-arrange.
The relaxed and re-arranged atoms will align more order whch cause the decrease of
trapping defects. Reducing trapping defects mean reducing the threshold voltage shift
during device operation. Stable threshold voltage is the basic demand for application.
The same mechanism could be employed to explain the furnace annealed a-1GZO

TFTs.
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Fig. 3.24 The un-occupied defects that will make threshold shift and lower
mobility by trapping and scattering the carrier, respectively.
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e VTH n S.S.
Condition W) (cm?IVs) (Videc) On/Off
As-fabricated 1.1 13.12 0.2 5 80x10
Furnace annealing 8
300C in N2 28 9.54 01 3.80x10
Furnace annealing 8
3500 in N2 1.8 6.51 0.95 | 4.30x10
Pulse laser 0.3 6.23 032 | 1.60x10’
uv 0.2 3.49 071 | 250x10°

Table 3.1 The parameters of different post-annealing conditions

Ene(:r%// cl?rﬁ%s'ty \(/\;; (cml;/Vs) (Vsltljse;:.) On/oft
29.71 N/A N/A N/A N/A
24.06 N/A N/A N/A N/A
19.89 N/A N/A N/A N/A
16.71 N/A N/A N/A N/A
14.24 7.8 1.94 169 | 2.10x10°
12.28 2.2 2.16 149 | 1.30x10°
10.69 0.3 6.23 032 | 1.60x10’
10.02 12.6 9.46 012 | 6.50x10’

Table 3.2 The parameters of different pulse laser energy density
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-(rr:]::(; \(/\I; (cmlzl/Vs) (Vsltljse;:.) On/Off
180 N/A N/A N/A N/A
90 N/A N/A N/A N/A
60 N/A N/A N/A N/A
30 0.2 3.49 0.71 | 2.50x10°
20 11.3 11.51 035 | 5.30x10°
10 12.9 10.88 0.75 | 7.00x10°

Table 3.3 The parameters of different UV.lamp illumination time

Sample

Viy
V)

n
(cm?/\Vs)

S.S.
(V/dec.)

On/Off

N

IGZO N

SiNy

(A)

&

8.07

0.22

1.4x10’

1GZO

SiNx

(B)

0.4

9.78

0.61

7
1.3x10

1GZO

SiNx

(©)

3.3

6.85

0.6

7
1.6x10

Table 3.4 The parameters of different UV lamp illumination time
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Chapter 4

Conclusions and Future Work
4-1 Conclusions

In this thesis, we reported the low temperature annealing method based on pulse
laser and UV lamp illumination. Flexible electronics is one of most attractive subjects
recently. Almost flexible substrate is temperature limited that motivated us to develop
a low temperature fabricatable transistor. Pulse laser and UV lamp were demonstrated
in this study to execute effective post-annealing. Except the advantage of low
temperature, the timesaving is also possible. The required exposure times for one
single a-1IGZO TFTs by pulse laser was few seconds, pulse is suitable to treat a local
area. UV lamp could provide a widely homogeneous radiation that is suitable for mass
production. The required exposure time for UV lamp based annealing process is
around tens of minutes. Moreover, UV lamp is economic for manufacture. By our
experiments, we demonstrate the performance of a-IGZO TFTs annealed by light
illumination is comparable with the one treated with furnace annealing at the
temperature of more than 300°C for a period of at least 1 hour. The possible
mechanism to explain the feasibility of annealing is that the disordered structure was
improved by re-arranging the atoms in a-IGZO channel layer and then reducing

trapping defects during annealing process. Thus, annealing could improve
60



performance, stability especially.

Besides, we demonstrate that the pulse laser also could be employed to improve

the contact or pattern the S/D region directly. The devices subjected the pulse laser

treatment perform better by the reduced contact resistance due to conductive a-1GZO

film.

4-2 Future Work

The developed techniques in this study could provide a base to pursuit further

device structure. The stable transistors on temperature limited flexible substrate could

be developed based on the light annealing process:

The top-gate self-aligned thin film:transistor patterned, by light illumination is an

attractive structure for electronic technology. Top-gate” self-aligned structure could

reduce the use of mask and also minimize the parasitic capacitance by reducing the

overlap of gate electrode. Light pattern is potential to replace the expensive ion

implantation and simplify the fabrication process.
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