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Abstract

The amorphous indium-gallium-zinc oxide (a-1GZO) channel thin-film
transistor (TFTs) has high mobilites. However, the IGZO is not chemical stable
in ambience; hence the passivation layer is essential for the devices long term
stability. Thus the organic passivation PTFMA and PMMA were proposed, due
to their high material density (compare with other organic polymer) and
hydrophobic feature. An a-1GZO with PTFMA shows a 2.3V threshold voltage
(V1) shift, another with PMMA shows V1,=6.4V shift, both devices revealed
good stability in ambience; The sub-threshold swing (s.s.), V1, and mobilities
(«sar) changed only slightly. Finally, the functional color filter passivation layers
were demonstrated, the colored passivation showed 49% National Television
Systems Committee (NTSC) standard. In general, organic passivations provided
a high potential passivation process for lowering deposition damage, functional
color filter, printable, easy process, and lowering cost. These merits in organic
passivation can also reduce the equipment and material costs.
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Chapter 1

Introduction

1.1.Background of amorphous-Oxide
Semiconductor

Thin-film transistors (TFTs) are critical components for active matrix
arrays applied in the flat panel displays (AM-FPDs). Nowadays,
conventional AM-FPDs. areeither based on amorphous or polycrystalline
silicon TFT technologies. However, several limitations and drawbacks were
observed in hydrogenated amorphous silicon (a-Si:H) TFT arrays, such as
visible light sensitivity [1] and low field-effect mobilities. The low
field-effect mobility foecomes a limiting factor for display performance,
especially when the current trend of AM-FPDs development are toward high
frame rate (120-240 Hz) [2] and ‘‘all solid-state’’ devices, such as
active-matrix organic light-emitting displays (AM-OLEDSs) [3]. Although
polycrystalline silicon (poly-Si) TFTs have high field-effect mobilities, their
uniformity on large scale sized panels might not be very applicable. Over the
past several years, there has been great interest in TFTs made of transparent
oxide semiconductors [4]. This is mainly due to the metal oxide
semiconductor TFTs unique advantages, such as visible light transparency,
larger-area uniformity at low temperatures, and high carrier mobilities.

However, the conventional metal oxide semiconductors such as zinc oxide
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(ZnO) are polycrystalline in nature even at room temperature. The grain
boundaries of such metal oxides affect the device properties, uniformity and
stability over large area which is similar to polycrystalline Si. To overcome
this issue, a new ternary amorphous oxide semiconductor (AOS) material
composed of indium (In), gallium (Ga), zinc (Zn), and oxygen (O) has been
proposed for use as the active layer in TFTs [5]. The amorphous In-Ga-Zn-O
(a-1GZO) can more easily form uniform amorphous phase while still having
high carrier mobility and flexibility when they are fabricated at room

temperature as shown in Fig. 1-1. Nomura groups have demonstrated the
a-1GZO devices exhibit the field-effect mobility of 8.3 cm? (V - s) in the

virgin state (without bending) such _a-property can be maintained after

bending tests at a radii of 30-mm.

Fig. 1-1 The first amorphous oxide semiconductor TFT using a-1GZO
channel fabricated at RT on a PET substrate using ITO electrodes [5].



1.2. Development of IGZO

IGZO is an n-type semiconductor with wide band gap (~3.5 eV); its
stoichiometry can be usually described as In,,Ga,.,, (ZnO),, where 0 <x <1
and k is an integer that is greater than 0 [6-9]. The single crystal IGZO is
composed of alternating layers of InO* and GaZnO*"; the In*" ion has an
octahedral coordination, the Ga®* ion has pentagonal coordination, and the
Zn* has tetragonal coordination[6], the figure as shown in Fig. 1-2. Many
groups have synthesized bulk samples with varying stoichiometry (both x and
k) to evaluate the solubility. limits of the oxide. The intriguing result is that,
regardless of k, when x'= 0.5 (equal proportions of In and Ga) the structure is
preserved. In other words, x = 0.5 form the base compound where all the In**

ions are in the INO* and all the Ga** ions are in the GaZznO*" layer.
For k = 3, the conductivity decreases as K is increased. This trend is

observed in both bulk samples [6] and thin films [7], indicating that the

conductivity of 1IGZO is mainly associated with the In 5s states. However, for
k = 4, the fraction of Zn becomes increasingly large and Zn begins to

contribute to conduction. [7] Considering orbital overlap interaction and
comparing the ionic radii of cations in the 1GZO system is useful for
understanding the shift in the conduction path. The ionic radii of Ga, In, and
Znare 1.27, 1.49, and 1.54 A, respectively. As the ionic radii of In and Zn are
quite similar, it is not surprising that Zn contributes to conduction as the
fraction of Zn increases large [7].

The structure of single crystal and amorphous InGaZnO, thin films (~250
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nm) are examined using extended x-ray absorption fine structure (EXAFS),
which is commonly employed to evaluate short range order [10, 11]. The
nearest-neighbor distances for In-O, Ga-O and Zn-O in the amorphous film
are 0.211, 0.200, and 0.195 nm, respectively. This short range ordering is
similar to that of the single crystal structure (0.218, 0.193, and 0.193 nm,
respectively). However, it appears that medium range ordering (second 13
nearest-neighbor distances) near the Ga and Zn ions is lost in the amorphous
films. Ab initio calculations were performed and are in good agreement with
the EXAFS results [11].

Additional calculations show that the In-In second nearest-neighbor
coordination number in the amorphous state varies with distance (i.e., ~ 1 to ~
4 for distances of 0:32 to ~0:4 nm) and is significantly lower than in the
crystalline structure,.which has a coordination number of ~ 6. This indicates
that the selective (medium range) coordination of In-In is lost in the
amorphous structure.” Fromthe experimental and calculated results, the
coordination numbers of In-0, Ga=0, and Zn-O are thought to be 5, 5, and 4,
respectively (Fig. 1-3).

Finally, pseudo-band calculations show that the conduction band minimum
is composed of In 5s (consistent with the experimental results discussed in the
previous paragraph) and that that amorphous 1GZO has an isotropic effective
mass of ~ 0.2 m.

Amorphous 1GZO has been employed in a light-emitting pn heterojunction

[12]. The IGZO layer is deposited by pulsed laser deposition (PLD) at room

temperature. The carrier concentration and mobility of this layer is 1 x 10"

cm® and 5 cm®V's™, respectively. 1GZO is chosen here for its reasonable
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conductivity at low processing temperatures and its large band gap (~3.5 eV).
Blue emission (~430 nm peak) is observed from this pn heterojunction and is

due to intrinsic exciton recombination in the single crystal p-LaCuQOSe layer
(which has a band gap, carrier concentration, and mobility of ~2.8 eV, 1x10*

cm®, and 8 cm?V's™, respectively).

(In0,) tayer |17 L 8
(Zn0) R

Fig. 1-2 Polyhedral views of crystal structures of (a) InGaZnO, determined

by diffractometory crystal structure. (b) Structure of amorphous InGaZnO,

GasOy Pyias ot V5 Ga,0,

X in (In;04),-(ZnQ), ., (mol%) X in (Inz03),-(Zn0)s. (Mol%)



Fig. 1-3 The amorphous formation region (right) and the electron mobilities
and concentrations evaluated from the Hall effects for the amorphous thin
films (left) in the In,03- Ga,05-ZNO system. The thin films were
deposited on a glass substrate by PLD under deposition atmosphere of Pg, =

1 Pa. Number in the parenthesis denotes carrier electron concentration.

1.3. The carrier transport mechanism of
amorphous InGaZnOy,

The mobility of a-Si:H (=1 ecm?V*s™) is much smaller than that of single
crystalline Si (~200-cm®V's™) due to the intrinsic chemical bonding nature.
The average carrier “transportation paths in’ covalent-type semiconductors,
such as a-Si:H, consist‘of strongly directive sp® orbitals. The bond angle
fluctuation significantly alters the electronic levels, causing high density of
deep tail-states, as shown in Fig. 1-4.

In contrast, transparent oxides constituting of heavy post transition metal
cations with the (n-1) d*°ns® electron configuration, where n > 5, are the
transparent AOS (TAQOS) candidates having large mobilities comparable to
those of the corresponding crystals. The electron pathway in oxide
semiconductor is primarily composed of spatially spread ns orbitals with an
isotropic shape, as shown in Fig. 1-4. The direct overlap among the

neighboring ns orbital is possible. The degree of overlap of the ns orbital is



insensitive to the distorted metal-oxygen-metal bonding. This feature shows
why the Hall mobility of AOSs is similar to the corresponding crystalline

phase, even under the room temperature deposition of thin-films.

covalent semicon. ionic oxide semicon.
crystal M:(n-1)d"°ns? (n25)

e T dl

\-\' 'sp-"orbital

/ .Oygep-_o_rbit_al

amorphous

Fig. 1-4 Schematic of orbital ‘drawing-of electron pathway (conduction band
bottom) in conventional. silicon-base  ‘semiconductor and ionic oxide

semiconductor.

1.4. Motivations and Objectives of Thesis

a-1GZO is not chemically stable in the ambience that the electrical
properties of the TFT based on a-1GZO channel are seriously degraded during
the operation. Therefore the passivation is essentially required in a-1IGZO
TFTs because the oxygen and moisture in ambience are thought to trap

electrons on the interface of the a-IGZO active layer and lead the instability
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and performance degradation of a-IGZO TFTs [13], as shown in Fig. 1-5.
Consequently, the passivation is needed as a barrier of oxygen and moisture.
Many researches for passivation pay attention to this issue, such as SiO,,
Al,O;, and TiOy inorganic materials [14-16]. However, the inorganic
passivation was processed by either PECVD or sputtering at high energy
conditions. The interface of the active layer in a-IGZO back-channel region is
thought damaged by the plasma or high energy operational conditions during

the process. As a result, the electric performance of TFT device, including the
V1h, «sat, and s.s. is unstable.

The passivation based on solution jprocesses, such as spin-coating, ink-jet
printing, and screen printing with organic materials are also been considered.
Among these fabrication processes, the organic polymer passivation not only
provides the cost-effective manufacturing  process but also lowers the
processing temperature. As a result;-the-damage on the back-channel region

can be minimized.

C

)t)() ?) () surface vy ? L] surface

—— v v ¢ ¥ v
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Fig. 1-5 (a) Schematic shows the electric—field-induced adsorption of
oxygen molecules from the ambience. (b) Schematic showing the

electric-field-induced desorption of moisture molecules at ambience

1.5. Organization of this thesis

This thesis is organized as follows: The basic knowledge of thin-film
transistor and the measurement of TFT device parameters are described in
Chapter 2. The experimental details are presented in Chapter 3, and the
a-1IGZO TFTs stability:in ambience or under constant DC voltage stress are
illustrated in Chapter 4. The performance of a-IGZO TFT before and after
passivation is also investigated. Finally, the conclusions and future works will

be given in Chapter 5.



Chapter 2

Principles and Characterization

The principle of thin-film transistor will be introduced firstly. The basic
TFT parameter such as Vqy, s.s., On/Off current ratio (lon/los), and u si Will be

defined. Finally, the morphology of passviation film and the relative structure
will be examined by using an atomic force microscope (AFM) and a scanning

electron microscope (SEM), respectively.

2.1. Operation principle of TFT

The concept of TFT can be traced back to patent applications filed at

1925 and 1926. While the technically “correct name for these devices is

“ thin-film insulated-gate - field-effect " transistors ” the simplest term

“thin-film transistors” was proposed by Weimer to describe the first

successful vacuum-deposited field-effect device fabricated in 1961 [16].

TFT are similar in operation and structure to metal-oxide-semiconductor
field-effect transistors (MOSFEFs) which are widely used in single crystal Si
applications such as dynamic random access memory (DRAM) or digital
integrated circuit (DIC). Like MOSFETSs, TFTs are three terminal devices
with a source terminal (injecting carriers), a drain terminal (extracting carriers)
and a gate terminal (for controlling the concentration of carriers in channel

region). They are fabricated by sequential deposition of the conductor,
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insulator and semiconductor thin-film onto an insulating substrate. The ability
to use an insulating substrate, such as glass or plastic, has several advantages
compared to using a semiconductor substrate, e.g., (1) substantially low
material cost and (2) elimination of the problems such as parasitic
capacitances and latch-up which are either unavoidable or additional isolation
requirement when using a semiconductor substrate.

To realize the operational mechanism, a bottom-gate-top-contact TFT
configuration is plotted in Fig. 2-1. An n-type semiconductor was considered,
the three modes of operational energy band diagrams are shown in Fig. 2-1.2
The equilibrium energy band diagram, shown in Fig. 2-2a, means no gate bias
is applied to the gate terminal.”As a negative bias is applied to the gate,
delocalized electrons .in the channel are repelled from the semiconductor/gate
interface and create .a depletion region, as indicated by the positive curvature
in the conduction and valence bands in Fig. 2-2b near the insulator. When a
positive voltage is applied to the gate terminal, delocalized electrons in the
channel region are attracted to the-semiconductor/insulator interface, creating
electron accumulation at the interface, as indicated by the negative curvature
in the conduction and valence bands in Fig. 2-2c close to insulator.

Theoretically, the delocalized electrons are accumulated near the
semiconductor/insulator interface during operation. At this moment, a
pathway for current conduction is provided when positive voltage is applied
to the gate terminal. It is also called the channel region. When the channel
was applied a positive voltage, these electrons delocalized in the
accumulation layer are extracted from the channel, and given rise to drain

current through the TFT. In the similar operational mode, the drain current
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conduction can be derived and expressed as a linear relationship in eq. 2.1

when the Vps < <Vgs-Vis applied.

1o=(1/2) 1 sat CoxWIL)[(Vss— V1) Vs — Vs, (2.1)

where the C,, Is the gate capacitance, the turn on voltage Vy, is denoted as the
smallest applied gate voltage that causes a non-negligible increase in drain
current for a given drain voltage. W and L denoted the TFT’s channel width

and length, respectively. A more thorough description of the electrical

parameters relative to V, and i s, IS provided in next section. As the drain

voltage increases and exceeds Vps=Ves— Vm, the drain current (Ip) is

ideally independent of«the drain voltage and this condition is called the

saturation regime. The formula-for-describing 1y Is given by equation 2.2,

I5=(1/2) 11 sat Cox(WIL)(V s — V) 2, (2.2)

: 4 | /o "

A AV
(/] 87
e ;

Q0000 Semiconductor

Insulator

006060/

Gate
+Vg

Fig. 2-1 a bottom-gate-top-contact TFT structure
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Fig. 2-2 several energy band diagrams as viewed through the gate of the
TFT. (a) Energy band diagram when.the gate without applied voltage. (b)
Energy band diagram<when a negative voltage is applied to the gate. (c)

Energy band diagram when-a positive voltage is applied to the gate contact.

2.2. Method of Device Parameter Extraction

In this section, the method of typical parameter extraction will be

introduced such as Vqy, S.8., and (£ at.

2.2.1 Determination of the V1,

Various methods are used to determinate the Vi, which is the most
important parameter of TFTs. The method to determinate the V', in this thesis

Is the constant drain current method that the voltage at a specific drain current
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Iy is taken as the V.. This technique is adopted in most studies of TFTs. It
can give a Vq, close to that obtained by the complex linear extrapolation
method. Typically, the threshold current Iy=lp/ (Wes/Les) is Specified at 10nA
for Vp=-0.1V and 100nA for Vp=-15V in most papers to extract the Vq, of
TFTs.

2.2.2 Determination of the sub-threshold swing

s.s., (V/dec.) is a typical parameter to describe the control ability of gate
toward channel which is the speed of .turning the device on and off. It is
defined as the amount of V¢ required to increase and decrease Ip by one order
of magnitude. s.s. is related to -the process, and is irrelevant to device
dimensions. s.s. can-be lessened by substrate bias since it is affected by the
total trap density including interfacial trap density and bulk density. In this
study, s.s. is defined as.one-half of the Vg required to decrease the threshold
current by two orders of magnitude (from 10°A to 10™°A). The threshold

current was specified to be the I, when the Vg is equal to V1.

2.2.3 Determination of the (1 g

U sat 1S determined from the transconductance g, at low Vp. The transfer

characteristics of TFTs are similar to those of conventional MOSFETS,
therefore the 1-V relation in the bulk Si MOSFETS can be applied to the TFTs,

which can be expressed as Eq. (2.1).
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If Vp is much smaller than Vg — V1, and Vg > Vq, the Ip can be

approximated as (2.2).

The transonductance is defined as
Om =1eCoy V%VD (23)

Thus, s can be obtained by Eq. 2.4.

L
= 2.4
Hee Cox WV, In (24)

The mobility was estimated from Eq. (2.4) with the maximum ( g

2.2.4. Determination of 1/t

lon/los 1S @nother important factor of TFTs. The high 1o/l represents not
only the large turn-on current but-also the small off current (leakage current).
The I/l affects AMLCD gray levels (the bright to dark state number)
directly.

There are many methods to determine l,./los. The practical one is to define
the maximum leakage current as off current when drain voltage is applied at

45V.

2.3. AFM Measurement

The Digital Instruments Dimension 300 atomic force microscope (AFM)
was used to characterize the surface morphology of the passivation layer.

The tapping-mode scanning prevents the probe from damaging the sample

15



surface and can get more precise surface topographic information. In the
tapping-mode, the probe oscillates up and down regularly. The cantilever
vibrates at various frequencies depending on the magnitude of the van der
Waals force between the cantilever tip and the sample surface. A laser beam
reflected by the cantilever detects the tiny vibration of the cantilever, as
shown in Fig. 2-3. The feedback amplitude and the phase signals of the
cantilever were recorded by the computer. The amplitude signals and the
phase signals reveal the morphology and the material information,

respectively such as roughness and surface morphology.

Photodetector
Laser Beam

Cantilever

_Line Scan
- .

Surface

i )
?— Tip Atoms
4 Force
000
00000000
\_ Surface Atoms )

Fig. 2-3 A schematic model of AFM
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2.4. Contact angle measurement

The contact angle, formed between the liquid/solid interface and the
liquid/vapor interface, is defined by the edge of a liquid droplet on the surface of
flat sample, which is illustrated in Fig. 2-5 indices s and | stand respectively for
“solid” and “liquid”; the symbols os and o; denote the surface tension
components of the two phases; symbol ys represents the interfacial tension
between the two phases, and 0 stands for the contact angle corresponding to the

angle between vectors ¢ and vy .

Fig 2-4 The contact angle formation of liquid on solid surface

The contact angle is specific for any given system and is determined by the
interaction across the thress. The dropped respectively diode-methane, water on
the glass surface with various modification to measure the contact angle in each
case. Furthermore, use Young’s equation [17] to calculate the surface energy of

different modified passivation. The contact angle measurement and surface
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energy calculation were finished by Kruss Universal Surface Tester, GH100
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Chapter 3
Experiment Methods

Even a-1GZO TFTs can provide very good performance, the stability is
also a concern for practical applications. Several parameters must be
considered to evaluate the a-1GZO devices stability, such as the device
performance before/after passivation, stability in ambience, and under
constant DC bias. In this chapter, the analysis of stability will be depicted,
and the fabrication flow of a-1GZO_TFTs which including the passivation film

will also be described.

3.1 Experimental Section

The purpose of present experiment is to investigate the devices stability in
ambience after passivation, and thus to provide fundamental information for
deuce stability.

The schematic diagram of experimental flow is shown in Fig. 3-1. It
consists of substrate preparation, the flowchart of devices fabrication process,

and evaluation of device performance with and without passivation layer.
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Fig. 3-1 Schematic diagram of experimental setup

3.2 a-1GZO TFT Devices Fabrication process

3.2.1 Substrate preparation

The detail follows:

Step 1: Clean wafer which has thermally SiO, by detergent

Step 2: Clean wafer by DI water

Step 3: Place the wafer on the Teflon carrier, and put them into a container
with acetone. Ultrasonic vibration for 30 minutes to remove organic
contamination.
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Step 4: Place the wafer into another container with isopropanol (IPA).
Ultrasonic vibration for 30 minutes to remove acetone.
Step 5: Use N, jet to purge to dry the wafer; place them into a glass container

with a cover.
Step6: Put the wafer container into an oven of 120°C

Step 3 and Step 4 are shown schematically in Fig. 3-2

N
] ~_
5 I
(a) (b)

Fig. 3-2 Schematic.of(a) step 3 and (b) 4

3.2.2 Growth of IGZO and Electrodes

(1) RF sputtering

RF sputtering uses a radio frequency power supply, operating at 13.56 MHz,
to generate plasma, which creates ions are used to sputter the target. The ions
are accelerated towards the target by a negative DC bias on the target due to

the flux of electrons. The ions hit the target with enough energy to dislodge
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the target atoms, which are then deposited onto the substrate. RF is
performed under vacuum, typically between 1 mTorr and 50 mTorr, to
improve the quality and the deposition rate of the deposited film. A lower
pressure increases the mean free path, the distance between collisions, and
results in the deposited species having more energy to diffuse along the
substrate surface in order to find the lowest energy state possible. RF
sputtering can be used to sputter both insulator and conducting targets, since
charge does not build up on the surface of the target. The major

disadvantages of RF sputtering are cost and deposition rate

(2) DC sputtering

The only major change from RF to direct current (DC) sputtering is the
power supply used:In DC ‘sputtering, as the name suggests, a DC power
supply is used to create the plasma. The physics of the sputtering process is
unchanged. DC sputtering allows for “higher deposition rates and is less
expensive than RF sputtering. Conventional DC sputtering can only be used
to sputter conductive targets. The flux of electrons from the DC supply
causes charge to build-up on the surface of an insulating target, rendering the
plasma unstable so that it eventually extinguishes. One method used to
sputter insulating targets using DC sputtering involves the use of a pulsed
DC source. When using a pulsed DC source, the voltage is periodically
pulsed positive for a very short time to remove the charge on the insulating
target. This positive pulse duration is a very small fraction of the entire

period, resulting in a higher sputter rate than of RF sputtering.
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(3) Sputter system in NCTU

The NCTU sputtering system was placed in class 10K clean room
schematic outline is shown in Fig 3-3. Vacuum system composes of rotation
pump and cryo pump, which work for different pressure range. Power system
consists of several DC and RF power modules with 6 sputtering guns.
Purified gas sources are Ar, N, and O. There is also a rotation system to get

high uniformity by rotating sample disk and sample holders.
The sputter system with a background pressure was less than 8x107 torr,

shown in Fig 3-4, was employed to deposit a-1GZO thin films. The deposition

was at RF power = 80W, and oxygen and-argon flow rate at 0.6 sccm and 10
sccm under 6x10°-torr ambient, “respectively. The total thickness was

controlled at 40nm.
The thermal evaporation system shown in Fig. 3-4 was employed to deposit
the Al source and drain electrodes. The evaporation rate was controlled at 3 A

/sec at a pressure of 5x10°® torr and the total thickness was at 1000 A .
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Fig. 3-3 Schematic sputtering system in NCTU

Fig. 3-4 NCTU’s sputter system
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Fig. 3-5 NCTU’s thermal evaporator system

3.2.3 Annealing process

Using to be furnace in 'nitrogen ambience- to anneal a-1GZO. After
annealing, the electrical characteristics of the device are better than that of the

devices without annealing. The photo of atmospheric anneal furnace is shown
in Fig. 3-6. The experiment conditions was controlled at 350°C and N,

atmospheric environment, the total annealing time was set in 1 hr.
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Fig. 3-6 Tube furnace
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3.2.4 Flowchart of Devices fabrication process

A typical a-1GZO TFTs processing flow chart is shown below.

Clean the
substrate

Deposition
the IGZO film

Deposition
the Al as S/ID
electrodes

All the
device
annealed at
350C in N,
for1 hr

Fig. 3-7 Flowchart of a-1GZO devices fabrication



3.2.5 Organic passivation deposition

Finally, PTFMA and PMMA were separately dissolved in
1,2-dichloroethane with 15 wt% concentration and filtered by a 0.45-um pore
size membrane filter. Thereafter, PTFMA and PMMA solutions were
separately spin-coated onto 1IGZO TFTs at a spin speed of 1000 rpm. The
passivated IGZO TFTs were cured at 100°C for 30 min, and then were stored
in ambience for measurements. The chemical structure and relative
parameters for PTFMA and PMMA are shown in Fig. 3-7 and Table 3-1,

respectively.

ad

n O
= O

O \
\ CH,
CH; cr{

(2) (b)

Fig. 3-7 The chemical structure of (a) PMMA and (b) PTFMA

Table 3-1 Organic passivation materials
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Density Molecule Water
Abbriviation (glcm?) Weight contact
9 (Mw; g/mol) angle (%)
2,2,2-

trifluoroethylmethlyac PTFMA 1.2 30000
rylate

methylmethacrylate PMMA 1.14 15000 75
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Chapter 4
Results and Discussion

4.1 Thin-film morphology of passivation layer

The topography of passivation layers is a critical issue for the TFT
performance, because the subsequent processes are constructed on the top of the
passivation layer when preparing an active matrix array black plane.

The thin-film morphology .of: spin-coated PTFMA and PMMA organic
passivations were measured by an_atomic force microscope (AFM) and the
images are shown in Fig. 4-1 The surface roughness for PTFMA and PMMA are
0.46 nm and 0.41 nm; respectively. The results reveal that the dielectric layer
with a quite smooth surface and is suitable for following pixel electrodes

process.
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Fig.4-1 AFM (Sumx5um) images of the thin-film surface morphology on
passivation layers (a) PTFMA and (b) PMMA

4.2 Output and transfer characteristics of devices

High energy process such as PECVD or sputtering may damage the back
channel, hence, a low energy process by spin-coating the organic passivation
PTFMA and PMMA were proposed. The electrical properties of device without
and with passivation film are discussed first. The electrical properties of device
including Ip-V and Ip-Vpy.are shown in Figs. 4-2 and 4-3, respectively.

The result in Fig. 4-2 shows a-1GZQO devices electrical property without and
with PTFMA passivation film. The dark lineindicates devices without

passivation layers and-red line indicate-devices with passivation layers. The
a-1GZ0O devices show a 2.3V. Vq, shift, s.s., U s and lo/lor change only

slightly. General PMMA devices exhibited similar results to those of
PTFMA-coated device, expect the PMMA devices shows larger Vy, shift of
about 6.4V. The electrical characteristics also are summarized in Tab. 4-1.
Transfer characteristics of both PTFMA and PMMA exhibited very small
change due to the low deposition damage. Interestingly, both devices show
negative Vqy, shift, 2.3V and 6.4V, respectively. In previous study in PMMA
process, the side chain group of alkyl group (-OCHj3) as possesses shown in Fig.
4-4a. The -OCHjs chain can be classified into an electron donor-like [18]. In the

semiconductor/passviation interface, -OCH3; may release electrons into a-1GZO
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active layer. This increases the carrier concentrations, and then leads to negative
V1, shift. Similarly, PTFMA possesses, the side chain group of fluoroalkyl
group (-OCH,CF3) as shown in Fig. 4-4b. The -OCH,CF; group is also an
electron donor-like group. The results suggest that the -OCH; has a stronger
electron donor-like effect than -OCH,CF;. In comparison with -OCH,CF; chain,
-OCHj; chain affects the a-1GZO film carrier concentrations dramatically.
Accordingly, the devices with PMMA passivation layer show a larger V1, shift.
From the viewpoint of device designer, the device performance after
passivation layer should be maintained. The device performances passivated by
various inorganic layers are summarized in Table 4-2. Obviously, the 1GZO
devices passivated by either PECVD or sputtering showed serve degradation.
Organic passivation PTEMA and PMMA can efficiently suppress the back

channel damages. PTEMA revealed better performance than PMMA, because
the PTFMA could preserve the devices properties.such as Vry, .S.S., and (£ .

In next chapter, the devices stability in ambience will be further discussed.
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Fig 4-2 Transfer characteristics of a-IGZO TFTs with and without PTFMA

passivation layer drain current versus (a) gate voltage, and (b) drain voltage.
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Fig 4-3 Transfer characteristics of a-1GZO TFTs with and without PMMA

passivation layer drain current versus (a) gate voltage and (b) drain voltage.
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Table 4-1 the electrical characteristics of a-1GZO devices with and without

organic passivation layer

Mobility L Subthreshol Threshold Dielectric Drain current
(em?V's) Al swing (V/dec)  Voltage (V) constant (A)

Before

PTFMA 8.07£0.12 6.0"10° 1.75+0.08 6.50+£0.30 2 75104
passivation

After

PTEMA 8.30+0.11  6.0710° 1.69+0.08 4.22+0.20 6 3.50*10+
passivation

Before )

PMMA 7.71+0.26 5.0*10° 1.45+0.08 7.38+0.77 4%10+4
passivation
After PMMA i
passivation 7.86+0.23 4.7710° 1.52+0.09 1.00+0.10 3.2 5.3*10+

Table 4-2 The a-1GZO device performance by various inorganic passivations

- . S.S.
Passivation deM:)at:g:iyon V"’(‘s’;"ﬂ degradation Process
< (Videc)
sio 31.28° 554 0.99 pECYD  *-H-Choetal, SID 08, DIGEST
2 -31.28% . 1.09 625

|
ALO, -24.86% 22.90 g(r;;?::;e ALD D.H.Cho et a-ll"zﬂn 08, DIGEST
Increase D.H. Cho et_al., Jou_rnal of The
Ga,0 -44.44% 15.00 Sputter Korea Physical Society Vol. 54

2% ° greatly 5 NO. 1 (2009)
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4.3 a-1GZO TFT device stability in ambience

For long term operation, the device stability in ambience is important. Several
experiments were set up to evaluate the device stability in ambience, including
the devices without passivation layer, with PTFMA, and with PMMA.

In first experiment, the devices without passivation was exposed in ambience
for 24 days, the environment conditions are 26°C and 78% RH. After exposure

in ambience, the device transfer characteristic showed severe degradation, as
shown in Fig. 4-5. Obviously, the interactions between the active back-channel
and ambient played a critical role in the ‘performance degradation. It is well
known that adsorbed oxygen can capturean electron from the conduction band
and the resulted oxygen species can-exist in various forms such as O%, or O, as
described by Eq. (4-1).-As a result of charge transfer, a depletion layer is formed
in beneath the Zn-based oxide surface,-leadingto an increase in the V1, of the
transistor [19]
0O, (gas) + e =20  (solid) (4-1)
The equilibrium constant K is given by [O]soig/Po2[n], where [Osoiia,» Po2, and
[n] are the adsorbed oxygen concentration on the 1GZO surface, the partial
oxygen pressure, and the electron density in the channel, respectively. As
pointed out in previous study [20], an increase in Pg, results in a positive V,
shift in the resulted oxide transistor because the equilibrium constant K should
be invariant at a fixed temperature. As a result, the concentration of Ogyq
increases. Hence, the oxygen would dominate a positive Vqy,.

However, the result in first experiment shows a negative V, shift, which is
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attributed to moisture in ambience [21]. When a-1GZO film adsorbs moisture,
the trap density will increase. It is speculated that the traps created due to H,O
adsorption in deep-level state. The deep-level state can be classified into
acceptor-like trap which causes a negative Vy, shift. The schematics including
adsorption of oxygen and moisture are depicted in Fig. 4-6.

To evaluate the ability of ambience barrier, PTFMA and PMMA were chosen
as passivation layer, due to their high material density (PTFMA=1.2 g/cm?,

PMMA= 1.14 g/cm®), and high water contact angle (PTFMA=95°, PMMA=75

"). The following experiment would focus on the devices with passivation layer.

The results are shown in Figs.4-7 and 4-8, respectively. When the PTFMA and
PMMA devices are exposed in_ambience, both-devices show almost the same
performance after 24 days. The devices parameters.are summarized in Table 4-3.
The devices without a-passivation layer showed a-significant increase of S.S.
(increase of 1.6), and V4, (shift to 3.4V) with time. The a-1GZO devices with
PTFMA and PMMA passivation.layer showed good stability in ambience. Two
devices have similar results, the reasons can be attributed to that PTFMA (1.2
g/cm®) and PMMA (1.14 g/cm®) have similar material density, which directly
affects the ability of barrier to gas. To confirm the data, five passivated a-1GZO
devices separately with PTFMA and PMMA passivaiton layer were prepared
and almost similar changes in all passivated device were obtained.

When the devices were passivated, the devices stability was improved,
essentially. However, organic dielectric materials are thought to be poor in water
resistance because it may absorb water in ambience. Therefore, the devices

stability in high humidity environment also will be discussed in next chapter.

37



No passivation
1E-4 —&— Original
—o— 7 day
1E-5 —&— 14 day
—¥— 24 day
1E-B
1E-7
< 1E-8
=
1E-9
1E-10
1E-11
1E-12.,i.,...,..
10 0 10 20 30
Vg iv)

Fig 4-4 Transfer characteristics of a-1GZO TFTs without passivation stored in

ambience for 24 day

O () O O (h) Q surface

v v
LILITL o [EEER
Oxygen
(0, ¥
2. IGZO a-1GZ.0
(a) (b)

v

Water
(H,0)

Fig. 4-5 (a) Schematic of the electric—field-induced adsorption of oxygen

molecules from the ambience. (b) Schematic of the electric-field-induced

desorption of moisture molecules at the ambience.
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Fig. 4-6 Transfer characteristics of a-1GZO TFTs with PTFMA passivation layer

stored in ambience for 24 days.
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Fig. 4-7 Transfer characteristics of a-IGZO TFTs with PMMA passivation layer

stored in ambience for 24 days
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Table 4-3 The a-1GZO device electrical characteristics exposed in ambience for

24 days without and with organic passivations

Storage Time Mobility S.S. Vin
(Day) (cm?/V-s) (V/dec) (V)
1 8.02+1.21 1.14+0.17 47+1.1
No passivaiton
24 9.01£0.81 2.73+0.23 1.3+£0.4
1 8.13x0.70 1.50+0.14 1.2+0.3
PTFMA
24 8.15+0.54 1.52+0.19 1.1+0.3
1 8.10£0.65 1.79+£0.11 1.3+0.3
PMMA
24 8.07+0.62 1.82+0.13 1.2+0.3

4.4 a-1GZO TFT ‘devices stability in high humidity

environment

To ensure that the device.with PTFMA and PMMA still can function in

severe environment, both devices were stored in a high humidity conditions, 60

C, 95% HR for 5 days

After exposure in high humidity conditions, both PTFMA and PMMA
devices revealed a negative V1 shift, the results as shown in Figs. 4-9, and 4-10,
respectively. A negative V14 shift can be ascribed to the moisture catch electron
in back channel. To confirm the data, five devices were measured and the results
shown in Fig. 11. The PTFMA devices revealed about 3V shift and the PMMA

devices revealed about 4V shift. In comparison, PTFMA has larger water

contact angle (PTFMA=95", PMMA=75" as shown in Fig. 4-12) which directly
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affect the ability of water resistance. Base on the property of high water contact

angle PTFMA possess better passivation characteristics.
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Fig. 4-8 Transfer characteristics of a<1IGZO TFTs with PMMA passivation layer
stored in high humidity condition for 1 day.
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Fig. 4-9 Transfer characteristics of a-IGZO TFTs with PTFMA passivation layer
stored in high humidity condition for 5 day.
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Fig. 4-10 a-1GZO devices V1, shift including the with PTFMA, and with

PMMA passivation layer
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Fig. 4-11 The water contact angle for (a) PMMA and (b) PTFMA
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4.5 a-1GZO TFT devices stability under DC stress

In AMLCD’s, the TFT is used as a digital switch driven with duty cycles for
only ~0.1%, making the circuit fairly insensitive to the conventionally large V,
shifts of a-IGZO devices. In contrast, the TFT driver in an AMOLED npixel
operates in DC, the OLED current depends directly and continuously on the
TFT V.. An increase in the V1, of the driver TFT’s over time reduce the OLED
drive current and therefore decreases the brightness of the pixel, as shown
schematically in Fig. 4-13. Hence, the devices stability under DC bias stress also
IS very important to evaluate the device stability.

Measurement at high «gate stress fields (Vs=20V) were performed by
grounding the TFT drain and source (Vp=Vs=0 V) and applying a voltage to the
gate. The Vq, shift was found by the difference of.the V, shift extracted from
the TFT characteristics before and after-applying the stress.

When the devices without passviation layer, the V1, revealed a significantly
shift to positive as shown in Fig. 4-14. The mechanisms responsible for the V+,
shift in a-1GZO TFT’s were (i) the trapping of electrons in the gate insulator and
(i1) creation of defects in a-1GZO at or near the a-1IGZO/insulation interface, and
(iii) electron trapping within the IGZO channel layer [22]. In the first
mechanism, channel electrons tunnel into the empty trap states in the insulator,
resulting in shift of the threshold voltage. In the second mechanism, the creation
of deep electronic states produced within the 1GZO layer and concomitant
trapping of accumulation layer electrons during operation of a-IGZO TFT. In
the third mechanism, the conduction band electron traps distributed throughout
the 1IGZO layer. The three mechanisms were summarized in Fig. 4-15.
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However, the first mechanism is unlikely for the insulator/a-1GZO TFTs
tested herein, considering the high electric fields required and the small capture
cross section of thermal SiO, [23]. Thus, this mechanism is eliminated for
further consideration. Actually, the oxygen and moisture in ambience might
affect the second and third mechanisms. During DC stress, oxygen or moisture
may attach to the back channel, and capture the carrier, the concept as shown in
Fig. 4-16. Hence, the V1, of a-1GZO devices will shift to positive. In the case of
devices with passviation, the V1, was greatly suppressed, the result shown in Fig.
4-17. For comparison, the Vy, versus stress time for the sample without, with
PTFMA, and with PMMA passivation layer were summarized in Fig. 4-18. The
results clearly indicate that for the passivated devices, the V1, was suppressed to
3V. The two devices have similar results. The results also can be attributed to
both PTFMA and PMMA with similar material density.

The positive Vq, shift during positive Vg stress comes not only from the
charge trapping, but also from the dynamic .interaction between the exposed
back channel and the ambience. Compared with other inorganic passivation
layer such as SiO,, the V1, shift is 0.75V [24]. It is much lower than organic
passivation layer. Hence, single organic passivation layer still difficult to
achieve long term stability for AMOLED. However, organic passivation layer
provides a method of low deposition damage to the device back channel. To
maintain the devices stability and performance, the double passivation layer

inorganic/organic may be a solution.
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Fig. 4-14 Energy band diagram of a-1GZO devices, illustrating three instability
mechanisms: (a) Electron injection and trapping within the gate insulator, (b)
deep state creation for the explicit case of a zinc vacancy, and (c) electron

trapping within the a-1GZO channel layer.
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Fig. 4-15 (a) Schematic of adsorption of oxygen molecules from the ambience
under the application of positive gate voltage stress. (b) Schematic of adsorption

of moisture into the ambience under positive Vs stress [19].
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Fig. 4-16 a-1GZO device with passivation layer after stress for 2000 s
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Fig. 4-17 a-1GZO devices V1, versus stress time including the without, with

PTFMA, and with PMMA passivation layer

4.6 Color filters functional organic passivation layer

The polymer dielectric materials served not only as insulator for TFTs, but
also as color filters for LCDs [25] or colorful electrophoresis paper (E-paper)
[26], schematically shown in Figs. 4-19, and 4-20, respectively. This work
represents one potential example for multifunctional passivation layer. Further,
since color filters significantly contribute to the bulk of material cost, integrating

color filters and passivation layer is also an effective method for reducing the
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overall cost of LCDs or colorful E-paper. Therefore, colored PMMA was
utilized [25]; the photo of colored passivation was shown in Fig. 4-21. The
corresponding 1931 CIE coordinates was shown in Fig. 4-22, which were (0.64,
0.34), (0.36, 0.54), and (0.14, 0.15) for red, green, and blue devices, respectively,
covering 49% National Television Systems Committee (NTSC) standard.
Conventional color filter is about 72% NTCS, 49% is not enough for LCD
applications. However, the color gamut can be improved by increasing the
thickness of passivation or purify the material. Our work provides a possibility

for multifunctional colored passivation layer.
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Cross-sectional view of conventional TN Panel
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Cross-sectional view of C/F on Array Panel

Fig. 4-18 Schematic color filters on active matrix arrays
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Fig. 4-19 Schematic cross-sectional view of colorful E-paper
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Fig. 4-20 A real picture in full-colored colorful organic passivation layer
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Fig. 4-21 Chromaticities of red, green, and blue 1931 CIE coordinates

4.7 Summary

The a-1GZO deposition damage in back channel can be suppressed by using
the organic passivation-layer. Because PTEFMA ‘has-a weaker electron donor-like
effect, the device reveals a 2.3V V, shift (The PMMA device shows 6.4V shift).
Hence, PTMA shows better passivation.characteristics. Furthermore, organic

passivation can also protect the a-IGZO devices from oxygen and moisture in
ambience, S.S., st and lo/lo change only slightly even storage in ambience

for 24 days.

For AMOLED applications, the a-1GZO devices stability under DC stress was
evaluated. The stress condition is Vgs=20V and stress time = 2000 s. The
devices after stress, shows 3V Vq, shift. Actually, it was poor than inorganic
passivation. Therefore, single organic passivation may not suit to AMOLED
display, but organic passivation still provides a possibility of low back channel

damage. Finally, for the reason of cost and higher aperture ratio, colorful
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organic material was integrated into the passivation layer. The devices show

about 49% NTSC standard.
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Chapter 5

Conclusions and Future works

5.1 Conclusions

In this study, we reduced a-1GZO device back channel damage by using
PTFMA and PMMA. PTFMA is suitable for passivation layer material, because
it has weaker electron donor-like effect, high material density, and high water

contact angle. For long term stability, PTEMA is very stable in ambience after
24 days, with slight change in (eSS, and ly/lye. Although an organic

passivation layer revealed poor DC bias voltage stress stability, it still provides
potential for lowering deposition damage. Finally, the organic passivation layer
provides an alternative approach to integrate passviation layer and color filters
in LCDs. Overall organic passivation_revealed high potential for producing a
printable, low process energy, and functional color filter. Combining these
merits, organic passivation layer can further reduce the equipment and material
cost. Comparisons in organic and inorganic passivation layer are shown in Table.

5-1

Table 5-1 Comparisons with organic and inorganic passivation layer

53



Passivation Sputtering SiO, PECVD SiO, Spin PTFMA
et SOLVeLgNo TnsMImesT  woruto
Process Complicated Complicated Easy
Deposition A A o
damage
Stavity @ @ .
stabity ° ° 2
Integration x x O

of color filter

©: Excellent ; O: Good; A\:Acceptable; x: Poor
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5.2 Future work

The a-1GZ0O was found to be a highly visible light transparent [26], however,
the photosensitivity will cause the a-IGZO device unstable. Because the
wavelength dependent a-1GZO TFTs photosensitivity under broad-band
illumination (365~660nm) and found that the a-1IGZO TFT is stable under
visible light (460~660nm) (Fig. 5-1). Under UV illumination (<400nm), TFT off
state drain current increases and the change is consistent with the Tauc gap of
the a-1GZO [27], shown in Fig. 5-2.

Therefore, we proposed a .colorfilter passviation layer to solve the
photosensitivity issue. Because the color filter‘only allowed specific wavelength
to pass, the optical properties-of red, green, and blue color filter passivation
layer were shown in Fig. 5-3. The 400nm transmittances in red, green, and blue
colored passivaiton are-30, 5, and 40%,-respectively. Colored passivation can
filter the light in UV range. (<400nm), it-can be expected to suppress the
phenomenon of photosensitivity.

However, the UV light transmittance is totally different in red, green, and
blue colored passivation that might cause the different photosensitivity
phenomenon. Hence we have to further consider that the relationship between
the thickness of colored passivation layer and photosensitivity, because
thickness will directly affect the optical spectrum of colored passivation. Ideally,
the UV light region transmittance in red, green, and blue should be as same as
possible (considering the uniformity of photosensitivity); it will produce the
different off current state and Vr, in red, green, and blue pixel respectively.
Overall the colored passivation is a good topic in photosensitivity.
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Fig. 5-2 Ip-Vgs curves for constant photo flux with the varying light wavelength
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Fig. 5-3 Color filter-passivation optical properties of red, green, and blue
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