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Abstract
With a high mobility (>10 cm?/\/s) and-alow threshold voltage (< 5 V) under a low
temperature process, transparent amorphous oxide semiconductor thin-film transistors (AOS
TFTs) draw considerable attention due to their applications on flexible displays. Beside,
a-1GZO is very stable in atmosphere, which makes it an ideal material in sensor technology.
In this study, the sensor structure is based on a-1IGZO TFT with an additional sensing
layer capped above it. a-1GZO active layer is act as electrical transport layer, and the sensing
layer can improve sensitivity significantly to diverse bio-chemical molecules. The sensing
mechanism might be due to carrier transfer or field effect interaction between sensing layer
and a-1GZO0 active layer under sensing process and influenced by the concentration of specific

molecules. This work opens a route to develop low-cost large-area bio/chemical sensor array
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based on the commercialized a-1GZO TFT technology.

Furthermore, we proposed a structure with capping metal layer onto the active layer of
bottom-gate a-1GZO TFT to provide a solution to enhance device performance and threshold
voltage modulation, which does not cause leakage current degradation. In addition, the device
mobility increases significantly after introducing the metal capping layer, and easily oxidized
material caused higher mobility in comparison. It is possibly due to variation of oxygen
concentration in a-1GZO film causing higher conductivity and carrier concentration in region
near the edge and under capping layer assisting carrier transportation. We also propose a
defect reduction effect based on reducing weak-bonded oxygen in a-IGZO film. The results

enable the development of a-1IGZO TFT. for the applications like RFID and display driving.
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Chapter 1 Introduction

1-1 Introduction

1-1.1 Carrier transmission mechanisms of a-1GZO metal oxide

semiconductors

The mechanism of carrier transmission in amorphous oxide semiconductor, a-1GZO, was
discussed in this section. Before reporting the a-1IGZO mechanism, the hydrogenated
amorphous silicon (a-Si:H) transmission mechanism, the.conventional material for flexible
TFTs will be described briefly.,As shown.in Fig. 1.1, 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 the fluctuation of the bonding
angle in the a-Si:H structure. [1] 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. 1.2. 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. [1] 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 principal quantum number is at
least 5 [2] 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. [3,4] The amorphous oxide semiconductors



(AOSs) containing element of Ga was introduced the a-1GZO film which was proposed by
Hosono et al.[12] 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-IGZO film is larger than
65%, the crystalline structure was reported. [7] The crystalline structure in the a-1GZO film
may3 degrade the electrical characteristic while the uniformity was decreased by the disorder

grain boundaries.

1-1.2 Advantage 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. 1.3. Over the past few years, several oxide materials are reported to be the channel material
in TFTs. The polycrystalline®zinc. oxide (ZnO)[3,4], amorphous zinc tin oxide (ZTO) [5],
amorphous zinc indium oxide (Z10)[6];-and amorphous indium gallium zinc oxide (IGZO)[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-1GZO material was insensitive to the ambient light and transparent in visible
region (400nm~700nm). The carrier contraction (n: 10%*~10% cm™) in the a-1GZO 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-1GZO 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 theoxide TFT devices..For the application of a-1GZO TFTs which is
fabricated on the temperature limited flexiblessubstrate, high temperature thermal annealing
may damage the substrates. Development of the annealing method at low substrate temperature

is essential when applying a-IGZO TFTs'to flexible and temperature limited substrates

1-1.3 Body effect of TFT

In the TFT device, the source and body may not at the same potential. It takes potential
(Ve-Vs) = VT to accumulate electrons and form the channel which allows electrons flowing
from source to the drain. If there is an additional bias applied to the body, there should be an
additional voltage supply to reach the electron accumulation condition. Therefore a threshold
voltage shift in TFT transform characteristic can be observed as additional voltage is applied to

the body of TFT.



1-1.4 Introduction to application of non-invasive gas sensors in medical

use

The combination of biochemical and electronic devices provided many advantages in the
field of sensors, calculations, and micro-technologies. There are verity gases can be detected
from human breath, like nitrogen, oxygen, carbon dioxide, and other organic compounds,
which come from metabolism in human body. By analyzing containment of human breath,
doctors can diagnose the state of health in a faster and easier way unlike invasive treatment
causing uncomfortable to patients. As a more convenient way compared to invasive
treatments, low-cost and portable and disposable breath testing sensor is valuable for

developing.

1-1.5 The value of threshold voltage modulation and the related

techniques

Transparent electronics have ‘been-extensively investigated for the past few years for its
possible applications on flat, flexible, and transparent display devices. Metal oxide TFTs
possesses much higher mobility than low-temperature polycrystalline silicon (LTPS) TFTs,
which makes the metal oxide TFT also possible to serve as the driver circuit on the panel. In
addition, metal oxide transistor are quite demanded if we are aiming at transparent logic circuit
applications, for which transparent complementary or one-type channel inverters are required
[19-23] However, because of the poor characteristics of p-type metal oxide TFTs, the reported
logic circuits composed of metal oxide TFTs have been mainly implemented with only n-type
TFTs. Therefore, it has been a main obstacle in making high performance logic circuits. [19]

Furthermore, in modern CMOS technology platforms typically provide up to six different types



of logic core device with different oxide thicknesses and threshold voltages to meet the
requirement of high performance, low-standby power, or low-operating power. For
leakage-aware CMOS circuits, it’s a major challenge to find the optimal tradeoff between high
switching speeds and low leakage currents.

Therefore, body-biasing technique in CMOS circuit design have recently been discussed
to adjust the performance of circuit blocks or complete integrated circuits to required operating
conditions [24,25]. To improve the performance during active region, forward bias voltages are
applied to the body contacts of NMOS and PMOS devices. Forward biasing reduces the
threshold voltages and thus increases the on-current of the devices. Applying reverse bias
voltages raises the threshold voltages, thereby redueing the sub-threshold currents and saving
power in the standby mode. Body biasing_is highly efficient for CMOS technologies with
minimum sizes of 0.3 and 0.2um [26,27]- Campared to:high speed CMOS technologies, device
in low-standby power (LSTP) CMQOS have higher threshold veltage, less aggressively scaled
gate length, and thicker gate oXides. Henceypbody;biasing is in particular promising for

low-standby power CMOS technelogies.

1-1.6 Characteristic of Double gate controlled TFT

Dual gate structure is shown in Fig.1.4., two to three times field effect mobility
compared to single gate structure can be obtained for inducing two channels both in the top
and bottom gate, which also reducing the scattering effect in channels[44,45]. Furthermore,
additional gate provides passivation to the active layer makes double gate structure is more
stable than single one[46]. There are two different gate bias can be applied in dual gate
structure, which gives more dimension in TFT control. As one gate is supplying constant bias,

carriers are driving near or far from the other gate, so the other gate needs an additional bias



to accumulate carrier to form channel. That means the threshold voltage can be control in

several voltages by additional constant bias to one of gates in dual gate structure.

1-1.7 a-1GZO visible light phototransistor with a polymeric light

absorption layer

In previous report [29], an additional capping layer is used to improve the optical
response of a-1GZO as shown in Fig. 1.5, and the additional light current with polymeric
capping layer, forms P3HT/IGZO p-n junction, compared to standard device is due to the
electrons accumulated from back channel in the band bending region near the drain side when
the device is operated in saturationimode, as shown in'Fig1.6. The accumulated electrons
cause threshold voltage shift of a-1GZO TFT.which can be use to sense visible light. As
shown in Fig. 1.7, on currents-of' P3HT-capped and standard devices monitored under pulsed
illumination of 1 Hz frequency, which shows‘rapid-and significant current response is
obtained in the saturation region:(Vps=20and 10 V). In the hinear region, small response is
obtained when Vps=5 V and no response is observed when Vps=1 V. The different results are

attributed to band bending conditions of P3HT/IGZO p-n junction.

1-2 Motivation
In display technology, the threshold voltage should be precisely controlled to achieve
stable current operation. Base on the result of a-IGZO visible light phototransistor [29], the
threshold voltage is very sensitive to carrier concentration on the back channel of a-1GZO
TFT, and can be effective influenced by capping layer’s work function. Therefore, we put
series of metal with different work functions on the back channel of a-IGZO TFT to observe

the variations of threshold voltage shift respect to different work function. If threshold voltage
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of a-1GZO TFT can be controlled by capping layer with different work function, unnecessary
to apply an addition voltage to like in duel gate structure, it is a simple and powerful method
could be applied to display technology.

Furthermore, the capping layer might improve the sensitivity of a-1GZO TFT to detect
bio/chemical molecules. In this study we capped a sensing layer, (poly(3-hexylthiophene)
(P3HT) and copper phthalocyanine (CuPc)) , onto standard device and detect NH3 and acetone,
as vapor sensors. It is important for the development of non-invasive diagnostic breath analysis
system [30-32]. For example, the breath NH3; concentration is higher in patients with liver
diseases or disturbed urea balance (~ 0.7 ppm) than that in normal person (< 0.3 ppm) [32].
Patients with diabetes exhale higher concentration'of acetone than normal persons. Nitric oxide
(NO) gas sensor is important for.asthma attack prevention[32].

The of field effect mobility of a-IGZO=TFT influenced by the capping layer is also an
important topic to investigate. Capping different material and comparing the variation of
mobility were demonstrated in this study. Fhesresult-=might give the way to improve mobility
of metal oxide TFT by introdueing.a capping layer on the channel region, and could be

applied to display technology.
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Fig. 1-2 The carrier transport paths in AOSs [7].
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Fig. 1-3 The overlap between the adjacent orbitals [2].
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Fig. 1-4 Schematic cross section of dual-gate a-1GZO TFT [28]
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Chapter 2 EXPERIMENTAL PROCEDURE

2-1 Device structure and fabrication
Heavily doped p-type Si (100) was used as a substrate and a gate electrode. Figure
2.1 (a) shows a schematic cross-section of the top-contact bottom-gate a-IGZO TFT
structure (b) sensing-layer capped the top-contact bottom-gate a-1GZO TFT structure (c)
metal-capped the top-contact bottom-gate a-IGZO TFT structure are used in this study.
The detail fabrication process including dielectric deposition, a-IGZO film deposition,
source/drain deposition, P3HT capping layer deposition and metal capping layer

deposition are described in the following sections.

2-1.1 Dielectric deposition
The dielectric silicon nitride (SiNx) was-formeg-on all samples with 1000 A using
Horizontal Furnace. Before deposition the active layer, the standard clean was carried
out to remove the contamination on the dielectric surface. The standard clean is
accomplished in two steps, SC1 and SC2. SC1 clean is the first step to remove the
particle on the surface. The process was executed with a mixture of ammonium
hydroxide, an oxidant hydrogen peroxide, and water in a mixing ratio of 1:4:20.
NH2OH:H202:H20 = 1:4:20 (SC1)

The SC2 clean was used to remove metals from the surface. The cleaning process inSC2
contain three solution of HCI, hydrogen peroxide, and water. The mixture ratio inthe SC2
process was 1:1:6.

HCI:H202:H20 = 1:1:6 (SC2)
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2-1.2 a-1GZO film deposition

Generally, pulsed laser deposition (PLD) and ratio frequency (RF) —magnetron
sputter were reported to deposit a-IGZO film as channel [33,34]. In this study, the
rf-sputter with 3-in. circular target: In203:Ga203:Zn0 = 1:1:1 at.% was used to deposit
the a-1GZO film. 35nm a-1GZO channel layer was deposited at room temperature with
a power of 70W, a working pressure of 7mTorr, and an Ar/Oz2 flow rate of 30/0. The
active layer patterning was defined using a shadow mask.

RF sputtering (Fig. 2.2) is a process using radio frequency power supply, operating
at 13.56MHz, to generate plasma in which atoms, ions, and clusters are created to
sputter the target material. The glow-discharge between a target and a substrate, it’s
consists of plasma with an equal number of working gas (Ar).and electrons. The ions
are accelerated towards to the:target by a strong electric field on the target due to the
flux of electrons. Consequently, the ions hit thetarget to eject the target atoms, which
are then re-deposited onto the 'substrate. RF sputtering is performed at low pressure, to
increase the mean free path, the distance between collisions, and to improve the quality

of the deposited film.

2-1.3 Source/Drain deposition

The metal in source/drain contacts was deposited using thermal evaporator. The
base pressure of the thermal evaporator is 4x10-6 torr, and 50nm-thick Aluminum (Al)

is deposited through a shadow mask to form the source and drain contacts.

2-1.4 Post-annealing

After deposition of the electrodes, post-annealing is carried out in the furnace. The
13



annealing process at 350 oC in nitrogen (N2) furnace for 1hr, the base pressure is atmospheric

pressure, and the N2 flow rate is 10 liter per minute (L/min).

2-1.5 Sensing layers deposition

For P3HT-capped devices, P3HT (RR>98.5%, Rieke Metals Inc.) derived from
chlorobenzene (1.5 wt%) was coated on some STD devices in 7000 rpm; the coated devices
were then annealed at 200 °C for 10 min. The thickness of the P3HT film was 20 nm. For
CuPC-capped devices, a 50-nm-thick CuPc (purity >99%, Lumtec) was deposited on the STD
device by thermal evaporation at room temperature with a deposition rate as 0.5 A/sec under

2x10°® torr.

2-1.6 Metal capping layer-deposition

The Body metal capping‘layer on thea-IGZO TFET back channel was deposited
using thermal evaporator. The base pressure of the thermal evaporator is 4x10-6 torr and

the thickness of metal capping layer'is 50nm:

2-2 Analysis instrument

2-2.1 Current-Voltage measurement instrument

In this study, all electrical characteristics were measured by semiconductor

parameter analyzer (Agilent 4156) at room temperature in ambient air.
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2-2.2 Micro-fluid gas sensing system

As shown in Fig. 2.3, various NH3 concentration is obtained by uniformly mixing
various amount of NHz (from a cylinder contains 100 ppm NHz3) with high purity
nitrogen (N2) into a 20-cm-long U-shape tube. The amount of N2 is controlled by a
mass-flow controller. The amount of 100 ppm NHz s controlled by an electrical
syringe pump. The U-shape tube with mixed gas is connected to a micro-fluid
measuring system made by Polytetrafluoroethylene (PTFE) (width = 1 cm, length =
3.5 cm, and height = 0.1 cm). Two Keithley 2400s are utilized to synchronously
generate 20 V (drain terminal) and 5V (gate terminal) pulse each 50 millisecond and

read out the currents.

2-3 Methods of device parameters extraction
In this section, the extractions of.the device parameters are'discussed in details.
The field effect mobility, threshold voltage (VTH), turn on.voltage (Von), the on/off
current ratio (lon/loff), the sub-threshold swing(S:S) are extracted and assessed,

respectively.

2-3.1 Mobility

Mobility is a measurement of the velocity of the carrier move through a
Material[35]. A higher mobility allows for higher frequency response such as the time it
takes for the device to transfer from off state to on state. In the off state, few current
flows through the device. In the on state, large amount of currents flow through the
device. A large mobility means the device can conduct more current. The mobility in

this study was extracted from the saturation region. The device was operated at
15



drain-voltage of 20V, since the threshold voltage was much lower than 20V. The

saturation mobility is determined from the transconductance, define by

NI
m=[—=
g [ 6VG ]VD:const (21)

The drift component of drain current is

1 W
Is :EﬂCox T(VGS —Viy )2 (2.2)

When the mobility is determined, the transconductance is usually taken to be

W uC
m=,[————% (2.3
g 1/ oL (2.3)

When this expression is solved for the mobility, it is known as the saturation mobility

2

Hsar = [W—]Saturation (24)

T COX

2-3.2 Turn-on voltage (Von)

Turn-on voltage (Von) is identified as the gate voltage at which the drain current
begins to increase in a transfer curve. Voncan directly characterizes the gate voltage

required to fully “turn off” the transistor in a switching application.

2-3.3 Threshold voltage (Vth)

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 devices operate in saturation mode

\/E: %ﬂcox (VG —Viy ) (2.5)
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2-3.4 lon/loff current ratio

The lon/loff (0n/off) 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.

2-3.5 Sub-threshold swing (S.S)

Another important characteristic for device application is sub-threshold swing. It is
a measurement of how rapidly the device switches from off state to on state. Moreover,

the sub-threshold swing also represents the interface quality and the defect density [40].
a(log |

G

S= [ 3 ) ]VD =const (2 1)

If we want to have a better performance TFTs, we need to lower the sub-threshold

swing.
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2-4FIGURE OF CHAPTER 2

(a)
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%Vﬁ Dielectric iy%
(b)
IGZ0O

Fig. 2-1 The schematic cross-section of the (a) conventional top-contact

bottom-gate a-1GZO TFT. (b) Sensing layer capped the top-contact bottom-gate

a- 1GZO TFT. (c) metal-capped the top-contact bottom-gate a-1GZO TFT.
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Chapter 3 RESULTS AND DISSCUSION

3-1 Dual gate indium-gallium-zinc-oxide thin film transistor with an

unisolated floating metal gate for threshold voltage modulation

and mobility enhancement

In this study, we proposed a modified double gate a-IGZO TFT that can adjust the
threshold voltage in both positive and negative directions without the additional dielectric layer
and power supply. The control gate metal is formed directly on the back interface of the 1IGZO
active layer. There is no dielectric layer between the IGZO body and the control gate, indicating
a metal-semiconductor (MS) back gate. During device operation, the back gate is floated, and
therefore the power supply for the back gate is.not necessary: The back gate bias (Vgg) is
provided from the intrinsic built-in voltage across the-1GZO body and the back gate. Because
there is no dielectric layer beside the back gate, the control ability of the floating back gate is
better than that of the conventional back gate foermed by a metal-oxide semiconductor (MOS)
diode. By choosing a floating back gate that processes work function higher or lower than that

of IGZO (y6z0), We can significantly move the threshold voltage(from - 5.0 to 7.9 V).

3-1.1 Motivation

According to the experiment results mentioned before [29], threshold voltage influenced
by light induced carriers at the back channel and about -7 volts shift was observed in transfer
characteristic, as shown in Fig 3.1. That means threshold voltage is very sensitive to carrier
concentration at the back channel. If capping materials with different work functions at the

back channel, electrons can transfer inside or outside from the back interface due to the band
20



bending of a-1GZO to the capping material, threshold voltage could be modulated.

3-1.2 The threshold voltage varies with capping metallic layers with

different work functions

The channel width and length are 1000 um and 300 um, respectively. Then, the
150-um-long metallic back gate was deposited on the IGZO top surface of some standard (STD)
devices to form the double gate devices as shown in the inset of Fig. 3.3(a). The capping layer is
located between the source and drain contacts. Various metal materials with different work
functions include calcium (Ca, @ c,=2.78 eV), titanium (Ti, ¢ 1=4.33 eV), copper (Cu,
¢ cu=4.65 eV), and gold (Au, @ A=5.10 eV) were used as the floating back gate. Except Ca,
the thickness of these capped layers is fixed as 60.nm. For Ca, to avoid oxidation, 100-nm-thick
Al is passivated onto the 35-=nm-thick Ca. The threshold voltage and mobility are extracted
from the slope and the x-axis: intercept-of the Vlp-Vgs curve measured under saturation
condition (Vps=20 V, Vs is scanned from -15 to 20 V). Fig. 3.3(a) presents the transfer
characteristics of the uncapped (STD), Ti-capped, Ca-capped, and Au-capped a-1IGZO TFTs.
As compared with the STD device, there are significant Vth shifts of -7.4 V and 5.5 V of the
Ca-capped and Au-capped devices, respectively; a small Vth shift of -1.7 V of Ti-capped device
is probed. Capping a metal layer (a control gate without insulator) on the 1GZO back surface
does not form a current leakage path to increase SS and leakage current. In Fig.3.3 (b), the
slopes of VIp-Vg curves are raised by metallic capping layers, indicating a significantly
improved field effective mobility. Table. 3-1 lists the extracted typical parameters of a-IGZO
TFTs with various metallic capping layers. A tunable Vth ranges from -5.0 to 7.9 V is
demonstrated. Where the threshold voltage shift (AVth) is the threshold voltage difference
between STD device and the floating dual gate (FDG) device. Besides, all these FDG devices
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possess an improved field-effect mobility, a comparable SS (0.16-0.33 V/dec) and a high

on/off current ratio (>2.6x10°).

3-1.3 Mechanism of threshold voltage shift from metal capping.

The back gate bias (Vgg) is contributed from the intrinsic built-in voltage between 1GZO
body and the floating back gate. As shown in Figs. 3.4(a) and (b), before contact, the
Fermi-level in Au and Ca are lower and higher than that of 1GZO, respectively. After IGZO
contacts with Au, the thermal equilibrium is attained with a constant Fermi-level. The electrons
in IGZO flow into Au to form a built-in voltage and a depleted 1IGZO body as shown in Fig.
3.4(c). The system can be regarded as‘a.conventional dual gate TFT that has a control gate with
a negative gate-to-source voltage (always off).The woltage is contributed from the work
function difference,(yIGZO—-yAu). /e, where e is the electron charge. Because Au depletes the
IGZO body, the channel formation on the dielectric will be suppressed and the Vth is increased
(enhancement mode TFT). On the contrary, as shown in Fig. 2.4(d), Ca injects electrons into
IGZO body. The injected electrons‘accumulate near the' interface between 1GZ0O and Ca to form
a channel. The system can be regarded as a conventional dual gate TFT that has a control gate
with a positive gate-tosource voltage _always on_. The voltage is contributed from the work
function difference, (yIGZO—yCa)/e. Because Ca generates a channel on the IGZO back
surface, the Vth becomes more negative to suppress the initially existed channel
to turn-off the device (depletion mode TFT). Due to the thin active layer (e.g., 35 nm), the
devices are operated with a fully-depleted 1GZO body.[36],[37] The proposed double gate
transistor can be regarded as a composition of three capacitors. They are the capacitor of the
bottom main gate (Cg, which is formed by the gate dielectric), the depletion capacitor (Cp,

which is formed by the depleted IGZO body) and the capacitor of the back gate (Cgg, Which is
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formed by the MS back gate contact).[37] In the case of the enhancement mode operation, the
channel forms on the dielectric surface and the body is depleted by the back gate. Therefore, the
channel is located between Cg and Cp as shown in the bottom of Fig. 3.4(c). On the contrary, in
the case of the depletion mode operation, the channel forms on the interface between 1GZO and
the back gate and the IGZO body is depleted by the bottom gate. Therefore, the channel is
located between Cpand Cgg as shown in the bottom of Fig. 3.4(d). Under enhancement mode
operations, the back-gate-voltage dependent threshold voltage shift (dVth) can be estimated by
the formulas as: dVthCe=—dVgs[CpoCscs/Cp+Casc]. Under depletion mode operation, dVth can
be given as dVth[CsCp/Cs+Cp]= —dVpcCpge.[37] Compared to the conventional dual gate TFT
that uses a MOS diode as the back gate; the MS back.gate contact in this study leads to a high
capacitor (Cgg). As a result, a small back gate voltage. (Vsg) can shift the Vth significantly. The
derivation of Vth to back gate-voltage,-dVth7dVsg, 1s @s:high-as 5 for the proposed dual gate

TFT.

3-1.4 Influence of a-1GZO thickness in dual gate structure

For the dual gate structure, the thickness of a-1GZO influences the control ability of main
gate. In Fig 3.5(a), three standard devices with various a-1GZO thicknesses(15nm, 30nm, 50nm)
capped with 80nm of Au, threshold voltage and mobility have strong dependence with a-1GZO
thickness. As show in Fig 3.5(b), threshold voltage become more positive as a-1GZO thickness
decrease indicates back gate becomes more dominant, and its cost higher voltage for main gate
to turn on the device as shown in Fig 3.6 and parameters are listed in Table 3.2. On the
contrary, as the a-1GZO thickness increase, it has barely threshold voltage shift after Au capped.
Mobility is also affected by the thickness of a-1IGZO film, as thickness of a-1IGZO decrease,

higher mobility is measured. This trend might be explained as the reduction of scattering effect
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in dual gate structure or a parasite back channel will be discussed in the next section.

3-1.5 Mobility enhancement and equivalent circuit of dual gate

structure

In this study, 2 to 3 times increment of mobility has been observed, and the voltage
between floating gate and source has been measured as shown in Fig. 3.7. As Vgs larger then
V1, floating gate start to couple the voltage of main gate and induces the second channel under
it. The equivalent circuit is shown in Fig. 3.8, and the voltage of floating gate,
Vpsx(R2/R1+Ry),is influenced by its position. The limitation of mobility is due to two gaps of

uncapped region. If the capping ratio increases, higher mability value can be obtained.

3-1.6 Aninverter comprised of an enhancement-mode and a

depletion-mode a-1GZO TET

An inverter comprised of an enhancement-mode@-1GZ0O TFT (Ti back gate) to serve as a
switch and a depletion-mode a-1GZO TFT (Ca back gate) to serve as the load is demonstrated
as shown in the inset of Fig. 3.9. The voltage transfer curve and the voltage gain of the inverter
is shown in Fig. 3.9. With a supply voltage (Vpp) of 20 V, a signal inversion behavior with a
maximum voltage gain of -39 V/V is obtained. The maximum input voltage that will be
recognized as a low input logic level (V) is 1.6 V. The minimum input voltage that will be
recognized as a high input logic level (Viy) is 2.7 V. The output high voltage (Von) is 20 V and
the output low voltage (Vo) is 0.4 V. The transfer width, defined as V,y—V,., isonly 1.2 V. In
this study, a dual gate IGZO TFT with a floating MS back contact is proposed to modulate the

threshold voltage and to increase the field-effect mobility. The floating back gate has a
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back-gate bias (Vgg) contributed from the built-in voltage between the IGZO and the capping
metal. By using various floating metals, a depletion mode or an enhancement mode dual gate
TFT can be achieved. An improved mobility is also obtained in the proposed FDG TFT. An
inverter comprised of the proposed dual gate a-1IGZO TFTs has a maximum voltage gain of -39

V/V with a supply voltage of 20 V.

3-2 A novel approach to improve biochemical sensitivity
of indium-gallium-zinc-oxide thin film transistor

(1GZO TFT) by capping sensing layer on active layer
Metal oxide semiconductor.has many benefits beyond organic semiconductor for it stable
in operation, low temperature fabrication, simple structure, less insensitive to oxygen and
moisture than OTFTs, and can sensing in liquid surrounding. Base on those characteristics,
metal oxide semiconductor is‘a possible candidate-forsnext generation of biochemical sensor.
However, metal oxide semiconductor is less sensitive to biochemical particles than organic
material, so a sensing layer can be added to solve this problem and sensitivity can be also

improved. By alternating the sensing layer, different biochemical particles can be detected.

3-2.1 Electrical properties of IGZO capping different material

For detect certain gases, we chose P3HT(3-Hexylthiophene)to detect ammonia and
nitride oxide, and CuPC(Copper phthalocyanine) to detect acetone.
To make sure that the capping materials does not cause the damage of electrical properties of
a-1GZO film by measure transfer and output characteristics. Thickness influence of sensing

material is also considered, and electrical characteristics of a-1GZO capped with different

25



thickness of P3HT and CuPC is measured. It shows that IGZO TFT keeps its field-effect
control, and no obvious decrement of mobility has been observed. For P3HT capped device,
threshold voltage varies with P3HT thickness , shown in Fig. 3.10 , can be attribute to the
heating process to solidify P3HT solution in glove box. Glove box is full of N, therefore
oxygen is tend to escape from the surface from 1GZO film under heating process, and it is
reasonable that thicker P3HT capped a-1GZO TFT has lesser threshold voltage shift. For
CuPC capping, deposited under thermal evaporation, does not exhibit large threshold voltage
shift and mobility variation after capping as shown in Fig. 3.11. All parameters are shown in

Table 3.3.

3-2.2 Ammonia sensing properties of-P3HT capped 1IGZO TFT

The responses of standard (STD) a-IGZO JTFT and P3HT-capped a-IGZO TFT to
ammonia are investigated. Drain current variations (Al) of these two devices are plotted as a
function of time exposed to different ammonia concentration in Fig.3.12. Devices are biased at
Ves— V=5V and Vps=20 V. For. STD device, no significant response can be observed when
ammonia concentration is 10 ppm. For P3HT-capped device, an obvious current drop is
obtained when device is exposed to ammonia. After the removal of ammonia, the current drop
is recovered. The ammonia sensing response of a P3HT-based OTFT has been reported with
ammonia concentration ranging from 10 to 100 ppm. [38] In that report, ammonia molecules
behave as acceptor-like deep trap states (or as electron donors) to trap the holes at the
P3HT/dielectric interface, shift the threshold voltage to be more negative and cause a current
drop. In our study, a positive threshold voltage shift is observed when device is exposed to
ammonia as shown in the Fig. 3.14. In our work, a clear response to 0.2 ppm ammonia is

observed as shown in Fig 3.15. The sensing sensitivity is also strongly influenced by the
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thickness of P3HT. When the thickness of P3HT increases to be 70 nm, the response to 10-ppm

ammonia becomes almost invisible as shown in the in Fig 3.13.

3-2.3 Nitride oxide sensing properties of P3HTand PbPC capped 1GZO

TFT

A typical oxidizing gas, nitric oxide (NO), is used to stimulate the P3HT-capped device.
Drain current variations (Al) of STD device and of P3HT-capped device are plotted as a
function of time exposed to different NO concentration in Fig.3.16. Devices are biased at
Ves—Vm=28.6 V and Vps=20 V. When standard device is exposed to NO gas, a slow current
drop is observed. The current drop:is not able to be recovered even when NO is removed. The
slow and irreversible responseiis due to the slow adsorption.and desorption of NO molecules on
the oxide semiconductor thin-film, [32]. When P3HT-capped a=IGZO TFT is exposed to NO,
on the contrary, a fast current’increase IS.observed. A fast recovery behavior is also obtained
when NO is removed. The P3HT capping successfully bloeks the reaction between NO and
a-1GZO film. The sensing behavior is, dominated by the reaction between NO and P3HT in
which NO molecules act as oxidizing agents to withdraw electrons from P3HT.[39] The
positive potential on P3HT film helps to turn on the transistor and thus increase the current of

a-1IGZO TFT.

3-2.4 Acetone sensing properties of CuPC capped IGZO TFT

Copper phthalocyanine (CuPc) is capped onto the back channel of a-1GZO TFT to detect a
kind of reducing gas, acetone, which is an index gas in the breath of patients with metabolic
disease like diabetes mellitus.[31] Drain current variations (Al) of standard device and

CuPC-capped device are plotted as a function of time exposed to different acetone
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concentration in Fig. 3.17. Devices are biased at Vgs— Vty=0.5 V and Vps=1 V. For standard
device, no clear response to acetone can be observed, indicating a weak charge transfer
interaction between the a-1GZO and acetone at room temperature. For CuPC capped a-1GZO
TFT, on the contrary, a fast, sensitive, and reversible response to acetone is obtained. The
response current variation ratio (Alps/lp when sensing time is fixed as 120 sec) is plotted as a
function of acetone concentration in Fig. 3.18 A linear relationship is observed. The sensing
sensitivity is as high as 100 ppb and is promising to be used to distinguish healthy humans (<

900 ppb) and diabetes patients (> 1800 ppb).

3-2.5 Sensing mechanism of hybrid 1GZO gas sensors

The organic layer and the @-1GZO film form a'p-n junction. Oxidizing or reducing vapor
molecules act like electron aceeptors or electron donors to.change the potential of the organic
sensing layer and thus change'the energy band.equilibrium of the p-n junction. As a result, the
current of a-1IGZO TFT is significantly changed.-The proposed mechanism has been utilized to
form a sensitive visible light sensor in previous report: [29] In that work, visible light absorbed
by the organic capping layer produces electron-hole pair, injects electrons into a-1GZO film,
and changes the TFT threshold voltage. In another work, we capped various kinds of metals
onto the back interface of a-IGZO TFT. The built-in potential between the floating capping
metal and a-1GZO is utilized to adjust the device threshold voltage. The capping layer is served
as a floating second gate to influence the characteristics of a-IGZO TFT as shown in the Fig.
3.19. When the organic sensing layer (OSL) is exposed to oxidizing or reducing gases, the
potential of the OSL is changed. Since the OSL is treated as a floating second gate, the potential
variation of the OSL significantly influences the current of the a-1IGZO TFT.

Ammonia molecules absorbed onto P3HT act like reducing agents to inject electrons into
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P3HT. The negative potential on P3HT layer, the second gate, shifts the threshold voltage to be
more positive and produces a current drop in a-1GZO TFT. The sensing sensitivity is high

because the threshold voltage is sensitive to the body potential.

3-2.6 The relationship between sensitivity and gate bias

An interesting gate-bias-dependent sensing sensitivity is also found when changing the
bias conditions during sensing. As shown in Fig. 3.20, the current variation ratio (Alps/lp) is
plotted as a function of time when devices are exposed to 5-ppm acetone and recovered in pure
nitrogen under different bias condition. When Vgs—Vm =5V and Vps=1V, Alpg/ly is less
than 0.04 and is similar to Alpg/ly .0f the floating gate.condition, implying that the sensing
mechanism is similar to a ehemical resistor rather than a chemical transistor. When
Ves—Vm=0.5 V and Vps=1 \, ‘Alps/lp is improved 5.5-times and reaches 0.22. The
gate-bias-dependent sensitivity can be explained as follows. When Vgs is large, the channel
carriers are mostly induced and contrelled by Vgs. . The potential variation of the OSL (i.e. the
second gate) caused by the charge transfer between acetane and the OSL is much smaller than
Vgs. Thus, the channel current has only a weak response to the acetone molecules. When
Ves—Vi=0.5V, the potential variation of the OSL is comparable to Vgs— V1n. The channel
current is then significantly influenced by the charge transfer between the OSL and gas

molecules.
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3-3High mobility a-1IGZO TFT with Ca/Al capping layer

In the previous experiment, we capped different metals on the back side of a-IGZO TFT,
shown in Fig. 3.3, and an interesting result has been found. The mobility of Ca/Al capped
devices is always higher than others, and more the 10 times mobility enhancement can be
reached by Ca/Al capping.

In this section, a set of experiments have been demonstrated to investigate the high
mobility effect (about than 10 times increment) found in Ca/Al capped a-IGZO TFT. The
comparison of Ti capped and high mobility Ca/Al capped devices are shown in Fig.3.21, and

listed in Table 3.4.

3-3.1Transfer characteristics and time decay of Ca/Al capped TFT

After Ca/Al capping, we-trace the device for’50 days, as shown in Fig 3.22. Variation of
threshold voltage and mobility during 50" days is shown in“Fig 3.23. As Ca/Al capped,
threshold voltage became negative: To explain the threshold voltage shift, the work function of
Cais 2.8 eV, much higher than the Fermi level.of a- IGZO (~ 4.5 eV). And the shift of threshold
voltage can be explained by the electrons injection from calcium into a-IGZO due to the work
function difference as a back gate discussed in section 3-1. A negative gate bias is needed to
deplete the active layer and to turn off the device. When devices are exposed to air, the rapid
oxidation of Ca eliminates the threshold voltage shift. An explanation includes two
mechanisms is proposed for mobility surge compare to cap with other metals (eg. Al, Ti, Au)
demonstrated in section 3-1. The first mechanism is that, for metal oxide semiconductors,
oxygen vacancies can be regarded as doping forms highly conductive regions cause high
mobility, and variation of oxygen concentration in a-1GZO film due increment of oxygen
vacancies at the edge and under Ca capping layer due to the formation of Ca-O bonds.
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Gradually decrement of mobility after exposed to air can be explained as the reduction of
oxygen vacancies in oxygen rich surrounding.

The second mechanism is defect reduction in a-1GZO film after eliminated weak-bonded
oxygen by oxidation of Ca, by forming Ca-O, and that may reduce the shallow traps in metal
oxide semiconductor and lower energy barriers which limit electrons transport. After 30 days,
the device has threshold voltage around -0.5 and mobility about 90cm?/Vs, the device

becomes stable and keeps high mobility. Detail parameters are listed in Table 3.5.

3-3.2.Stability test of Ca/Al capped 1GZO TFT

Stability is also an important.issue to know if Ca/Al capping causes degradation of
a-1GZO film, which limits this,work in practical application..A positive bias stress (PBS) and
negative bias stress (NBS) isidemonstrated. (V-V+=20 for.PBS and V-V=-20 for NBS, and
Vp was not supplied during bias stress.) The transfer characteristics and threshold voltage shift
as shown in Fig. 3.24. After same bias:time, similar voltage shift for Ca/Al capped and standard

device indicates Ca/Al capping doesn’t-degrade the stability.

3-3.3.a-1GZO0 thickness effect of Ca/Al capped TFT

The a-1GZO thickness effect of Ca/ Al capped device is investigated, and the mobility
enhancement effect become inferior when IGZO thicknesses increases as shown in Fig. 3.25
Table3.6 lists the extracted parameters for standard (in parentheses) and Ca/Al capped devices
with various a-1GZO thicknesses. As discussed before, we supposed the mobility surge after
Ca/Al capped attribute to the reduction of shallow traps in a-1GZO film at the interface of
Ca/a-1GZO. The defect reduction effect is very sensitive to the distance of Ca/a-IGZO interface
and the front channel of bottom gate a-1IGZO TFT, and this result supports defect reduction
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postulation for the trap-reduction effect is suppressed when the front channel is far from the

Ca/a-1GZO interface.

3-3.4 Measurement in glove box

Glove box maintains experimental surrounding under low oxygen (<0.1ppm) and low
moisture (<0.1ppm) condition, which provides a stable environment to observe variations of
device electrical characteristics caused by oxidation of Ca. The capping procedure and
electrical measurement has been conducted in glove box. To prevent gate leakage current due to
the large pad for measuring in glove box, thicker insulator (200nm) is used. The length and
width are 600um and 1000um respectively, and the capping ratio is kept the same (capping
length is 300um).

Firstly, comparison ofsmeasure standard. device inside and outside glove box is
demonstrated, and a little threshold voltageshift and mobility increment were observed as
shown in Fig.3.26. The variation of transfer characteristic can be explained as the variation of
oxygen concentration and carrier concentration of a-1GZQ back interface. After Ca/ Al capping,
observation in several days are shown in Fig. 3.27 and Table 3.7. The mobility increase 10
times and the threshold voltage recover become much slower compared to observe in air can be
explained as slower oxidation rate of Ca keeping the carrier injection by work function
difference and, however, mobility is still gradually decrease. In this experiment, we found the
threshold voltage shift (caused by electrons injection) is unlikely to have strong relationship
to mobility surge effect, therefore, the main we suppose the mobility surge is mainly caused

by the defect reduction effect.
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3-3.5 Unannealed a-1GZO device capped with Ca/Al

The unanneled a-1GZO film has larger subgap DOS and shallow traps than annealed one.
Ca/Al is capped on a-1GZO without thermal annealing to investigate if Ca/Al capping can
reduce the shallow defects by reducing weak-bonded oxygen in a-IGZO film and improve
electrical conductivity and stability. As shown in Fig3.28 (a) a-IGZO film without thermal
annealing with high electrical resistance shows no field effect turn on. After Ca capping, the
conductivity of 1IGZO film has much improved, which can be explained as large amount of
weak-bonded oxygen were removed from a-IGZO film by formation of Ca-O bonds. Then the
device has been placed for several days (8 days) and measured again, it showed well transfer
characteristic and output characteristic, Fig 3.28(b), result from reduction of shallow traps in
a-1GZO film.

We also checked the stability by measured 7 times in.sequence, and compared the result
with uncapped one, as shown‘in Fig 3.28 (c)‘and (d). The Ca/Al capped device is more stable

the uncapped one, which indicates bulk defects is suppressed by capping.

3-3.6 Similar behaviors of Si oxide capped to Ca/Al capped 1IGZO TFT

To understand relation between mobility increment and the oxidation of capping layer,
several materials is capped on a-IGZO film and compared the mobility variations, as shown in
Fig 3.29 and Table 3.8. For oxide with the highest oxidation state (can’t be oxidized anymore),
the mobilities does not increase significantly after capping, even decrease for HfO,. However,
SiO greatly enhance the mobility, which mainly is best considered as an inhomogenous
mixture composes of Si and SiO; [47, 48] at the interface of SiO/a-1GZO. Si might lower
oxygen concentration by forming oxide as the interface of SiO/IGZO in a-1GZO like Ca. And
the result indicates oxidization tendency of capping layer has strong relationship with the

33



mobility surge. Materials can reach higher oxidized valance number and are possible
candidate to cause mobility surge.

Then we investigate the mobility decay after capping of SiO, as shown in Fig. 3.30 and
Table 3.9. It shows that the mobility decrease much faster than Ca/Al capped device, and we

guess the faster decrease rate is due to rapid decrement of oxygen vacancies.

3-3.7 Activation energy extracted from Ca/Al capped device

To verify the trap-reduction mechanism is to compare the activation energy of the standard
and the Ca/Al-capped devices. Thermal stress has been conducted to extract the activation
energy. The transfer characteristics of standard and of Ca/Al capped devices under different

temperature are shown at Fig.3.31 (a).and (b), respectively The Arrhenius plots fitted by the

Ea
- . . _ _E
following equation: 1, =1,,e

for the standard device and: of Ca/Al-capped..device are shown in Fig. 3.31(c) and(d),
respectively. The extracted activation energy of these-two devices are compared in Fig. 3.32.
The x-axis represents the gate bias minus the initial (room-temperature) threshold voltage.
Apparently, devices with Ca/Al capping layer-exhibit lower activation energy than the standard

ones, suggesting that the energy barrier for electron transport is lower in Ca/Al-capped devices.

3-3.8 XPS analysis of Ca/Al capped device

Finally, XPS analysis is used to exam the variation of oxygen concentration caused by
Ca/Al capping. We supposed that the oxygen concentration of a-IGZO film is lower near the
edge and under the Ca/Al capping layer for the formation of Ca-O bonds. A clean glass
substrate is prepared with 30nm a-1GZO film above, and half of it was capped with 20nm Ca
layer. We analysis two points, one is near the Ca capping layer and one is far from it as show in

Fig. 3.33(a) The C 1s at 284.6eV was used as the reference to calibrate the energy positions of all
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detected peaks. The O 1s peak can be fitted to three nearly Gaussian functions, centered at
530.1540.15, 531.25+0.2, and 532.4+0.15 eV, respectively [40]. The highest binding energy (BE)
located at 532.4+0.15 eV indicates the presence of loosely bond oxygen on the surface of the metal
oxide film. This oxygen belongs to a specific species, -CO3, which is adsorbed H20 or adsorbed O2
[40, 41, 42]. The lowest BE, which occurs at 530.15+0.15 eV, is attributed to Oz2- ions surrounded by
In, Ga, or Zn atoms with their full complement of nearest-neighbor Oz2- ions [40, 42]. The medium
BE centered at 531.25+0.2 eV may be associated with Oz2- ions in the oxygen-deficient regions
within the matrix. The variation intensity of the medium BE is connected to the concentration of
oxygen vacancies [40, 42]. Generally, metal oxide films with a higher concentration of oxygen
vacancies exhibit higher carrier concentration and conductivity. [43] The analysis results is shown
in Fig 3.33(b).

After fitted our results with.three Gaussianpeaks, asshown in Fig. 3.33(c) and (d), the highest
binding energy 532.4 is nearly'no contribution. ‘Fhis can be explained as very few H20 and Oz 0n
the surface of a-IGZO film dué to one'day in-high-vacuum condition (<10°®) before experiment,
which cause desorption of attached molecules (ex:H20, 0,) on the a-IGZO surface. The
component due to the the medium BE centered at 531.25+0.2eV is increase from (area ratio)
0.218to 0.322, which indicates higher concentration of oxygen vacancies exhibit higher carrier
concentration and conductivity near Ca capping layer. The result supports lower oxygen
concentration near the edge and under Ca capping layer. However, we need more experiment to
verify Ca is not only reduce the oxygen concentration in a-IGZO film by forming Ca-O bonds, but

also reduce shallow defects by removing weak- bonded oxygen in a-1GZO film.
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3-4FIGURE OF CHAPTER 3

Threshold Voltage Shift (V)

Fig. 3-1 The threshold voltage shift as a function of illumination time of standard device
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\
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and P3HT cappeda-IGZO TFT:[29]

Fig. 3-2 The (a) standard and (b) metal capped device.
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Fig. 3-3(Color online) (a) The transfer characteristics and (b) the square root

of drain currents plotted as a function of gate voltage of uncapped, Ca capped,

Ti-capped, and Au-capped a-1GZO TFTs.
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Table. 3.1 The extracted parameters of a-1IGZO TFTs with various metallic capping

layers.
@ AVy, Vin I 5SS

(eV) (V) (V) (cm?/V s) (dec/V) On/off
Ca 2.78 —7.4 —5.0 33.2 0.33 2.6 108
Ti 4.33 —1.7 0.7 23.0 0.16 5.7x 108
Cu 4.65 0.6 3.0 17.3 0.23 4.1 10°
Au 5.10 5.5 7.9 22.8 0.27 4.5x 108
STD E 2.4 9.2 0.27 3.5% 108
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dual gate IGZO TFT and (d) the depletion mode dual gate IGZO TFT.
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various a-1GZ0O thicknesses.

Table. 3.2 Extracted parameters from Au capped IGZO TFT with varies IGZO

thicknesses.

1GZ0O
Vr (V) Von (V) | (cm?Vs) | S.S. (dec./V) |  On/Off
thickness
15nm 11.2 4.6 25.6 1.14 1.30E+08
30nm 6.9 3.9 18.55 0.17 1.40E+10
50nm 4 2.8 15.42 0.09 3.70E+08
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Fig. 3-7 The voltages of drain and floating gate reference to source of Al capped

a-1GZO TFT.
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Table. 3.3 Extracted parameters from P3HT and CuPC capped 1IGZO TFTs.

M M max S.S.
Sample VT (V) Von (V) On/Off
(cm?Vs) | (cm?Vs) | (dec./V)

STD -0.2 -1.0 10.32 10.79 0.22 1.8E+7
P3HT:20nm| -13.1 -18.7 11.78 12.38 1.32 1.00E+6
P3HT:70nm| 1.4 -1.1 10.69 12.83 0.28 2.20E+06

CuPC 4.4 1.5 8.1 9.62 0.56 2.40E+06
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Fig. 3-12 Sensing Response of 20nm P3HT-capped device monitored under various
concentration of NHs. The inset shows sensing response of standard device is monitored

under 10ppm NHs.
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Table. 3.4 The transfer characteristics of Enhancement TFT (Ti capped a-1GZO TFT)

and the Depletion TFT (Ca-capped a-1GZO TFT)

Vr (V) i (cm®INs) S.S. (dec./V) On/Off
Ti.-capped 0.7 22.95 0.16 5.7x10°
Ca-capped -6.6 107 1.19 4.2x10°
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Fig. 3-23 Variation of threshold voltage and mobility during 50 days.

Table.3.5 Transfer characteristics and time decay of Ca/Al capped TFT

(SA7,w2) ANjIqOIN 19843 pIal

Length M M max S.S.
Sequence | Sample VT (V) | Von (V) On/Off
(M m) (cm2/Vs) | (cm2/Vs) | (dec./V)
Ca/Al 4-3-2. 300 -25.1 -30 160.02 178.83 0.76 2.90E+06
1 day 4-3-2. 300 -14.6 -18 170.39 188.72 0.44 1.50E+08
5 days 4-3-2 300 -5.1 -6.8 151.61 167.08 0.23 4.5E+08
10days 4-3-2 300 -5.0 -6.4 135.83 149.52 0.2 1.2E+09
20 days 4-3-2 300 -12 -2.4 117.58 128.74 0.16 2.7TE+09
30days 4-3-2. 300 -1 -2 110.66 122.15 0.16 5.50E+08
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40days 4-3-2. 300 -0.4 -1.4 96.74 106.61 0.16 9.20E+08
50days 4-3-2. 300 -0.7 98.7 108.66 0.22 7.20E+08
Standard | 1-3-5. 300 14 0.1 12.11 16.33 0.11 1.80E+08

Drain Current(A)

Fig. 3-24 Transfer characteristics measured at (a) Standard and (b) Ca/Al capped device

as a function of stress time. (c) threshold voltage shift of standard and Ca/Al capped
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Fig. 3-25 Transfer characteristics of Ca/Al.capped devices with various a-1GZO
thicknesses. The inset shows the initial transfer:characteristics of uncapped devices with

various.a-1GZ0O thicknesses.

Table. 3.6 Extracted parameters for standard (in parentheses) and Ca/Al capped devices

with various a-1GZO thicknesses

lS,O LS‘.

Thickness  Vy (V) Vo (V) p(cm’Vs) (dec./V)

On/Off

60nm  -16.5(-2.8)  -22  32.28(7.2) 0.5 4.4x108

30nm -10.1(1.2)  -13.8  83.14(11.4) 0.34 1.80x10%

15nm -3.5(1.9) -9.4  135.05(13.6)  0.35 4.4x10%
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Table. 3.7 Transfer characteristic of Ca/Al capped device measured in glove box during

7 days.
Length M M max S.S.
Sequence VT (V) | Von (V) On/Off
(M m) (cm2/Vs) | (cm2/Vs) | (dec./V)
Standard 600 -0.6 -3.5 11.3 13.59 0.61 |1.30E+06
4 days 600 -25.2 -30.6 92.07 98.65 0.36 |8.60E+07
7 days 600 -22.8 -28.4 80.55 86.04 0.91 4.4E+06
'"re T v
10° 50x0°} (b) ;
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I | 400’k oV e
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Fig. 3-28 (a) Transfer characteristic of unannealed device capped with Ca/Al. (b) The
output characteristic of Ca/Al capped device measured after 8 days. Variation of(c)

unannealed and (d) Ca/Al capped device during 7™ measurements in sequence.
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Fig. 3-29 Comparison of transfer characteristic of a-1GZO TFTs capped with different

oxide.

Table. 3.8 Extracted parametersiof a-1GZO TFTs capped with various oxides.

Sample |Length (um) | VT (V)| Von (V) |p(cm2/Vs) > On/Off
(dec./V)
Standard 300 1.2 0.1 14.69 0.10 1.30E+08
SiO 300 -13.46 -16 114 0.24 1.5E+08
HfO; 300 1.8 0.4 7.38 0.18 2.0E+08
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Fig. 3-30 Variation of transfer characteristic of SiO capped device after 3 days

Table3.9 Extracted parameters of Si© capped device after 3 days

1) L max S.S.
Sample |Length (um){VT (V){Von(V) On/Off
(cm2/\/s) | (cm2/Vs) | (dec./V)
SiO 300 -13.46 | -16 114.19 | 116.81 | 0.24 |1.50E+08
3 days 300 -3.89 | -3.8 17.59 25.87 0.1 |1.20E+09
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Chapter 4 CONCLUSIONS AND FUTURE WORK

4-1 Conclusions

Firstly, a dual gate IGZO TFT with a floating MS back contact is proposed to modulate the
threshold voltage and to increase the field-effect mobility. The floating back gate has a
back-gate bias (Vgg) contributed from the built-in voltage between the IGZO and the capping
metal. By using various floating metals, a depletion mode or an enhancement mode dual gate
TFT can be achieved. An improved mobility is also obtained in the proposed floating double
gate TFT. An inverter comprised of the:proposedsdual gate a-1IGZO TFTs has a maximum
voltage gain of -39 V/V with a supply voltage of 20 V.

Secondly, we successfully demonstrated: @ “sensitive -gas sensor based on hybrid
organic/inorganic a-1GZO TFT. The organic sensing layer is capped onto the back channel of a
conventional bottom-gate top-contact a-16Z@~FFF»When the sensing layer contacts with
oxidizing or reducing gas molecules, charge transfer between the sensing layer and the gas
molecules changes the potential of the sensing layer. The variation of the sensing layer potential
can be detected by the underlying a-1GZO TFT since the sensing layer is served as a floating
second gate. The proposed hybrid sensor combines the advantages of both organic and
inorganic semiconductor materials. The organic semiconductor material easily reacts with
bio/chemical molecules to cause the charge transfer. The charge transfer is then amplified by
the underlying transistor and the sensing current is delivered by the channel in a-1GZO film
with high electron mobility. The demonstrated sensitivity to 100-ppb acetone and 100-ppb
ammonia enables the device to be developed for non-invasive diagnostic of patients with
diabetes or liver diseases.

Finally, we used a strong reduction layer (calcium/aluminum dual layer) capped onto the
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back interface of conventional bottom-gate top-contact a-1GZO TFTs. A high mobility (90-180
cm?/V/s) is obtained. A trap-reduction mechanism due to the removal of weak-bonded oxygen
by calcium capping is proposed to explain the greatly enhanced mobility. The results enables

the development of a-1GZO TFT for the applications like RFID and display driving.

4-2 Future Work

For the biochemical sensors, the selectivity is also an important issue. In this study, we
improved sensitivity by capping different sensing layer onto a-IGZO TFT, but we didn’t choose
material with have high selectivity. Therefore, we can cap materials with high selectivity or
adept functionalize our capping layer to obtain both sensitivity and selectivity.

Although high mobility is obtained by capping.Ca/Al.as a reduction layer, the detail
mechanism is still unclear. Aceording to experimentresults, it isssure that oxygen concentration
is lower in near the edge and under Ca capping layer of a-IGZO film, which cause higher carrier
concentration and conductivity, but mere-evidences is.in need to prove mobility improvement is
due to remove weak bond oxygen and-cause defect«reduction in a-1IGZO. Extraction of the

density can give us more information about that.
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