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Student : Cheng Wang Advisor : Prof. Hsiao-Wen Zan
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National Chiao Tung University

Abstract

Solution-processed indium-gallium-zinc-oxide TFTs had been studied for many
years. The most attractive is the low cost fabrication processes, high transparency and
large band gap. However, the performance on solution processed metal-oxide TFTs is
not stable, it need high annealing temperature (>400°C) to achieve high performance
device characteristics. Therefore, decreasing the annealing temperature to obtain high
performance solution processed metal-oxide TFTs is an important issue, some people
proposed that increasing the Gallium concentration will decrease the annealing
temperature form >400°C to 200°C, and increase the annealing time will achieve high
performance in low annealing temperature.

In this study, we fabricated the conventional thin-film transistor with different

composition metal-oxide semiconductors, such as ZnO, GZO, and IGZO. In order to
I



achieve high mobility, bottom-gate metal-oxide TFTs with low annealing temperature,
we tested some methods such as adjusting different composition of metal-oxide
semiconductor and adjusting different stirring temperature. As a result, we found the
best electric characteristic on 1GZO thin-film transistor and the annealing temperature
could decrease to low than 400°C and exhibited a mobility of 0.1 cm?*Vs™,

Additionally, we used above best result to cap SiO on the back channel of
metal-oxide film, and we found that the mobility increased obviously with increasing
the percentage of capping ratio. We also discussed some possible physical mechanism
on it. The optimized electric characteristic of indium-gallium-zinc-oxide TFT was
attained a mobility around 15 cm?V*s?, sub-threshold swing of 0.4 V/decade, on/off
ratio 0fx10° and V1 of 0.11 V in high annealing temperature (600°C); we could get a
mobility of 1 cm*Vv*s™ in low annealing temperature (400°C).

The same result was found in dual gate thin-film transistor with capping Calcium.
The physical mechanism was different from capping SiO.

Here we discussed a lot of possible mechanisms of indium-gallium-zinc-oxide
thin-film transistors and it’s useful for future developing for high performance

metal-oxide TFTs.
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CHAPTER 1

INTRODUCTION
1-1 An overview of metal-oxide semiconductors thin-film transistors

Thin-film transistors (TFTs) based on metal oxide semiconductors are considered

as a promising candidate for next generation semiconductor [1]. Applications of

liquid-crystal displays, electrophoretic displays, and especially organic light-emitting

diode displays by using metal oxide TFTs (AMOLEDS) has attract much attention for

it in recent years. There are many metal-oxide semiconductors, such as Zinc-oxide

(ZnO)[2-5], zinc-tin oxide film, gallium-zinc-oxide (GZO)[6], indium-zinc-oxide

(12O)[7], indium-gallium-zinc-oxide (1GZO)[8-9], Magnesium-indium-zinc-oxide

(MIZO) have attracted more interest because it have many advantages[10] :

1. High optical transparency because originating from their large band gap (>3eV)

and transparent in visible region.

2. Excellent environmental stability.

3. Low temperature film processing compare with conventional amorphous silicon.

4. Low cost in fabricating the device

The metal-oxide film could be processed by many ways, including reactive

evaporation, RF -sputtering, dc and ion sputtering, chemical vapor deposition (CVD),

spray pyrolysis, pulsed laser deposition and molecular beam epiaxy. For example, the



amorphous IGZO thin films can be fabricated at low temperature(~400°C) by
physical vapor deposition such as magnetron sputtering, and the TFTs using 1GZO
channel exhibit excellent performance. (Field-effect mobility >10 cm?V7's?,
sub-threshold swing (S.S.) <0.2 V/decade [8-9]).

Up to now, most of the methods not suited for cost down the process, and it can’t
be make for large area coating. So far , some inexpensive processes ,like spin-coating,
ink-jet printing, chemical-bath deposition, offer solution to fabricate the device in the
air and with low cost , has attractive more attention because it can applied as channel
materials in TFTs.

The solution processed metal-oxide thin-film transistors is one of methods to
fabricate metal-oxide film. This enables to produce large area and easy-produce
without expensive machine. Generally, Most solution-processed metal-oxide
semiconductors TFTs often require a high post-annealing temperature (>400°C) to get

high-performance. However, below 400°C, few TFTs function is observed. [11-12].

1-2 Carrier transmission mechanism of metal-oxide semiconductors

Compared to indium-gallium-zinc-oxide and the  conventional
material-hydrogenated amorphous silicon (a-Si:H) transmission mechanism, the
a-Si:H material composed with covalent bonds of sp* orbital was easily affected by
the ordering of the structure. As shown in Fig. 1.1 [13] The electronic levels and trap

states was influenced by the fluctuation of the bonding angle in the a-Si:H structure
2



[13-14]. However, the amorphous oxide semiconductors (AOSs) are quite different.
As 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) orbital with isotropic shape. [13-14].

For indium-gallium-zinc-oxide film, each element in this ternary material
showed various characteristics to affect the parameters of TFTs. A high concentration
of Indium atom is expected to generate high carrier concentrations [15]. Since indium
is a big atom and easy to lose electrons while the oxygen is a small atom and easy to
get electrons from Indium. The released electron from the element of Indium may
move to the conduction band when the composition of indium-gallium-zinc-oxide is
lacked for oxygen [16]. It will enhance the carrier transport during the operation in
TFTs. Gallium is chosen because of atomic radius of Gallium is closed to Indium.
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. And
the increase of Gallium doping is seemed to decrease the processing temperature to S.
J. et al. reported [17]. It suppresses the electron injection and induces the oxygen ions
escaping from the indium-gallium-zinc-oxide film, providing relative high stability to
the device. [18] Compared to the carrier concentration in the material of 1ZO (~10%

cm™®), smaller carrier concentration of 1GZO (~10" cm™) was observed. [18-20]



However, Gallium helps the carrier concentration of the indium-gallium-zinc-oxide
film to be controlled easily. The element of Zinc in the indium-gallium-zinc-oxide
film was reported to affect the crystallization of the thin film. When the ratio of the
Zinc atoms in the indium-gallium-zinc-oxide film is larger than 65%, the crystalline
structure was reported. [16] The crystalline structure in the indium-gallium-zinc-oxide
film may degrade the electrical characteristic while the uniformity was decreased by

the disorder grain boundaries.
1-3 Annealed temperature for metal-oxide film

Low temperature process metal-oxide TFTs consist unstable characteristics of
performance. Large energy must be given to rearrange atoms which limited the
develop of fabricating at low temperature. Some people increased annealing time at
low temperature to replace the short time anneal at high temperature [32]. It was
reported that doping Gallium could decrease the annealing temperature(~250°C) and
the mobility is ~0.002 cm?V's™. K. B. et al. reported a solution processed low
temperature (below than 250°C) metal-oxide thin-film transistors and exhibited

excellent linear mobility (>10 m*Vs™) [24-25].

1-4 Formation Mechanism of indium-gallium-zinc-oxide thin-films

Different post-annealing temperature result the different thermal behavior of the
synthesized homogeneous IGZO sol was investigated [7], and the formation

mechanism for the fabrication of the film was discussed. Accord to G. H. Kim et al.



reported [26-28], the TG-DSC curve (see Fig. 1.2) show a significant mechanism. The
IGZO sol-gel precursors transfer InGaZn,Os film has three steps when increased the
post-annealing temperature. At 60~130°C, the IGZO precursors decompose and
hydrolysis are shown in (formula (1)). Because the large weight loss in Fig 1.2, the
Zn(OAC),-2H,0, In(NO3)3-xH,0, and Ga(NOs);-xH,O were decomposed and then
hydrolyzed to M—OH, such as Zn(OH),, In(OH); and Ga(OH)3 with the help of MEA.
Since the MEA (weak base) is considered as a stabilizer and help decompose of weak
acid. The large weight loss because the amount of impurities was evaporated at the
first step. In the second step, the Dehydroxylation and alloy is observed due to the O
—H bond damage and the metal-oxide formation in 190~210°C (formula (2)). The
third step is the amorphous 1GZO transfer to poly-crystalline 1GZO (formula (3)). In
this crystallization process, the temperature of formatting crystal 1GZO are different
with different doping ratio. The doping of Indium ratio decreased the grain size and
hind the crystallization of IGZO. Since the InO;" had a cubic structure, (different in
GaO(ZnO)", wurtzite structure ). So the solubility of In** is limited and the insoluble
of InO," could result in the cubic stacking faults in the InGazn,Os layer and layer. In
our study of IGZO film, when the annealing temperature at 600°C, the amorphous
phase still be observed with the help of SEM and AFM; the ZnO films showed

crystallization in the lower temperature, 250°C, respectively.



ZZH(CH3COO)2-2H20 + G&(NO3)3-3H20 + In(N03) 3-3H20—>22n(OH) 2 + Ga(OH)g
+ In(OH) 3 + 4CH3COOH(1)+ 6HNO3(1) .. vvevvevneieieieieee e e formula(l)
2Zn(OH) » + Ga(OH) 5 + In(OH) 3— INGazZn,0s + 5H0(1) ... ee.... ... formula(2)

Amorphous InGaZn,Os— polycrystalline (nanocrystalline) InGazn,Os.formula (3)

1-5 Materials-capped for metal-oxide semiconductor thin-film
transistors

According to our early investigated in RF sputtering a-1IGZO TFTs (Fig. 1-3),
material- capped in modifying back channel of a-IGZO TFTs could adjust the
threshold voltage in both positive and negative directions with capping  different
materials [29] (Fig. 1-4). That is because the different work function and induce the
band bending in 1GZO band tail states. This indicates a back gate bias (Vgg) is
contributed from the intrinsic built-in voltage between IGZO body and the materials.
The TFTs operate at enhancement mode (normal off) or depletion mode (normal on)

look the work function of materials.

1-6 Thesis outline

In chapter 1, we introduced the development and theorems of 1GZO based
transistor. The film mechanisms of metal-oxide are introduced. The experiment setup,
instrument and extraction parameters will be introduced in chapter2. The conventional
metal-oxide thin-film transistors and materials-capped TFTs are shown in chapter 3.

In chapter 4, we make a conclusion of our experiments and future work.
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Fig. 1.1 The carrier transport paths in covalent semiconductors and AOS [12].
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CHAPTER 2
EXPERIMENT SETUP
2-1 Experimental procedure

In this section, device structure and process flow of the sol-gel metal-oxide films

based on TFTs and materials-capped TFTs used SiN as dielectric was illustrated.
Conventional bottom gate TFTs
2-1.1 Sample preparation (wafer)

As shown in Fig. 2.1, a 6-inch p-type heavily-doped silicon wafer was used as
substrate and gate electrode for fabricating top-contact bottom-gate TFTs.
1. Deposition of SiNy dielectric :

1000A silicon nitride (SiNyy developed dielectric layer to fabricate metal-oxide
devices. The SiNy layer was deposited using low pressure chemical vapor deposition
(LPCVD) at 780°C with gases of NH3z and SiH,Cl,.

2. Removed SiN, on backside :

The backside silicon nitride on the silicon wafer was etched by reactive ion
etching (RIE). Prior to etching SiNy, photo-resist FH-6400 was coated on the foreside
of silicon wafer for protection. To remove SiNy layer on the back electrode of subtract,
gases including Oxygen (O,) 5sccm and Tetrafluoromethane (CF4;) 80sccm were

induced. The process pressure and RF power were controlled about 15.0 Pa and 100W,



respectively. After the RIE process, photo resist FH-6400 on the foreside of silicon
wafer was removed by using Acetone. After, the SiN,/wafer clean process including
SC; and SC, was required.

3. Cleaned the substrate :

Before started the experiment, the SiNx must be cleaned. Added acetone,
isopropanol in ultrasonic 10 to 20 minutes, then we used amount of DI water to
remove leftover solution, and dried by N, air and baked on hot-plate to assure the
sample hold drying.

4. Metal-oxide thin-film formatted

The methods of producing metal-oxide sol-gel precursors were described at 2-2.
In order to assure the metal-oxide films uniform, the sample placed in UV-ozone for 5
to 10 minutes. Solution was spin-coated onto substrate for 1 to 3 times at a speed of
3,000 rpm for 30s and pre-heated at 200 °C hotplate in the air for 3 min after each film
coating.

5. Post-annealing :

We used anneal furnace to anneal our sample. The annealing temperature was
200°C, 300°C, 400°C and 600°C. The annealing time started from room temperature
to the temperature 10 min and lasted for 1h. Then the sample was placed in furnace
until the substrate decreased to room temperate.
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6. Wet-etching for metal-oxide films :

Put the sample on 170°C hotplate for least 5 minutes, and put the stick negative
PR onto sample. Next step was using UV lithography through defined shadow mask
for 32 seconds (3W). Immersed the sample in preparing K,COs3 into DI water (the
percentage for K,COs : DI water = 20mg : 1ml) for 50 to 60 seconds, then washed the
remaining negative PR by DI water. We must remove the residue PR by using develop
solution , and then etching by dilute HClq (the dilute percentage for HClg :Dl
water =1:4) solution with 100°C for 4 to 10 seconds. Finally, put the sample on 120°C
hotplate for 10 minutes, remove PR by tweezers. Finally the active layer would be
defined.
7. Deposited Source and Drain electrode

Source and Drain electrode was deposited as Fig. 2.1. The metal materials of Al
were always used as Source and Drain electrodes on the metal-oxide TFTs. A
1000A -thick Al film was deposited by using thermal coater and the rate of depositing
Al was 2.5A/s. The electrodes were patterned by shadow mask. The channel length
varied from 200pum to 700pum and width was hold at 1000um, respectively.

Materials-capped metal-oxide transistors

2-1.2 Materials-capped (SiO, Calcium)

After the bottom gate TFTs finish, different capping materials were deposited on
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STD device as Fig. 2.2. In this case we used 1GZO as metal-oxide film. A
thick-1000A SiO-capped was deposited by thermal coater and the rate of depositing
SiO was 0.2 to 0.5A/s. The SiO film was patterned by shadow mask and the capping
length was 100pum, 300pum, 500um with the width/length was 1000pum/300um,
1000um/500pum and 1000um/700pum, respectively. For Ca/Al film, 350A Calcium
was deposited with rate of 0.3 A/s and 1000 A Al was deposited to avoid Calcium
oxidation.
2-2 Fabricated of sol-gel metal-oxide precursors

In this section, ZnO, GZO, IGZO precursors would be described at 2-2.1, 2-2.3,
2-2.3. In our sol-gel metal-oxide precursors used 2-methoxyethanol (2-MOE) as a
solvent, mono-ethanolamine (MEA) as a stabilizer. Zinc acetate dehydrate
(Zn(OAC); * 2H,0), gallium nitrate hydrate [Ga(NOs) 3 + XxH,O] and Indium nitrate
hydrate [In(NO3) 3 « xH,0] powder used as Zinc, Gallium and Indium precursors.
MEA could help the hydrolysis in precursors. When high temperature treated, the
stabilizer were be evaporated and into air atmosphere.
2-2.1 ZnO precursors

The zinc-oxide precursor solution was first mixed 2-MOE and MEA. After
stirring for 10 min, (Zn(OAc) , + 2H,0) added to the solution. The solution continued
to stir at least 12h in different stirring atmosphere to form stable sol-gel solution. The
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last prescription for us was 2-MOE 10ml, MEA 0.28g, (Zn(OAc), + 2H,0) 1g . We
adjusted the stirring atmosphere in glove box, stirred normal and vigorously in air and
stirred in high temperature (60°C).
2-2.2 GZO precursors

The method was similar to ZnO precursor, after adding (Zn(OAc); « 2H,0),
dissolving amount of Gallium with a doped ratios of 0 at%, 1 at% and 5 at% with
Zinc acetate into solvent.
2-2.3 1GZO precursors

After adding zinc precursor into solvent, [Ga(NOs3) 3 «+ xH,O] and [In(NO;)
3 * XH,0] were dissolved into to the solution. The best prescription presently was
2-MOE 1ml, MEA 2.52g, (Zn(OAc), + 2H,0) 1g, [Ga(NOs) 5+ XxH,0] 1.165g,
[IN(NO3) 3 « xH,0O] 0.890g, The molar ratio for Indium : Gallium : Zinc (In:Ga:Zn)
was 1:2:2 (atomic ratio).
2-3 Operation mechanism and parameter of transistors
2-3.1 Operation mechanism

The sol-gel ZnO, GZO and IGZO TFTs are n-type materials and voltage applied
to form a channel (although the doping will result the devices are operated at
depletion mode or enhancement mode). The channel is where delocalized electrons
accumulate near the active layer and insulator interface when a voltage was applied to
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the gate electrode. As the channel was formed, a voltage applied to the drain electrode
of the TFTs, these delocalized electrons in the accumulation layer are 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.
2-3.2 Linear regions

Since the metal-oxide semiconductor films in our experiment is an n-type
materials, as a small drain voltages, i.e., voltages smaller than the gate voltage minus
the threshold voltage, Vps<Vgs-Vr, the linear region equation could be applied to
metal-oxide TFTs and could be expressed as
Ips = Cettttyn 1 | (Vos = VE)Vbs = Vs |-oooociorirrrrrcccccccc Linear region
where the threshold voltage(Vr) is the 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 insulator capacitance, . is the linear mobility of the electrons, W
is the width of the channel, L is the length of the channel. Vgs and Vps are the
gate-to-source and drain-to-source voltage, respectively.
2-3.3 Saturation regions

As the drain voltage reaches the pinch-off voltage, i.e., the voltage at the channel
near the drain is depleted of carriers, thus the current independent of the drain voltage and
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is given by

_1 w 2 .
Ins = 3 Cefthyy T (Vs = V)% o Saturate region
2-3.4 Mobility

The field effect mobility (urg) is determined by the orientation of active layer
molecules near gate dielectric. Therefore, gate dielectric surface states strongly affect
the device pre. pre can be extracted to the linear mobility or saturation mobility. A
large mobility value means that the device can conduct more current. Generally,

mobility can be extracted from the transconductance maximum gm in linear region:

01 W, C . .
= [—DS] = O VDG et Linear region

Em 0Vgs L

VDpS=constant

The field effect mobility in the linear region could be extracted from the

transconductance and this equation can be expressed as

Win = wo gm(lin) ... Linear region
DSC
The saturation mobility is another commonly used type of mobility. It is extracted

from an Ip-V¢ curve when the device is biased in saturation, and could be extracted

from the transconductance and this equation can be expressed as:

al Wiy, C .
gm = [avi] = “T“e“ “(Vos = V) oo Saturate region
GS VDS=constamt
Then:
L .
= 0M(Sal) o aturate region
Hsat W(Vgs—VT)Cetr & (sat) Saturate regio

In the chapter 3, we would use p represent p__ .
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2-4 Experimental instruments
2-4.1. Spin coater

Spin coated process is suitable especially for dissolvent materials. The active
layer can be fabricated by spin coating. The initial spin speed determined the
thickness of thin film, and the final spin speed determined the uniformity of the film.
After spinning, the pre-heat process is proceeded to evaporate the solvent of the
solution quickly and let the process active thoroughly.
2-4.2. Thermal evaporation

Material like aluminum (Al), silicon oxide (SiOy) is deposited as the contact
layer by using thermal evaporation. The thermal evaporation deposition technique
consists of heating the metal to evaporate and deposit on the cold substrate. The
process pressure was controlled about 5x10® torr to avoid the vapor to react with
atmosphere. The average energy of the vapor atoms reaching to the substrate surface
is about 10 eV.
2-4.3. Four-point probe resistivity measurement

The four-pint probe configuration is usually used to measure the sheet resistance
of a semiconductor. Four identical probes 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

16



impedance meter, which minimizes the current flow, thereby minimizing the contact
resistance to a negligible value.
2-4.4. Atomic force microscope measurement

Since we expect ZnO film are different from 1GZO and GZO film, atomic force
microscope (AFM) is used to measure surface morphology on a scale from angstroms
to 30 microns. It scans samples through a probe or tip, with radius about 20 nm. The
tip is held several nanometers above the surface and using feedback mechanism that
measure interactions between tip and surface on the scale of nanometers. Variations in
tip height are recorded when the tip is scanned repeatedly across the sample, then
producing morphology image of the surface. In this experiment, the used equipment is
Digital Instruments D3100 as shown in Fig. 2-3 and the used active mode is tapping

mode.
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IUPAC name Molecular formula Molar mass(g/mol) | Boiling point("C) | Density(g/cm®)
2-methoxyethanol C3HgO 76.09 124-125 0.965
monoethanolamine C,H/NO 61.08 170 1.01

Fig. 2.3 Chemical structures of the (a) 2-methoyxethanol
(b) monoethanolamine (c) the chemical properties.
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CHAPTER 3
RESULT and DISCUSSION

3-1 The leakage of solution-processed metal-oxide TFTs

In our experiment, a 100-nm-thick layer of thermal silicon nitride (SiNy) was
grown onto silicon wafers to serve as the dielectric and the capacitance was
5.31x10 F/cm?. To avoid producing a large current, the metal-oxide films were
isolated by a wet etching process with dilute hydrochloric acid (HClg): DIW=1:5). If
the active layer were not isolated, the leakage current path from drain electrode or
source electrode to gate electrode by the whole active layer result a large leakage
current and ruin the TFTs device. In the ideal condition, Ip+Is+lc=0. Decrease the
gate leakage would induce the origin of drain current or source current.
Fig. 3.1 showed the transfer characteristics of the zinc-oxide TFT at a drain-source
voltage Vps of 40V, the annealing temperate was 600°C, exhibiting a typical
n-channel enhancement field-effect behavior. It clear sees that the I current in black
dash line is larger than the red dash line. And the I current maintained at 10°(A)
even in large gate voltage. The sub-threshold swing, S.S, decreased from
5.54(V/decade) to 0.64(V/decade), without wet etching and after wet etching,
respectively. The good performance for pattern TFTs avoided large leakage currents
and increased the TFTs device stability.
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3-2 Bottom gate top contact zinc-oxide TFTs

Metal-oxide is a flexible material with easily tunable phases that can crystal to
amorphous or crystallization. Oxygen vacancy is an accepted electron donor in metal
-oxide film. Therefore, the oxygen quantity significantly influences the conductivity
or carrier concentration in metal oxide. As regard to the application on
semi-conductive metal-oxide, the oxygen ratio controlling seems critical and
important. In solution processed metal-oxide TFTs, There are some experiment
parameters to controlled oxygen ratio, such as adjusted the process atmosphere (N,
0,), adjusted the process annealing temperature and adjusted the precursor solutions.
A set of experiment parameters could determine the final oxygen ratio or carrier
concentration in metal-oxide films. In our study, in order to get the best performance
of TFTs, we tested above methods and process conventional TFTs. This study was

expected to provide a useful guideline to do other device structure.

3-2.1 Zinc-oxide TFTs characteristics in different precursor solution
stirred atmosphere

In order to get high mobility, low sub-threshold swing and near zero threshold
voltage TFT, we adjusted different precursor solutions atmosphere to fabricate ideal
metal-oxide film. In the section, the annealing temperature for zinc-oxide 3-layers
was hold at 600°C. From the beginning, we produced colorless, clear solutions with
molar concentration 0.30M (ZnO) in glove box, but the threshold voltage was -19.77V.
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The negative threshold voltage, beyond we expect (See in Fig. 3.2 and Table 3-1).

Y. S. et al. reported that the precursor solution stirred in air would enhance the IPCE
of organic solar cell. [30] We tested this method for further investigation. In
fabricating the zinc-oxide precursor (the concentration for precursor solution was
0.43M), we placed the precursor onto the hot-stirring (stirred rate was 250rpm/s) in
air atmosphere at room temperature for 12 h for the hydrolysis reaction in air. The Vs
and V1 we estimated at this moment was slightly positive shift than early, moved to
-2.15V. When zinc-oxide precursor solution stirred rate raise to 400rpm/s, the
threshold voltage moved unobvious. Saturation mobility from 1.76 cm?Vs™ slight
increased to 2.24 cm?V's?, and V/r positive shifted so slightly that we did not find
almost. We raise the film annealing temperature up to 60°C (placed in hot-stirring
with 250rpm/s and 60°C), the mobility decreased slightly, but the V+ and Vs became
more positive, even though the on current, on/off ratio, was small than the devices we
produced than before, but the positive threshold voltage seemed important to further
work. The negative V1 in such case no matter zinc-oxide thin-film transistor and
indium-gallium-zinc-oxide thin-film transistor may be observed, there might have
some mechanism in it. We considered that there was one or all of following reasons.
First, when the solutions were stirred at high temperature in air atmosphere, the
solvent of 2-MOE might be evaporated, resulting the thickness of zinc-oxide film
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would thicker than we expected. Second, stirring at high temperature might result the
change of metal-oxide precursors. In order to realize that first reason was right or
wrong, we designed to vary different active layers to make the zinc-oxide TFTs. From
Fig. 3.3, the thicker thickness may result the more negative Vr. This result told us
evaporating of solvent could not induce the threshold voltage shifted to positive. The
phenomenon for negative threshold voltage shift was conjectured because when the
thickness of zinc-oxide film increased, we must need more negative voltage to
suppress the TFT. [10] Contrary to the thickness of metal-oxide film, the primarily
cause for negative shift of zinc-oxide precursor solution stirred in glove box is
because the different ratio for oxygen vacancies. Since the precursor stirred in glove
box was at a atmosphere of lock of O,, the lock of O, induced the incomplete of
precursor and result the conducted was lead by metal ion stacking in metal-oxide film,
the performance of TFTs was because of rising a larger number of oxygen vacancies
and zinc interstitials. The precursor solutions stirred in air atmosphere or at high
stirred temperature seemed increased the rate of hydrolysis of zinc-oxide precursor
complete so that we only need small gate voltage, the TFT devices turn on quickly.
Besides, the highest mobility we extracted was

2.24 cm?V's™ (the precursor solution stirred vigorously in air at room temperature)
(see Tab 3-1).
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We observed similar result in AFM (see Fig. 3.4). When the zinc-oxide precursor
solution stirred in air at 60°C, the roughness for zinc-oxide film seem different from
zinc-oxide precursor solution stirred at room temperature. The large crystal for
zinc-oxide film supported our hypothesis so that we could adjust the precursor
solution atmosphere to control the threshold voltage we want.
3-3 Bottom gate top contact gallium-zinc-oxide TFTs

Although zinc-oxide TFTs exhibited high on/off ratio, high mobility (~2.24
cm?V's?) at high annealing temperature, but the zinc-oxide TFT had a poor
performance in lower annealing temperature, result we find other new metal-oxide
film to replace zinc-oxide film. The spin-coated 3 layers gallium-zinc-oxide films
were prepared on the SiNy gate insulator layer at 600 °C to investigate electrical
properties. Fig. 3.5 and Table 3-2 showed the Transfer Ip-Vg curves and parameters of
the gallium-zinc-oxide TFTs. In early study [17], we had known the drain-to-source
current and mobility of the gallium-zinc-oxide TFTs would lower than zinc-oxide
TFTs. But the threshold voltage of gallium-zinc-oxide TFT negative shifted beyond
our expected. In the W. J. Park et al. research [6], the Hall mobility and carrier
concentration would increase with increase Gallium doping, and then get a maximum,
finally decreased with increasing Gallium atom ratio. This was because when carrier
concentration increased, the conductance increased with a consistent result. Generally
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speaking, less conductance showed positive threshold because more interface trap
density. High trap density caused a larger threshold voltage since more voltage was
required to fill in. The V1 of the 5 at% gallium-zinc-oxide TFT (-27,10V) was more
positive than 1at% GZO TFT (-24.95V), we conjectured that the carrier concentration
for 5at% GZO TFT was lower than 1 at% GZO TFT. But after all, the negative shifts
of the GZO TFTs were not we want.
3-4 Bottom gate top contact indium-gallium-zinc-oxide TFTs

Since the annealing temperate and the carrier concentration limited developing of
the zinc-oxide and gallium-zinc-oxide TFTs, indium-gallium-zinc-oxide film effect
transistor, was regarded as a new doping metal-oxide film compare to above
metal-oxide TFT. It had studied that adjusting composition of indium, gallium and
zinc molar ratio could get different performance of TFTs [6], [10], [31]. In our
devices, The mole ratio of In:Zn was fixed as 1:2 and In:Ga was varied from 1:1 to
1:2 (i.e., the following mole ratios were prepared by In:Ga:Zn = 1:1:2 and 1:2:2).
Similar to 3-2.1, we wanted to produce high mobility, positive sub-threshold voltage
(V+>0) in low annealing temperature. In this section, we would discuss the different
annealing temperature of the indium-gallium-zinc-oxide TFTs, different precursor
stirred atmosphere and the different doped ratio of the indium-gallium-zinc-oxide
TFTs.
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3-4.1 The precursor solutions in different stirring atmosphere

3 layers of indium-gallium-zinc-oxide films were spin-coated onto the SiNy
substrate at 600 °C annealing temperature to investigate the device electrical
properties. Fig. 3.6 and Table 3-3 are Ip-Ve curve and parameters of the
indium-gallium-zinc-oxide thin-film transistors with different molar ratio and the
different stirring temperature. From Fig. 3.6, we observed similar result contrary to
zinc-oxide thin-film transistors (see chapter 3-2.1). When the precursor solutions were
stirred at room temperature, the V1 for IGZO (1:1:2) and 1GZO (1:2:2) were -10.78V
and -2.24V, respectively. But when the solutions were stirred at 70°C, the Vr all
positive shift from -8.74V (1:1:2) to 3.73V (1:2:2), respectively. the more negative Vr
for IGZO(1:1:2) had been discussed in early paper[6], that was because the structure
of indium-gallium-zinc-oxide consists of alternate stacking of InO;" layers and
GaO(ZnO)," blocks. Increased Gallium doping ratio would reduce the doped
sensitivity to the O, partial pressure. Since the bonding of O-Ga-O larger than Zn-O
and In-O bonding, Gallium doping increased would result the decreased in oxygen
vacancies and decrease in mobility, in other words, Gallium content doping would
decrease the electro-negativity and carrier concentration, resulting the positive shift in
V1 in order to fill in the prefilled of trap states in compensate the lock of oxygen
vacancies. The Indium doping also affected the result. Since the InO;" had a cubic
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structure, (different in GaO(ZnO)n*, wurtzite structure). So the solubility of In®* was
limited and the insoluble of InO," could result in the cubic stacking faults in the 1IGZO
layer and layer. Increasing the In molar ratio would let the stacking layer of InO;
more than we expected and enhance the metal character, resulting the V negative
shift when increasing the In molar ratio, that was why the device of the
In:Ga:Zn=3:1:2 thin-film transistor we produced couldn’t turn off at the quite
negative gate-to-source voltage and the drain current was still on(the data was not
shown in here).
3-4.2 The different annealing temperature for 1IGZO (1:2:2) TFTs

Fig. 3-7, Fig. 3-8 and Table 3-4 showed when decreased the post-annealing
temperature, the decreased in mobility and on/off ratio. We hoped to produce the
thin-film transistors with low temperature during post-annealing. The oxide-lattice
formation and oxygen-vacancy generation depends primarily from the annealing
temperature. Although the mobility in low temperature seemed crucial, we still
observed the characteristics of thin-film transistors. The mobility(~10*cm,V's™)
and negative V1 (-51.64V) for 200°C Thin-film transistor limited the application of
indium-gallium-zinc-oxide, but contrast to the low post-annealing temperature
devices, the high annealing temperature limited the choose of insulator and electrode.
The IGZO (400°C) and 1GZO (600°C) showed sensible character. The next section we
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used 400°C and 600°C annealing temperature to continue the later experiment.
3-4.3 The influence of stabilizer in indium-gallium-zinc-oxide TFT

In the above experiment, we used the same stabilizer contrary to zinc-oxide
precursor solution to do our indium-gallium-zinc-oxide device test. But for
indium-gallium-zinc-oxide case, the film seem so rough that the contacts for
indium-gallium-zinc-oxide and electrode or dielectric are poor (Fig. 3-9). The
roughness for indium-gallium-zinc-oxide film was 18.55nm and beyond our expected.
We want to get smooth surface in indium-gallium-zinc-oxide film and applied to
SCLT (space-charge-limited transistors) in future, so we want to solve the problem.
Some paper had reported [31] that adding more stabilizers into the precursor solution
to form a uniform sol-gel solution. The molar ratio of ethanolamine to indium,
gallium and zinc was maintained as 5:1, 1:1, and 1:1, respectively. We used the
prescription to form indium-gallium-zinc-oxide film and found that the roughness for
indium-gallium-zinc-oxide film decreased to 0.52nm. Then we used the new
indium-gallium-zinc-oxide film to make TFT and find that the mobility had enhanced
to ~2cm?V?*s? (Fig. 3-10). The large enhance in mobility we guessed that was the
solubility limit in indium precursor powder that we must added more stabilizer to let
indium pre-reaction to form a gel. If not enough stabilizer added, the precursor did not
pre-action completed and let the InO," precipitated, and it induced the large roughness
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in AFM. The smooth indium-gallium-zinc-oxide film could let us replace zinc-oxide
film to form a pore film structure, and did not damage the device.
3-5 The standard thin-film transistor with materials-capped

In the early investigate of sputter indium-gallium-zinc-oxide Thin-film transistor
[29], capping some materials onto standard thin-film transistor could adjust the
threshold voltage, enhanced the drain current and result raising the mobility of
devices. The physical hypothesis of enhancing drain current and mobility must be
check in further investigate, but it give a way to get high performance in low
annealing temperature.
3-5.1 SiO-capped onto standard indium-gallium-zinc-oxide thin-film
transistor

The standard solution-processed indium-gallium-zinc-oxide TFTs with different
channel length showed in Fig. 3-11 and Table 3-5, and Fig. 3-1, Fig.3-12, Table 3-6
presented the transfer characteristics of SiO-capped indium-gallium-zinc-oxide
thin-film transistors with different percentage of capping layer. In this time we

Capping length

defined a new parameter, capping ratio. And Capping ratio = During

channel length’
device operation, the materials were floated and no bias voltage across it. The
materials-capped layer for SiO did not form a current leakage path from source

electrode to drain electrode. As compared with standard TFT, the threshold voltage
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did not change obviously but the mobility increased from 2.32 cm?v's?, 2.60
cm?Vistand 2.11 em?Vis™ to 3.31 cm?vist, 10.2 cm?Vv?is? and 15.2 cm?V s with
increasing the capping ratio, respectively. The enhanced in mobility because increased
the drain current. Besides, all these materials-capped devices possessed a compared
sub-threshold swing (0.31-0.47 V/decade) and threshold voltage (-0.48-0.11V). We
considered the enhance mobility of the devices because the capping of SiO layer
would grab the oxygen in the interface of indium-gallium-zinc-oxide, and result the
oxygen vacancies increased on the back surface. Since Vj = %Oz(g) + Vg + 2e7, the
oxygen vacancies will produce two free electrons and there are a gradient of electrons
in the back surface. The high carrier concentrations of free electrons will decrease the
series resistance on back surface, and there are more pathways for electrons to across
from source electrode to drain electrode. The drain current increased from 10 to 10
(A) in gate voltage at 20V, and with the increase of capping ratio, the saturation
mobility increased more obvious. Besides, the sub-threshold swing and on/off ratio(~
10%) did not change a lot. This revealed the good characteristics of capping SiO
indium-gallium-zinc-oxide thin-film transistor.

In order to get high mobility at low annealing temperature (about~1 cm*v*s™),
we decreased the annealing temperature (400°C) to produce standard and
SIOIGZO(1:1:2 and 1:2:2) thin-film transistor (Fig. 3.14, Table 3-7, Fig. 3.15 and
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Table 3-8). The 1IGZO (1:2:2) TFT mobility was so slightly (different in the early we
mentioned); we guessed the instable in low annealing temperature and result the
breakdown of increasing mobility. Since the oxygen vacancies increased because the
grabbing of oxygen in capping SiO, when the devices placed in the air atmosphere
long time, the oxygen in air would fill the oxygen vacancies in the back surface and
result the decreasing of oxygen vacancies.

Contrast to 1GZO (1:2:2) TFTs, 1GZO (1:1:2) TFTs showed large enhance in
mobility in the low annealing temperature (400°C) (Fig. 3.15 and Table 3-8). The
mobility enhanced from~0.1 cm?V s to ~1 ecm®V™'s™. This result let us find some
ways to produce low temperate IGZO TFTs with high performance.

3-5.2 Calcium-capped onto standard indium-gallium-zinc-oxide thin-film
transistor

Fig. 3.16 showed the Ip-Vs curve for capping and uncapping devices with
different channel lengths (i.e. the capping ratio were 3/5 and 5/7, respectively). The
composition of indium-gallium-zinc-oxide was 1:1:2 and the annealing temperature
for indium-gallium-zinc-oxide were at high temperature (600°C). There are significant
V1 negative shifts whether the increase in capping ratio. The slopes of Ip-Vg curves
were raised by metallic capping layers, indicating a significantly improved field
effective mobility. The results similar to the early investigate (Fig. 3.17). Table 3-9
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lists the extracted typical parameters of IGZO (1:1:2) TFTs. The A V7 is the threshold
voltage difference between standard and Calcium-capped devices. The A Vrt is
-9.96V, -8.74V with different capping ratio, respectively. The hypothesis of the
enhancing mobility and V+ shift had been demonstrated from the sputter a-1GZO
TFTs [29]. Fig. 3-18 was the band diagram of indium-gallium-zinc-oxide and
Calcium. After contact with Calcium, The injected electrons accumulate near the
interface between indium-gallium-zinc-oxide and Calcium to form a channel. The
system could be regarded as a conventional dual Gate TFT that has a control gate with

a positive gate-to source voltage (normal on). The voltage is contributed from the

(D120

work function difference, - ‘DCa)/e. Because Calcium generated a channel on

the indium-gallium-zinc-oxide back surface, the VV+ became more negative to suppress
the initially existed channel to turn-off the device depletion mode TFT. The electrons
injected on the interface between the indium-gallium-zinc-oxide film and dual gate
(Ca) and formed a channel. The high conductance channel provided a pathway of
electron transmit. This result enhanced the drain-to-source current, about one order.
And the mobility improved with the slope of \/T,-Ve, from 1.28 cm*V's™ to 13.2
cm?V's™ (capping ratio was 3/5) and 1.17 cm?V's™ to 13.7 cm*V*s™? (capping ratio

was 5/7), respectively.
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annealing temperature:600C

FIGURE of CHAPTER 3

W/L=1000um/200um

10° 3 layers V, =40V 10°
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Fig. 3.1 The Ip-Vg curve of the ZnO TFTs with and without wet etching
(the annealing temperature at 600°C)

annealing temperature:600C

W/L=1000um/200um

3 layers V =20V
10° ' ' : r yep— 0.012
10* —=— stirred slightly at glove box (RT)
1 —« stirred slightly at air (RT) 40.010
10°{ —a— stirred vigorously at air (RT)
& ] v stirred slightly at air (60C) 40.008 2
10 4 =~
< 10" J0.006 2
- 10°4
= o 40.004
10 1
104 40.002
-11
101 4 0.000
10-12 T T T T T T
-40 -30 -20 -10 0 10 20
VestV)

Fig. 3.2 The Ip-V¢ curve and /Ty-Vg characteristics of the ZnO TFTs by

adjusting precursor solution in different atmosphere.
(The channel width /channel length, W/L=1000pm /200pm)
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atmosphere Stirred Avg(max) | V+(V) S.S. On/off On
mobility (V/decade) ratio current(A)
Glove slightly 0.57(0.68) | -19.77 0.72 1.82E+07 | 1.19E-4
box(RT)
Air (RT) slightly 1.76(2.2) -2.15 0.69 5.76E+06 | 9.32E-5
Air (RT) vigorously | 2.24(2.88) | -1.67 0.3 1.93E+07 | 9.90E-5
Air (RT) slightly 1.02(1.20) 4.70 0.35 3.38E+06 | 3.23E-5

Table 3-1 the parameters for ZnO TFTs by adjusting precursor solution in
different atmosphere.(The ZnO film annealed at 600°C)
(The channel width /channel length, W/L=1000pm /200pm)

ZnO TFT vV =20V
600C_1 h.r 0.016
10'4'| —=—1layer (40nm) 40.014
—e— 3 layers (80nm)
10-51 = 0.012
= 0.010
-6
10 .| 0.008 <
z . 1o 2
= 104 40.006" o
10 4 0.004
10'9.' 40.002
107 4 0.000
-35-30-25-20-15-10 -5 0 5 10 15 20 25

Vesl¥ .

Fig. 3.3 The Ip-Vg curve and \/E-VG characteristics for different channel

layers of the ZnO TFTs.(The precursor solution was stirred in glove box at
RT)(The channel width /channel length, W/L=1000pm /200pm)
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(a)
RMS=1.60 nm

(b)

RMS=3.00.nm RMS=5.18 nm

0
3.00um 0 1.

1.00

0
0 1.00 3.00wm 0 2.00

Fig. 3.4 AFM images of different precursor solutions stirring atmosphere
(a)stirred slightly (b)stirred vigorously (c) stirred slightly at 60°C.

2.00

GZO TFT V =20V
10_3annealing temperature:600C D
10+] [+ 6Z0(1at%) 0025
1. GzO(5at%) 0,020
5
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< A e S
210" S
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107
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. L 0.000
10

30 20 10 0 10 20

Ve (V)

-40

Fig. 3-5 The Ip-Vg curve of the GZO TFTs according to different
Ga-incorporated solutions. (the solution stirred in air at RT)
(The channel width /channel length, W/L=1000pm /200pm)

Annealing | Ga doped Avg(max) V1(V) S.S. On/off On

temperature ratio mobility(cm?/V.s) (V/decade) ratio current(A)
600°C lat% 1.94(1.95) -27.10 1.84 2.96E+05 | 5.84E-4
600°C 5at% 1.10(1.15) -24.95 1.45 1.43E+05 | 1.61E-4

Table 3-2 the parameters for GZO TFTs according to different
Ga-incorporated solutions. (Solution was stirred in air at RT)

(The channel width /channel length, W/L=1000pm/200pm)
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3 layers

Annealing time: 600C 1hr Vv =20V
104 . .
—a—1GZO(1:1:2)(air) 0.008
10°] * 1620(1:2:2)(air)
—a—1GZ0(1:1:2)(70C)
10+ :2: 40.006 -
7 Ev
10" + < v
< ., 10.004 ©
= 10"+
10”4 40.002
107 4
10™ 3 40.000
30 20 -0 0 10 20
log(abs(Id)) V (V)

Fig. 3.6 The 1p-Vg curve and /Ip-V characteristics for different mixed

ratio (1:1:2 and 1:2:2) of the IGZO TFTs in different precursor condition.

(The channel width /channel length, W/L=1000pm/200pm)

Stirred In:Ga:Zn Avg(max) V1(V) S.S. On/off On
temperature mobility(cm?/\/.s) (V/decade) ratio current(A)
RT 1:1:2 0.91(1.15) -10.78 1.31 2.07E+05 | 6.57E-5
RT 1:2:2 0.80(0.89) -2.24 0.57 1.29E+06 | 1.49E-5
70C 1:1:2 0.43 (0.57) -8.74 0.16 3.00E+06 | 2.10E-5
70C 1:2:2 0.58 (0.76) 3.73 0.77 3.16E+05 | 9.71E-6

Table 3-3 the parameters for IGZO thin-film transistors in different mixed
ratio and different precursor condition.

(The channel width /channel length, W/L=1000pm/200pm)
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IGZO(1:2:2) TFT

V_=20V

—a— stirring strongly at T=400C
—v— stirring strongly at T=600C

—a— stirring strongly at T=200C

0-11

-6
10 ] —e— stirring strongly at T=300C

V (V)

0.0035

40.0030

40.0025

40.0020%
o=

40.00150

40.0010

4 0.0005

L] L] L] L] L] L] L] L] L] L] L] L] - 0.0000
-35-30-25-20-15-10 -5 0 5 10 15 20 25

Fig. 3.7 The 1p-Vg curve and /Ip-V; characteristics for IGZO(1:2:2)

thin-film transistors(The channel width /channel length,
W/L=1000pm/200pm)

annealing Avg(max) V+(V) S.S. On/off On
temperature | mobility(cm?/V.s) (V/decade) ratio current(A)
200°C 3.5E-04(4.3E-04) | -51.64 4.75 1.78E+01 2.81E-7
300°C 7.8E-03(6.3E-03) | -15.30 1.66 4.83E+02 1.04E-7
400°C 0.048 (0.16) -12.27 2.93 3.05E+04 2.27TE-6
600°C 0.58 (0.76) 3.73 0.77 3.16E+05 9.71E-6

Table 3-4 The annealing temperature with 1GZ0O(1:2:2) thin-film
transistors(The channel width /channel length, W/L=1000pm/200pm)
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Fig. 3.8 The evolution of electric parameters (a) Mobility, (b) V+ (c) S.S. (d)
On/off ratio of IGZO TFTs with different annealing temperature.
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(b)

-2.00

0
0 .00 . 3.00 pm 0 1.00 2.00 3.00pm

Fig. 3.9 AFM images of different stabilizer in IGZO precursor solution.
(a)Few stabilizer (b)more stabilizer.

Annealing temperature=600C V=20V
L] L] L] L] L] L] 0-010
-4
10 1 —&— Few stabilizer
10° ] —e— More Stabilizer 40.008
10"+
-40.006 .
1071 <
2 10°; {0.004
T 10°]
40.002
10",
-11
10 -40.000
10™
-5 0 5 10 15 20
V. (V)

Fig. 3.10 The Ip-Vg curve and \/E-VG characteristics for IGZ0O(1:2:2)

thin-film transistors with different MEA(stabilizer).
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1IGZO 1:2:2 VD=20V
10, 020C 1hr . 10.010

5] —= WiL=1000um/300um
1071« wiL=1000um/500um 10.008
10_6 —a— W/L=1000um/700um
107 40.006
10° {0.004

-9
107 40.002
10"+

' L oo
10°

-5 0 5 10 15 20
VestV)

—_

1/2(A

—n

Fig. 3.11 The ID-VG curve and VID-VG characteristics for new 1GZO

(1:2:2) thin-film transistors in different channel length.

W(um)/L(um) Avg(max) V1(V) S.S. On/off On
mobility(cm?/V.s) (V/decade) ratio current(A)
1000/300 2.32(2.59) -0.50 0.20 7.68E+06 7.68E-5
1000/500 2.60(2.67) -1.46 0.57 2.35E+05 6.35E-5
1000/700 2.11(2.19) -2.11 0.36 1.16E+06 4.05E-5

Table 3-5 The new IGZO(1:2:2) thin-film transistors in different channel
length.(the length varied from 300~ 700um, the width hold at 1000pm)
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1IGZ0 1:2:2

Vv, =20V

600C 1 hr

10™
10°

—2—1000um/300um/100um
—e—1000um/500um/300um
—4—1000um/700um/500um

10"
1071
101
10”1
10"
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Fig. 3.12 The Ip-V; curve and ,/Tp-V characteristics for standard

thin-film transistors with different capping ratio
(the annealing temperature was 600°C).

Capping | W(um)/L(um) Avg(max) V1(V) S.S. On/off On
length(pum) mobility(cm?/V/.s) (V/decade) ratio current(A)
100 1000/300 3.31(3.62) -0.48 0.31 8.65E+06 | 9.95E-5
300 1000/500 10.2(10.3) -0.44 0.47 1.45E+06 | 1.55E-4
500 1000/700 15.2(15.3) 0.11 0.39 4.06E+06 | 1.52E-4

Table 3-6 the parameters of thin-film transistors with different capping

ratio(the annealing temperature was 600°C).
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Fig. 3.13 The evolution of electric parameters (a) Mobility, (b) V1 (c) S.S.
(d) On/off ratio for different percentage of capping area in dual gate IGZO
TFTs.(the black line represented STD devices and blue line represented

SiO-capped devices )
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IGZO(1:2:2) TFT VvV =20V
400C 1hr °
10| —4—1000um/500um 0.0010
—v— 1000um/500um/300um 1™
71 —< 1000um/700um
1074 1000um/700um/500um 10-0008
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Fig. 3.14 The Ip-V; curve and /Tp-V characteristics for IGZO (1:2:2)

standard and SiO thin-film transistors with different capping ratio
(the annealing temperature was 400°C).

Capping W(um)/ Avg(max) V+( S.S On/off On
length(pum) L(um) mobility(cm?V.s) | V) (V/decade) ratio current(A)
N/A 1000/500 0.022(0.037) 1.73 0.51 1.49E+04 3.05E-7
300 1000/500 0.037(0.053) -1.81 0.93 3.36E+04 5.88E-7
N/A 1000/700 0.046(0.046) -1.23 1.71 1.92E+03 7.11E-7
500 1000/700 0.049(0.05) -6.09 0.40 1.22E+04 1.09E-6

Table 3-7 the parameters of IGZO (1:2:2) standard and SiO-capped
thin-film transistors with different capping ratio
(the annealing temperature was 400°C).
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1IGZO(1:1:2) TFT vV =20V
\ 400C 1hr
1071 4+ 1000um/500um 10.0045
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Fig. 3.15 The Ip-V curve and \/E-VG characteristics for standard and

SiO 1GZO (1:1:2) thin-film transistors with different capping ratio

(The annealing temperature was 400°C).

Capping | W(um)/L(um) Avg(max) V1(V) S.S. On/off On
length(pum) mobility(cm?*/V/.s) (V/decade) ratio current(A)
N/A 1000/500 0.14(0.15) -14.42 1.24 9.98E+03 | 4.64E-6
300 1000/500 0.88(1.24) -14.83 1.40 8.86E+04 | 1.58E-5
N/A 1000/700 0.05 (0.05) -5.38 0.21 1.14E+05 | 1.14E-6
500 1000/700 0.79(0.92) -11.70 0.93 3.39E+04 | 6.23E-6

Table 3-8 the parameters of IGZO (1:1:2) standard and SiO-capped
thin-film transistors with different capping ratio

(The annealing temperature was 400°C).

45




IGZO(1:1:2) TFT VvV =20V
10 800C 1hr °
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Fig. 3.16 The Ip-V¢ curve and \/E-VG characteristics for standard and

Ca-capped IGZO (1:1:2) thin-film transistors with different capping ratio

(the annealing temperature was 600°C).

Capping W(um)/ Avg(max) V1(V) S.S. On/off On
length(um) | L(um) mobility(cm?/V/.s) (V/decade ratio current(A)
)
N/A 1000/500 1.28(1.50) -5.81 0.91 1.69E+04 | 1.77E-5
300 1000/500 13.2(17.0) -15.77 0.47 3.31E+05 | 1.66E-4
N/A 1000/700 1.17 (1.41) -11.63 1.23 2.45E+04 | 1.42E-5
500 1000/700 13.7(15.2) -20.37 0.29 3.55E+06 | 2.32E-4

Table 3-9 the parameters of IGZO (1:1:2) thin-film transistors with

different capping ratio (the annealing temperature was 400°C).
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Fig. 3.17 The Ip-V¢ curve and dual gate sputter a-1GZO (1:1:2) thin-film
transistors with capping different materials.[29]
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Fig. 3.18 The energy band diagrams of 1IGZO
(a) before contact (b) after contact.
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CHAPTER 4
CONCLUSION and FUTURE WORK

4-1 Conclusion

In this thesis, we used many methods to low the post-annealing temperature. For
indium-gallium-zinc-oxide TFTs, we could find the characteristic of TFT in the low
annealing temperature, but it exhibited poor saturation mobility. In the high annealing
temperature, The high performance of saturation mobility we found for 1IGZO (1:2:2)
TFT at 600°C was ~2cm,V's?, contrast to 200°C, 10* cm?Vs?, the change was
very big with different annealing  temperature. The crystal for
indium-gallium-zinc-oxide film was seemed a big problem with performance of TFTs.
We had tried to adjust the sol-gel precursors in different atmosphere, like glove box,
air and heated when stirred the solutions, Finally, we found the best standard TFT
parameter was at 70°C stirring in air with good performance, and we used the data to
do further experiment.

The materials-capped metal-oxide transistors with different capped material, like
Ca, SiO, had been investigated in RF sputter a-IGZO TFTs and would enhance the
saturation mobility. We used solution-processed indium-gallium-zinc-oxide TFTs to
cap Calcium and SiO and found similar result. The saturation mobility increased
dramatically. Either the materials-capped on conventional bottom gate top contact
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TFTs would enhance the saturation mobility, and increased obviously with the large
capping ratio. Although the high saturation mobility either we observed were about
~10cmyV's?, but the mechanism were different. The mechanism for capped SiO,we
conjectured because SiO would grab the oxygen in indium-gallium-zinc-oxide film
and increase the conduction ability of TFTs. The Ca-capped that because the band
bend between indium-gallium-zinc-oxide film and Calcium interface with the
different work function and result lots of electron accumulated at interface and a
channel generated. The low work function would result the devices operated at
depletion mode and the threshold voltage is more negative than capped SiO.
4-2 Future work

Even though the solution process TFTs in low annealing temperature seem
crucial in the future, we must overcome the difficulties. There are many ways to
overcome. If we can overcome the problem in the post-annealing temperature, the
next step is the enhancement of saturation mobility with the new structure of TFTs. In
our experiment, the SiO-capped would increase the saturation mobility. So in the
future, the new design structure for whole capped will test and except get the better

performance of TFTs.
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CHAPTER 5
APPENDIX
(A) Top gate bottom contact TFT with whole SiO-capped
In the early study of SiO-capped TFT, large capping ratio of SIO TFT had high
mobility. We had some idea that capping whole SiO would enhance the saturation
mobility obviously. We chose top gate bottom contact in order to avoid the S/D
electrode in high annealing temperature. The bottom source and drain electrode was
ITO with patterning mask and active layer was 1GZO (1:2:2) at 400°C post-annealing.
(a) curve are the 1p-V transfer character of TFT. In Top gate bottom contact TFT, we
used PVP (poly(4-vinylphenol)) as dielectric layer to replace SiNy. But SiO layer used
as insulator so we must modified the capacitance. Table.2 is the capacitance with the
modified and Table 3 is the TFT parameters with different dielectric layer. We
observed the mobility increased obviously from 0.03 cm?/V.s increased to 0.43
cm?/V.s. But the on/off ratio only 10% order because the gate leakage current limited
the off current of TFT. Although the electrical property of materials-capped TFT is
poor, the whole SiO-capped TFT do not break down beyond our expected. We can use
other active layer or vary the post-annealing temperature to investigate the capping

ratio with the properties in the future.
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Fig. A-1 The Ip-Vs and I5-V curve and characteristics for top gate IGZO

(1:2:2) TFT with whole SiO-capped
(the annealing temperature was 400°C).

Dielectric layer Capacitance(F/cm?)
PVP(40004) 1.10E-8
PVP(4000A )/SiO(1000A) 1.26E-8
PVP(2000A )/SiO(1000A) 1.33E-8

Table A-1 the capacitance of different dielectric layer.

Dielectric layer Avg(max) V1(V) S.S On/off
mobility(cm?/V.s) (V/decade) ratio
PVP(40004) 0.03 (0.17) 6.65 11.76 | 5.88E+01
_ 0.43(1.68) -0.86 11.76 | 4.93E+02
PVP(4000A )/SiO(10004)
_ 0.21(0.78) -9.70 9.70 8.68E+01
PVP(2000A )/SiO(10004)

Table A-2 the parameters of | top gate IGZO (1:1:2) with SiO-capped
thin-film transistors (The annealing temperature was 400°C).
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