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Abstract

This dissertation is divided intostwo parts:.In the first part, it focuses on the
pentacene-based organic thin-film transistors (OTFTs). There are many issues of
traditional OTFTs, such as high operating voltage, photosensitivity, and poor
reliability. We proposed that using high ‘organic-inorganic nanocomposite dielectric
as gate insulator to reduce the operating voltage caused from low material mobility.
Furthermore, we used nanoparticles of composite dielectric as recombination centers
to reduce photosensitivity of pentacene-based OTFTs. In addition, we also integrated
color filter into TFT array. This study demonstrated one potential example for
multifunctional organic electronics.

The second part discusses the properties of amorphous In-Ga-Zn-O thin-film
transistors (a-IGZO TFTs). We first studied the optical, thermal, and electrical
properties of a-IGZO film. Next, the electrical properties under different wavelength
illumination of a-IGZO TFTs were studied. Furthermore, the a-IGZO density of states,
simulation and modeling were investigated for the visible and high-speed electronics
applications. Finally, we successfully combined pentacene and a-IGZO as active layer
to make ambipolar TFTs. These devices show both p-type and n-type characteristic.
CMOS-like inverter circuit was made to demonstrate the possibility for display

applications.
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Chapter 1

Introduction

1.1 Active Matrix Flat Panel Electronics

Although cathode-ray tube (CRT) has been the dominant electronic display for
about 75 years, flat-panel displays (FPDs) have recently edged the CRT in many
applications. The active-matrix liquid-crystal display (AMLCD), the most successful
FPD to date, has conquered virtually all modern portable display applications,
including notebook computers, personal digital assistants, hand-held telephones, and
camera viewfinders. Liquid-crystal displays (IL€Ds), when first used in computers,
were fabricated as passive-matrix-addressed displays.with diagonal sizes of less than
10 inches. Yet, they are currently available with about 17 inches sizes in computers
and with about 23 inches sizes in"desktop monitots, and 46 inches sizes in TVs [1].
Fig. 1-1 shows several applications of AMLCDs. These products are all around our

daily life.

Generally, active matrix TFT backplane, which is used in AMLCDs and recently
in AMOLEDs (Active Matrix Organic Light Emitting Diode), is an array of pixels
with vertical and horizontal programming lines. Rows are connected to gates of
switching TFT of the pixels, columns drive TFT sources, and drains are connected to
the liquid crystal (LC). Gates and sources are scanned and programmed periodically
by external CMOS driver for every pixel in a-Si:H AMLCD. Low temperature
poly-silicon AMLCDs, due to better stability of poly-Si electrical characteristics, can

have built-in drivers which reduces fabrication costs. Also there are some circuit



requirements for AMLCDs that have to be addressed based on signal timings. For
example, for 60 Hz operation the line time is 34.7 psec, so the charging time of each
pixel must be less than this number to maintain the 3 contrast of pictures. This
number for a 852x480 wide VGA (WVGA) display with a pixel pitch of 0.974 mm

is about 16.9 psec. [1]

~Digital TV, Home theater, Kitchen TV, Bedroom TV, Bathroom TV,
Home shopping

~UMPC, EeePC, Classmate PC, OLPC

= = ORI

TSE 23a7HO

Fig. 1-1 AMLCD applications

Another generation of FPD which is growing very fast is AMOLED displays (Fig.
1-2). Fast response time (< 10 psec), large viewing angle (~170°), high contrast and
brightness, light weight, lower power consumption, and high efficiency have given
AMOLED displays very promising future [2]. OLED displays can potentially be
used in different fields such as automotive, consumer electronics, digital video
technologies, industrial, scientific medical applications, and telecommunications.

Recently, Samsung electronics, the leader in TFT-LCD (Thin-film transistors-LCD)



technology announced manufacture of the largest single-panel AMOLED display
with 40-inch screen and the highest resolution at 1280 pixels by 800 pixels,

implemented by amorphous silicon technology.
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Fig. I-2 Prototypes of AMOLED
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1.2 Future displays

Today's digital displays are far from ideal. They are heavy, somewhat fragile and
they lack the resolution, flexibility or portability of paper. They are also expensive.
Flexible displays are expected to be comprehensively applied to paper-like displays
(e-paper) and other display purposes varied by the usage of the product. In addition,
displays combined with circuits (system-on-panel), wall hanging large screens, and
3D displays are also approaching our life (Fig. 1-3). As a result, traditional
amorphous silicon thin-film transistors (a-Si:H TFTs) will not be suitable for
bendable substrates and fast switching applications. Samsung mentioned that
LCD-TVs trend to have UD resolution (3840 x 2160) and more than 120Hz scan

rate in SID 2008 (Fig. 1-4). For this reason, it will increase the number of gate line



and frequency. Consequently, we have to use high-mobility devices to enhance the
chargeability. Furthermore, for large scale display, TFT uniformity should be taken

into consideration, so amorphous type active layer is the key material.
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1.3 Thin-film transistors and operation

Traditional thin-film transistor composes of a semiconductor layer, a gate
insulator layer, and 3 electrode terminals called gate, source, and drain. Fig. 1-5(a)
shows the basic layout of a bottom-gate thin-film transistor (TFT) and energy band
diagrams through the gate of an n-type accumulation-mode TFT under three modes
of operation. Fig. 1-5(b) shows the equilibrium energy band diagram, i.e., no bias is
applied to the gate contact. 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, of positive charge, as indicated by the positive curvature in
the conduction and valence bands in Fig. 1-5(c) near the insulator. When a positive
voltage is applied to the gate contact, delocalized electrons in the channel are
attracted to the semiconductor/insulator, intetface, ¢reating electron accumulation at
the interface, as indicated by the negative curvature in the conduction and valence
bands in Fig. 1-5(d) near the insulator. The‘delocalized electrons accumulated near
the semiconductor/insulator interface ‘when:a positive voltage is applied to the gate
contact provide a path for current conduction, which is denoted as the channel. As a
positive voltage is applied to the drain contact of the TFT, these delocalized
electrons in the accumulation layer are extracted from the channel, giving rise to
drain current through the TFT. At small positive drain voltages, i.e., voltages
significantly less than the gate voltage minus the turn-on voltage, Vps << Vgs - Von,

the drain current conduction can be modeled as a linear relationship given by

Ips = (1/2)uCox(W/L)(2(Vas - Von)Vps — Vps) eq. (1-1)

where the turn-on voltage (Von) is the voltage at which current conduction



begins to increase with an increase in the gate voltage, C,y is the oxide capacitance,
u is the mobility of the electrons, W is the width of the channel, L is the length of
the channel, Vs is the gate to source voltage, and Vps is the drain to source voltage.
When the drain voltage reaches the pinch-off voltage, i.e., the voltage at which the
channel near the drain is depleted of carriers, the drain current saturates, thus

becoming independent of the drain voltage, and is given by

Ips = (1/2)MCOX(W/L)((VGS - VDs)z) €q. (1-2)

Transistors are classified into two different types, based on whether drain
current flows through the TFT when no voltage is applied to the gate. If the TFT is
on, i.e., drain current flows through the TFT when. no voltage is applied to the gate,
the TFT is distinguished as a depletion-mode device. If the TFT is off, i.e., only
leakage current flows through the TET with-ne.voltage applied to the gate, the TFT

is classified as an enhancement-mode TET.
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1.4 Organic thin-film transistors

1.4.1 Introduction to organic semiconductor and pentacene

Organic materials are suitable to be made on the flexible substrates because of
their unique molecular properties. Many interesting applications such as flexible
displays, smart cards, radio frequency identification tags, e-skin on robots, as well as
light-emitting diodes and lasers have been demonstrated (Fig. 1-6). Much progress
in this field has been made to improve the material properties and the process

techniques.



Fig. 1-6 Applications of organic transistors.

Since Alan Heeger, Alan MacDiarmiq, and Hideki Shirakawa first began studying
how to alter the level of conductivit; of pf)lyme;s in 1976, the interest in conducting
polymers has exploded. [3,4]:While 1Inve'st1gat1ng the chemistry of conducting
polymers, Alan Heeger’s grouﬁ_ ,.disco"yéi'edﬁthe'condjuctivity of polymers could be
controlled from insulating, to -serm‘icpnduc_ting;‘ .to metallic conducting [3]. By
carefully controlling chemical reactions, the level of doping in polymers can be
changed several orders of magnitude. This is a typical characteristic of conventional

semiconductors such as silicon.

The wide range of conductivity of these polymers is due to their unique structure.
Polymers consist of small unit cells containing a hydrogen-carbon configuration,
which become chemically bonded together to form a giant molecule, usually called a
macromolecule. Bonding occurs as the carbon atoms are brought together to form
the backbone of the molecule, but leaves one n-bonded electron weakly bonded [3].

The weakly bound m-electron can then give rise to charge carrier transport in the



presence of an electric field, which takes place along the carbon bonded backbone
[3]. Controlling the conductivity is simply a process of doping the polymer to

capture or release more electrons in the macromolecule.

Chemists control the conductivity through various methods as shown in Fig. 1-7
[3]. These methods include oxidation/reduction reactions, electrochemical methods,
acid-base reactions and photodoping [3]. An interesting phenomenon of organic
semiconducting polymers is the vast array of available materials reported [3].
Although p-type organic semiconductors were studied and developed first, n-type
are now under extensive investigation. Tables 1-1 and 1-2, show the progress of
MOSFET transistors based on both p and n-type organic semiconductors,

respectively, and how the leading edge materials have changed over the years.

Electrical conductivity Control of electrochemical potential
Conductivity approaching that of copper Electrochemical batteries
Chemical doping induces solubility Electrochomism and “Smart Windows™
Transparent electrodes, antistatics Light-emitting electrochemical cells

EMI shielding, conducting fibers

Electrochemical

Chemical

Doping of

Conjugated
\Polymer/

N

Interfacial

Photo

High-performance optical materials
1D Nonlinear optical phenomena
Photoinduced electron transfer
Photovoltaic devices
Tunable NLO properties

Charge injection without counterions
Organic FET circuits
Tunneling injection in LEDs

Fig. 1-7 Doping mechanisms and related applications.



Table 1-1 Molecular structures of common p-type organic semiconductors
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Table 1-2 Molecular structures of common n-type organic semiconductors
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Organic semiconductors can be organized into two categories. The first is plastics
or polymers. The backbone of these materials is based on a repeating chain of
hydrogen and carbon in various configurations with other elements. Much work has
been accomplished with these materials, but they have relatively poor mobilities
(10* ¢cm?/Vs [3]). The second group is based on short organic molecules called
oligomers. Crystals of these materials are held together by weak van der Waal forces.
Devices fabricated from these materials have been demonstrated the highest
observed mobilities in organic semiconductors (2.4 cm?/Vs [4]). However, the
speeds of these devices still can not be comparable to traditional transistors based on
inorganic semiconductors, such as silicon MOSFETs. On the other hand, the organic
transistors are not driven by an interest in replacing silicon devices, but rather in
developing devices for especially fow cost applications. Currently, pentacene is one
of the small molecule semiconducting materials that have received a great deal of
attention [4]. Recent developments have.yielded, the highest charge carrier mobilities
of any organic semiconductor [4]."Peéntacene-is one of a group of materials called
polyacenes. A characteristic of this group of materials is its structural formation. It
begins with a carbon-carbon covalently bonded ring of six carbon atoms called
pentacene. As shown in Fig. 1-8, every other carbon bond in the benzene ring is a
double bond. Because carbon has four available electrons for bonding in its outer
shell, one is used in a single C-C bond, two in a double C-C bond, and then the final
electron is bonded with a dangling hydrogen atom. Therefore, the final molecule is a
ring of six carbons with a hydrogen atom attached to each carbon atom. Pentacene
has five benzene rings bonded together (its structure can be seen in Fig. 1-8) and

therefore, its chemical formula is CyH4.
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Fig. 1-8 Pentacene molecule structure

1.4.2 Issues of organic thin-film transistors

There are many remaining issues of OTFTs such as high operating voltage,
photosensitivity, and reliability which need to be resolved for practical applications.

High operating voltage

There is a difference in their operating range between organic versus inorganic
TFTs. Due to the very low mobilities of carriers in organic semiconductors, larger
electric fields are needed to achieve the same curtent level. In addition, typical
OTFTs have larger channel lengths (fewpm-wversus submicron for silicon). As a
result, typical organic transistors will Operate'with a gate and drain voltage in range

of 0-100V as seen in Fig. 1-9. [5]

14 V=100 V
-1.2 4
V=90 V
-1.0
2 -0.8 - V=80V
E
2-0.6 1 V=70V
-0.4 V=60 V
0.2 V=50 V
0.0 V=30 V

0 -20 -40 -60 -80 -100
V, (V)

Fig. 1-9 Typical operating range of OTFT.
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Photosensitivity

Photosensitivity is one of the important issues for the display applications, such as
liquid-crystal display (LCD), organic light emitting diode, and image sensor. The
band gap of pentacene is ~1.7 to 2.3 eV, so that the light absorption in the visible
range is high [6]. A significant increase in the photocurrents in a polymer TFT based
on regioregular poly (3-octylthiophene) and in an OTFT based on
2,5-bisbiphenyl-4-yl-thieno[3 2-b]thiophene has been reported [7,8]. On the other
hand, the photoinduced doping in pentacene TFT has been also reported [9]. Fig.
1-10 shows the transfer curves of the OTFT under dark and light illumination.
Off-current increases significantly under illumination. The minimum drain current
increases with increasing the intensity, and increases by five orders of magnitude at
1350 lux. Specifically, the current’in the subthreshold region increases remarkably,
resulting in the increase of subthreshold swing:(S). The electron-hole pairs generated
by light illumination increase the off-state-curtent significantly result in threshold

voltage shift (Vyy shift).

4
Vd=-10v
= 5lF ]
g -6
TR 3 .
E -8 F .
3 9}k .
Z-10 | Brightness (lux) T
<-11 0 .
14
0-12 = -
® --=. 100
o-13 - = 200 7
_|_14 — | — 600 H
— = 1350
-15 | 1 1 L
40 30-20-10 0 10 20 30 40 50 60
GATE VOLTAGE(V)

Fig. 1-10 Transfer characteristics under illumination for an OTFT.
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Reliability

Most of the traditional OTFTs are made on the silicon substrate because it is
easier to be processed. Fig. 1-11(a) shows the cross-sectional view of traditional
pentacene TFTs where N™" silicon serves as the gate electrode; SiO, is the gate
insulator; pentacene is the active layer and gold electrode as source and drain
electrode. Figs. 1-11(b) and (c) show transfer curves and normalized output drain
current versus stress time, respectively. The transfer performance of bare SiO;
device shows that subthreshold swing is larger than 5 V/decade comparing to
conventional TFTs. The subthreshold swing (S) is poor and turn-on voltage is
positive, suggesting that pentacene can not be well deposited onto pure SiO, surface.
After introducing HMDS (Hexmethyldisilane) between SiO; and pentacene, the S is
much improved and the turn-on .voltage becomes closed to zero, but the output
current decays dramatically~ In' shott, ~the, device interface treated by

poly(a-methylstrylene) (PaMS) shows S-and-eutput current decays slower than bare

Si0, device and HMDS treated device:

(@) 50y

=== pentacene e

Si0, 200nm

(b)

-
o
T

—=— Bare SiO,
—4— HMDS treated

10° —e— PuMStreated | | =2
5 0.8
10° Vps=-30V 0
_0 —=— Bare SiO,
< 107 \ g 06 |—a— HMDS treated
» \ N —e— PuMS treated
9 40° o 1 g
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10"+ - 0.2
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Fig. 1-11 (a) Cross-sectional view of a conventional OTFT. (b) Transfer curves
of non-modified, HMDS treated, and PaMS treated pentacene TFTs. (c)

Normalized output current under bias stress of these devices.
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1.4.3 Organic TFT state-of-arts

SONY has reported 2.5-inch QQVGA OTFT-driven full-color and top-emission
AMOLED displays on glass as well as plastic substrates with brightness > 100
cd/m” under a practical signal-voltage range of 12 V at SID 2007. [10] The structure
and the properties of the display on the glass can be reproduced on a PES film using
the same fabrication procedure. The display fabricated on the film has the
advantages of being lightweight, thin and flexible. SONY suggested that a
combination of OTFTs and OLEDs is a key technology for the future flexible
displays. Fig. 1-12 shows a photograph of the display fabricated on the PES film
while the film is being flexed. The electrical properties of the OTFTs and OLEDs on

the film are comparable to those on the g_lqés s.ﬁgétx:_ate, and the display device on the

- 4 HANA e ,
PES substrate reproduced the electrical n'_d optical specifications are also shown in

Fig. 1-12. E gy —

Display Size 2.5-inch diagonal
Number of Pixels 160 x RGB x 120 (QQVGA)
Pixel Size 318 um x 318 um
Resolution 80 ppi

Number of Colors 16,777,216

Peak Luminance > 100 cd/m?
Contrast Ratio >1000:1
Operation Scheme 2T-1C Voltage Programming
Scan Voltage 30V p-p

Signal Voltage 12V p-p

Vee — Veath 20V

Fig. 1-12 Flexible AMOLED driven by OTFTs and specification.
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1.5 Amorphous In-Ga-Zn-0O thin-film transistors

1.5.1 Introduction to metal-oxide semiconductor

The most important feature of semiconductors is in the controllability of carrier
concentration over several orders of magnitude. A unique advantage of amorphous
materials over crystalline materials is capability of large-area deposition of uniform
thin films at low temperatures. Research on amorphous semiconductors started in
1950s to seek materials which can have both of these advantages [11]. Recently,
amorphous oxide semiconductors (AOSs) have attracted much attention because
AOS thin-film transistors exhibit large mobilities with low fabrication temperature.

The conduction bands of the AOSs are derived from the ns orbitals of heavy metal

o

cations such as In’", Ga’*, and an; T T% '
covalent semicon. ionic oxide semicon.
crystal M:(n-1)d'ns® (n25)
T ‘. -\ @xygen|Zp-orbital
) ] "“‘-S“T sp3-orbital /{

aorphous

Fig. 1-13 Schematic orbital drawing of electron pathway (conduction band
bottom) in conventional silicon-base semiconductor and ionic oxide

semiconductors.
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The spatial spread of this vacant s-orbital is so large that direct overlap between
the s-orbitals of the neighboring cations is possible in heavy metal oxides, and
therefore an effective mass of electron is small in these oxides. Electron transport
path is also very efficient because of the large radii and large overlap between the
adjacent ns orbitals of spherical symmetry, which is less sensitive to the arrangement
of atoms. Oxide semiconductors have shown comparable mobilities both in
crystalline and amorphous phases, while covalent semiconductors such as silicon
shows at least two to three orders of magnitude smaller mobilities in the amorphous

phase. (Fig. 1-13)

One of the most interesting oxide semiconductor for TFT application is
In-Ga-Zn-O. Fig. 1-14 shows the electron mobilities and concentrations evaluated
from the Hall effects for amorphous.thin films: It is clear that the mobility is primary
determined by the fraction of InpO; ¢ontent-and, the highest value of ~40 cm? /Vs is
obtained around the samples containing.the maximum In,O; fraction. A critical issue
of semiconductor materials for TFT applications is controllability of carrier
concentration. This is particularly serious for AOSs because electron carriers can be
easily generated. In practice, the effect of binary amorphous materials in the
In,0s—ZnO system is employed in commercial flexible transparent conductive films
by depositing on the plastic sheet. Thus, the effect of partial oxygen pressure were
studied during the deposition processes on the carrier concentration in a-InGaZnO,
and a-In,Zn3;Os and obtained the results as shown in Fig. 1-15. The carrier
concentration in the a-InGaZnO, is distinctly reduced to below 10" cm™ by
reducing Po, to 8 Pa, whereas it remains at 10" cm™ in the a-In,Zn30¢ deposited
under the same condition. It is thus evident that incorporation of Ga’" is very

effective for suppressing electron carrier generation. Ga>* is supposed to attract the
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oxygen ions tightly due to its high ionic potential (+3 valence and small ionic radius),
and thereby suppressing electron injection which is caused by oxygen ion escaping
from the thin film. The Hall mobility in the samples around the chemical

composition of InGaZnOs is not sensitive to the variation in the composition as

shown in Fig. 1-14. [12]
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Fig. 1-15 The carrier concentration as a function of O, pressure during the

deposition in a-InGaZnOj; and a-Iny,Zn;0q. [12]
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1.5.2 a-IGZO TFT state-of-arts

Samsung demonstrated a full color 12.1-inch WXGA active-matrix organic light
emitting diode (AMOLED) display by using a-IGZO TFTs as an active-matrix back
plane at SID 2008 [13]. It was found that the fabricated AMOLED display did not
suffer from the well known pixel non-uniformity of luminance, even though the
simple structure consisting of 2 transistors and 1 capacitor was adopted as a unit
pixel circuit, which was attributed to the amorphous nature of IGZO semiconductor.
The n-channel a-IGZO TFTs exhibited the field-effect mobility of 8.2 cm?/Vs,
threshold voltage (V) of 1.1 V, on/off ratio of >10%, and subthreshold swing (S) of
0.58 V/decade. The AMOLED display with a-IGZO TFT array would be promising
for large size applications such as':ﬁISTY because a-IGZO semiconductor can be

o [ =H
deposited on large glass substrate (> Ge

. 7)-using conventional sputtering system.

Fig. 1-16 shows the schematic:':__._"cros.s‘i ,séet,}en—ef theII 1GZO TFTs, which have an
inverted staggered bottom gate ar:c:'fﬁte-(éturevyi_th ei’r;-etch stopper layer (ESL). For an
a-IGZO TFT without an ESL, severe degradation of the S and the uniformity of Vry
were observed. Consequently, we chose ESL-type structure rather than back-channel

etch structure (BCE-type), which is generally adopted for liquid crystal displays.

Mo
SiO,

Glass substrate

Fig. 1-16 The cross sectional view of Samsung’s a-1GZO TFT. [13]



The photo-acryl as an ESL adversely affected the property of the subthreshold
swing in the resulting a-IGZO TFT, as shown in Fig. 1-17. Although the reasonable
mobility (10 ¢cm?/Vs) and Ton/off ratio (>10") were obtained, the S.S. value (1.0
V/dec) was rather poor. On the other hand, the SiOx material as an ESL resulted in
the improvement of the subthreshold characteristics: the a-IGZO TFT with the ESL
of photo-acryl exhibited an S value of 0.58 V/dec without any loss of device
properties (Upg=8.2 cmz/Vs, a Vrpsae of 1.1 'V, and an Lyy0er of > 2.0X107), as shown
in Fig. 1-17. It is evident that the S value, thus, the total trap density including the
interfacial trap density and bulk trap density of channel layer itself, can be reduced
by proper choice of ESL material. It should be noted that the overall device
performances of amorphous oxide TFTs are better than those of microcrystalline Si

and amorphous Si TFTs.

photo-acryl

-20 -10 0 10 20 30

Fig. 1-17 The representative transfer curves of the a-IGZO TFTs with
W/L=25/10um with ESL. The S value and Vrywere very sensitively affected by
the material of ESL. [13]
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The specification of 12.1-inch AMOLED display by utilizing a-IGZO TFTs as
backplane is summarized in Table 1-3. The display has the pixel number of
1280xRGBx768 with the resolution of 123 ppi. Its subpixel pitch is 69x 207 um?
composed of 2 transistors and 1 capacitor. The channel length for driving transistor
was designed to 10 pum, but the kink effect, which appears in poly-Si TFT with the
same channel length, was not observed in output characteristics [13]. The scan
driver was integrated on the panel and its functionality was successfully
demonstrated. The structure has the transparent anode, organic layers, and cathode
on the TFT backplane with bottom emission structure. The OLED device structure
consisted of a hole injection layer (HIL), a hole transport layer (HTL), a RGB
emitting layer (EML), an electron transfer layer (ETL), an electron injection layer
(EIL), and a cathode. Phosphorescent red and fluorescent green and blue dyes were
used as emitting materials. Fig. 4-18 shows ansimageof the 12.1” WXGA AMOLED

display.

Table 1-3 The specification of 12.1” WXGA AMOLED display. [13]

Items Specification
Diagonal size 12.1 inch
No. of pixels 1280 x RGB x 768

Sub pixel pitch 69 x 207 um’
Resolution 123 ppi
Panel size 283 x 181 mm’

Pixel element 2Tr 1Cap

Gray 256 gray

Scan driver Integration

Color coordinate

White (0.31, 0.31)
Red (0.67,0.32)
Green (0.3, 0.65)
Blue (0.15. 0.15)
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Fig. 1-18 The display image of Samsung’s 12.1” WXGA AMOLED display

1.6 Ambipolar TFTs

An ambipolar transistor is one_‘ifi.':\;s'/'hich!both élécfcrons and holes are accumulated
¥y ERQ\Y
depending on the applied voltages [14].-|_ They exhibit characteristic transfer and

output curves, which can be url.}‘i_é}rstqfi)_g:i'%asﬂy,_'—consi'éering the potentials applied to
the source, drain, and gate elec.‘ér;o'dé_s,relagiye. t(; one another. Let us assume a
transistor at a given positive drain voltage Vpg (the source potential is held at ground,
Vs = 0) and start with a positive gate voltage of Vgs = Vps. Just as in a unipolar
transistor, the gate is more positive than the source electrode and thus electrons are
injected from the source into the accumulation layer and drift toward the drain,
given that Vgs > VTh,e (VTh,e ) threshold for electron accumulation). Only one
polarity of charge carriers is present, and we call this the unipolar regime. On the
other hand, when Vs is smaller than Vpg, the gate potential is more negative than
that of the drain electrode by VGS - Vps. While, for Vgs < VTh,e, the source will

not inject electrons, the drain electrode in an ambipolar transistor will inject holes

into the channel if Vgs - Vps < VTh,h (VTh,h ) threshold for hole accumulation).
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Thus, one should actually now speak of the drain electrode as a hole source. A hole
current will flow, and thus, the measured drain current will be high, not like in a
unipolar, n-channel transistor, which would now be in an off-state. If the gate
potential is somewhere between Vp and Vg so that it is bigger than VTh,e but also
Vs - Vps < VTh,h (Fig. 1-19(a)), both the source and drain electrode will inject the
respective charge carriers and thus both electrons and holes are present in the
channel. This regime is called the ambipolar regime, in contrast to the unipolar
regime, where only one polarity of charges is present in the channel for any
particular biasing condition. Figs. 1-19 (c¢) and (d) show the Ips-Vgs and Ips-Vps
curves of ambipolar TFTs [14].

a) b)
Potential Potential
A A

Drai )
Vsd — N T s e e o Ved = Drain
I\.f’g-‘u’ds

Gate

Source Source
Dist;nce Dist;nce
d ) +Y
gate

+

drain

0 -
- drain
-V
gate
T T T T T v T
0
—_— - +
gate Vds Vds

Fig. 1-19 (a) lllustration of the source, drain, and gate potentials with respect
to each other in a field-effect transistor. (b) Channel potential in the ambipolar
regime with two separate channels of holes and electrons that meet within the
transistor channel, where opposite charge carriers recombine (inset). (c)
Transfer characteristics for an ambipolar transistor (d) Output characteristics
for the same transistor for positive (first quadrant) and for negative (third

quadrant) Vs and Vps, respectively.
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1.7 CMOS inverter

CMOS (complementary-metal-oxide-semiconductor) inverter is the simplest
CMOS logic circuit. The inverter circuit and standard symbol are shown in Fig.
1-20(a) and (b), respectively [15]. When a low voltage (0 V) is applied at the input,
the top transistor (P-type) is conducting (switch closed) while the bottom transistor
behaves like an open circuit. Therefore, the supply voltage (5 V) appears at the
output. Conversely, when a high voltage (5 V) is applied at the input, the bottom
transistor (N-type) is conducting (switch closed) while the top transistor behaves
like an open circuit. Hence, the output voltage is low (0 V) (Fig. 1-20(c)). The

function of this gate can be summarized by the following table:

7 ¥ i
'

High Low
Low High

The output is the opposite of the input - this circuit inverts the input.
Notice that always one of the transistors will be an open circuit and no current flows

from the supply voltage to ground.
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Fig. 1-20 (a) CMOS inverter circuit (b) standard symbol (c) output/input

voltage diagram

1.8 Motivation

The future display backplanes are divided .into*two parts. One is for flexible
displays (such as e-paper), the other one is-for large scale and fast switching displays.
In my thesis research, I would like to develop potential TFT backplanes. Pentacene
TFTs are studied for flexible displays, and ‘amorphous In-Ga-Zn-O (a-IGZO) TFTs
are studied for large scale and high speed applications. In the pentacene TFT part,
methods of reducing operating voltage and minimizing photosensitivity of OTFTs
are proposed and realized. We also have demonstrated the color-filtering functional
organic TFTs. As for a-IGZO TFTs, there are rare researches focused on the
photosensitivity and simulation/modeling. We first study the intrinsic properties of
a-IGZO TFTs under illumination with different wavelengths. Furthermore, oxygen
vacancies are introduced into density of states for simulation, which agrees well
with experimental data. This fundamental study can be a good reference for the
transparent electronic applications. Finally, we try to combine pentacene/a-IGZO as

active layer. These ambipolar TFTs have both n-type and p-type characteristics. A
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CMOS-like inverter can be the basic circuit for display applications.

Ambipolar
TFTs

Organic Amorphous
TFTs oxide TFTs
‘ Future ‘

display
backplane

Fig. 1-21 Organic TFTs, amorphous oxide TFTs, and ambipolar TFTs of this
study for future display backplane _ ,

1.9 Organization of disserta

This dissertation is divided into e s. The first chapter goes through the
brief introduction of TFT applications, OTFTs, a-IGZO TFTs, and ambipolar TFTs.
Besides, motivation and organization have also provided. The second chapter
presents the experiments and equipments for OTFTs, a-IGZO TFTs, and ambipolar
TFTs. The third chapter discusses the high-operating-voltage issue of OTFTs. We
used polymer/TiO, high dielectric nanocomposite dielectric as gate insulator to
produce more field-effect carriers. Different percentage of TiO, nanoparticles and
surface polarity of dielectric layer have been discussed. In addition, flexible OTFTs
are also demonstrated. The fourth chapter describes the photosensitivity and
operating voltage can be reduced by blending TiO; nanoparticles as recombination

centers and as high x material. Furthermore, transparent OTFTs with low

photosensitivity are also presented. The fifth chapter shows OTFTs can have color
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filtering function. Color filter inks are first successfully integrated into gate
dielectric layer. Moreover, colored polymethyl methacrylate (PMMA) is used to be
gate insulator. This unique colored polymer minimizes the phase separation issue
and opens a new way for the application of multifunctional organic electronics. The
sixth chapter studies the optical and electrical properties of amorphous In-Ga-Zn-O
films. Photosensitivity of a-IGZO TFT under illumination with different wavelength
is also discussed. The seventh chapter represents the simulation and modeling result
of a-IGZO TFTs. Oxygen vacancies are first introduced into density of states. The
eighth chapter presents our latest results of ambipolar TFTs and their CMOS-like
inverter circuit. We combine pentacene and a-IGZO these two active materials into
one device, demonstrates both p type and n type behavior. Furthermore, two
ambipolatr TFTs combined togethér shows CMOS-like inverter characteristic. The

ninth chapter gives the conclusion and future work.
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Chapter 2

Experimental Methods

2.1 OTFT device fabrication

The top-contact structure was chosen to fabricate the OTFTs in our work because
the metal surface was not a suitable environment for the growth of organic materials
in bottom-contact structure. In addition, OTFTs with top-contact structure have

better performance comparing to bottom-contact structure.

(1) Indium tin oxide electrode patterning
The substrates we used were:100 nm ITO on 1 mm-thick glass. The ITO
resistivity is 10 Q/[ ]. We use photolithography and-wet etch process to define the

gate electrode pattern. The final'schematie-structure 1s shown in Fig. 2-1.
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Fig. 2-1 Schematic structure of ITO-patterned-glass
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(2) Substrate cleaning
The details sequence is:
Step 1: Clean glasses by detergent
Step 2: Clean glasses by DI water
Step 3: Repeat step 1 and step 2
Step 4: Place the glasses on the Teflon carrier, and put them into a container with
acetone. Ultrasonic vibrates 20 minutes to remove organic contamination.
Step 5: Place the glasses into another container with isopropanol (IPA). Ultrasonic
vibrate 20 minutes to remove acetone.
Step 6: Use N, purge to dry the ITO glasses; place them into a glass container with a
cover.
Step 7: Put the glass container into.an oven with 100°C.

Step 4 and step 5 are illustrated m Fig.-2-2-

acetone

(a) (b)

isopropanol

Fig. 2-2 Schematic picture of (a) step 4 and (b) step 5

(3) Gate insulator layers
We used different gate insulators in each study. The details will be presented in

each section.
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(4) Growth of pentacene and electrodes

99.9% pentacene purchased from Fluka without additional purification, was
employed as the active layer. It was sublimated by thermal coater under a back
pressure below 1.1x107 torr. The substrate could be heated from 17°C to 90°C, and
measured with an Al-Cr thermocouple. As for deposition rate, it was controlled at a
rate of 0.5 A/sec by a quartz oscillator during the thin-film formation. A shutter
allowed the stable pentacene flux to pass until the total thickness approached 60 nm.
Gold is appropriate for pentacene-based OTFTs as source/drain electrodes due to
workfunction matched with pentacene HOMO level. Accordingly, 35-nm-thick Au,
as top contacts, was deposited at a rate of 2~3 A/sec through a shadow mask under
3x10° torr. As for the transparent devices, the hole injection layer, MoO, was
deposited at a rate of 0.5 A/sec. ITO was deposited by sputtering at 15 mins under
8x107 torr. The channel width (W) was-2000pum for all devices in this study, and

channel lengths (L) were varied aS 75,100, 130,160 um.

(5) Device processing steps

A typical OTFT processing flow chart is shown below.

‘ glass \ Clean substrate

ITO Pattern ITO gate
glass electrode
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dielectric Soruce/drain
electrodes deposited
glass through shadow mask

Fig. 2-3 The flow chart of typical OTFT device fabrication

2.2 Electrical Measurement of Devices

The electrical properties of the devices were measured by a Keithley 4200 IV
analyzer in a light-isolated probe station at room temperature. For the devices based
on pentacene, a negative bias of gate voltage was applied to accumulate holes in the
p-channel active layer. In Ips-Vps measurement, the typical drain-to-source bias was
swept from 0 to -40 Volts and the gate voltage steps were from Vgs= 0 V to Vgs=

-40 V. Besides, in Ips-Vgs measurement, the gate bias was swept from 20 to -40
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Volts and the drain-to-source voltage steps were from Vps=0 V to Vps=-40 V.
The capacitances of insulating layer modified with various polymer dielectric

materials were measured by HP4284 A using metal-insulator-metal (MIM) structure.

2.3 Surface Morphology Measurement

We used a Digital Instruments Dimension 3100 atomic force microscope (AFM)
to obtain the surface morphology of the organic semiconducting layers. By the
interaction of the van der Waals force between the tip of the cantilever and the
surface topology of the sample, the cantilever vibrates at various frequencies
depending on the magnitude of the interaction. Detecting a laser beam reflected by

the cantilever can sense the tiny vibration.of the cantilever.

g i

Photodetector

Laser Beam

Cantilever

Line Scan _'

Surface

4 N
— Tip Atoms
4 Force
0000
000000000
\_ Surface Atoms Y,

Fig. 2-4 A schematic model of atomic force microscope
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The computer record these detected signals and construct the surface
morphology of samples. Fig. 2-4 illustrates the configuration of AFM. From the
surface morphology, we have clues to recognize the relation between the transfer
characteristics and the graining formation of the organic semiconductor. During the
scanning of tapping-mode, the probe oscillates up and down regularly. It prevents
the probe from damaging the surface of the organic samples and obtains extra
topographic information about the samples. The computer records the feedback
amplitude and the phase signals of the cantilever. From the amplitude signals we can
obtain the morphology information. The phase signals reveals the different materials

or arranged formation of the sample.

% LAl
o L1 ﬂ-'F‘_-w

2.4 Contact Angle Measure{ljie‘ntr .--l Jn:‘ A

n-;_ .

The contact angle, formed ﬁetweén thﬁliquld/sohﬁi interface and the liquid/vapor

5., N L:rs_ L - \a
interface, is defined by the edg’e- .‘Qf ‘a liquid dr yf;f on the surface of flat sample,
1_ ’,T e,
which is illustrated in Fig. 2-5 mdlces s and'1 stand respectively for “solid” and

“liquid”; the symbols o5 and o; denote the surface tension components of the two
phases; symbol v represents the interfacial tension between the two phases, and 0

stands for the contact angle corresponding to the angle between vectors o and vy

Fig. 2-5 The contact angle formation of liquid on solid surface
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The contact angle is specific for any given system and is determined by the
interactions across the three interfaces. The concept of static measurement mode is
illustrated with a small liquid droplet resting on a flat horizontal solid surface. This
method is used to estimate wetting properties of a localized region on a solid
surface.

We dropped respectively diiodo-methane, water and ethylen glycol liquids on the
Si0, surfaces with various modification to measure the contact angle in each case.
Furthermore, use Young’s equation [16] to calculate the surface energy of different
modified insulators. The contact angle measurement and surface energy calculation

were finished by Kruss Universal Surface Tester, GH100.

Young's equation :. o =% + o, xcosf

2.5 Sputtering
(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 material. 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 the target atoms,
which are then redeposited onto the substrate. RF sputtering 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 insulating and conducting targets,
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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. Direct current
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 that of RF sputtering.

(3) Sputter system in NCTU

We have our-own sputtering system in class 10K clean room. Schematic outline is
shown in Fig. 2-6. 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 Os.
There is also an rotation system to get high uniformity by rotating sample disk and

sample holders.
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Chapter 3

Organic Thin-film transistors with polymeric

nanocomposite dielectrics

3.1 Introduction

Organic thin-film transistors (OTFTs) have been recognized as promising
technology for next generation electronics due to their unique advantages, such as
light-weight, flexibility, and low-cost fabrication [17-19]. Potential applications
include flexible displays [20,21], radiofrequency identification (RFID) tags [22],
“smart” cards, and other consumet electronics [23,24]. However, the major
challenge to realize the commer¢ialization of related‘products comes from their high
threshold and operating voltages, due to the intrinsic low charge motilities of organic
semiconductors. Because the “field-induced ‘current is proportional to the
field-induced charge density, one feasible approach to achieve low-voltage operation
in OTFTs is to use high dielectric constant (high-x) materials as the gate insulators,
which can afford greater surface charge density at the semiconductor-dielectric
interface. Several works, especially those adopting inorganic high- k materials, have
demonstrated successfully the reduction of the OTFTs operating voltages using this
concept [25,26]. However, these inorganic materials are usually expensive to
fabricate and not compatible with plastic substrates due to the
high-annealing-temperature =~ processes and  their  fragility. Using a
solution-processable method high- k polymers can be easily fabricated and used as
dielectrics for OTFTs without the complications associated with sputtering high-

materials and the high-temperature annealing [27]. Nanocomposite materials,
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consisting of titanium dioxide (TiO;) nanoparticles and cross-linked
poly-4-vinylphenol (PVP), were dispersed well in organic solvents. Upon
spin-coating and thermal annealing, a composite insulator film was obtained. Due to
the limited solubility of TiO, nanoparticles, the dielectric constant only increased
from 3.5 to 5.4 after blending high- ¥ nanoparticles into the polymer matrix. In this
work, surface modified TiO, nanoparticles with organosiloxane was used in order to
increase the solubility in organic solvents. With the higher content of TiO;
incorporated, a dielectric constant higher than 11 is achieved. More importantly, we
will show that the current leakage problem through the gate dielectrics can be
overcome by further applying another thin organic polymer insulator. As a result, we

have also demonstrated low-voltage OTFTs, which can operate within 10 V.

3.2 Experiment

Titanium dioxide exists naturally as ‘three-possible crystal types, namely, rutile,
anatase and brookite [28]. In this study, ' we'employed TiO, with rutile structure due
to its higher dielectric constant (x = 114) than that of other structures. In addition,
rutile TiO, has much lower photocatalytic activity; possible photoreactions can be
avoided. Nanocomposite dielectric layers, consisting of TiO, nanoparticles, whose
surface was further modified with organosiloxane (Ishihara Sangyo Kaisha LTD.,
Japan), and cross-linked PVP were prepared for OTFT gate insulators. PVP (11 wt%)
and poly (melamine-co-formaldehyde) methylated (4 wt%), as a cross-linking agent,
were dissolved in propylene glycol monomethyl ether acetate (PGMEA), [29] and
blended with different concentrations of TiO, nanoparticles. The composite solution
was then spin coated onto indium-tin-oxide (ITO) patterned glass substrates which

were used as gate electrodes. The thickness of these insulators is ~700 nm.
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Pentacene was thermally evaporated as the semiconductor layer. Finally, gold metal
was thermally evaporated through the shadow mask and used as the source and drain
electrodes (top-contact). The channel length (L) and width (W) are 160 and 2000 pm,
respectively. The film thickness and roughness were measured by DI 3100 series
atomic force microscopy (AFM). The current—voltage (I-V) characteristics of
OTFTs were measured by a HP 4156A semiconductor parameter analyzer. The
devices with metal-insulator-metal (MIM) structure, consisting of different
dielectric materials sandwiched between ITO and Al electrodes, were used for
capacitance measurements. The capacitance measurements were conducted with a
HP 4284A Precision LCR meter. The dielectric constants were calculated by eq.
(3-1):
C =kgAlt eq. (3-1)

where C is the measured capacitance, € is the permittivity of free space, A is the

area of the capacitor, and t is the-thicknéss-of-the dielectric.

Pentacene
Pentacene —s

H composition ro o o ©°
Ciz dielectric layer ITO
OH

glass substrate

Cross-linked PVP

Fig. 3-1 Chemical structures of the pentacene and cross-linked PVP; device
structure of the OTFT

40



3.3 Result and Discussion

For a pure cross-linked PVP film, the dielectric constant is 4.3 at 1 kHz, which
close to the value reported earlier [27,30]. From Table 3-1, we can see that the
dielectric constant increases with the amount of the TiO, nanoparticle embedded in
the thin films. For the dielectric film with 15 wt% of TiO, nanoparticle, the
dielectric constant increased to 10.8, due to the higher solubility of the

organosiloxane surface modified TiO; fillers, compared to that reported earlier [27].

Several theoretical models have been investigated to predict the dielectric

constant of the nanocomposite [31,32]:

Model A £, = il - (Bruggeman)
(1-v)
Model B (1-v) 2 —feyy, 27 % Z9  (EMT)
g +2¢, e
Model C loge, =(1-v)loge, +vloge, (LogLaw)
&, — & .
Model D e =&|1+3v(——) (Rayleigh)
2, + &,

where ¢., € and &, are the composite, base and filler dielectric constant,

respectively, and v is the filler volume percentage. Compared the modeling results
with the experimental data, as shown in Fig. 3-2, the Model B, called Effective

Medium Theory (EMT), which considers the average permittivity around the fillers
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expanding from Bruggeman’s theory, can better and accurately predict the dielectric

constant of the nano-composite.
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Fig. 3-2 Calculated and experimeéntal-dielectric constants

Table 3-1 Electrical parameters of the OTETs.in this study.

TiO, . ) Hget (cm?/Vs) Surface
) Dielectric )
TiO, wt% | volume 160um+/-5% Vt (V) roughness | On/Off ratio
constant
fraction (nm)
0% 0 43 0.42 -5.2 0.30 5x10*
1% 2.41 4.8 0.39 -14.4 9.76 4x10*
5% 11.01 6.7 0.42 -10.9 16.19 9x 10°
10% 19.84 8.5 0.34 3.3 26.99 6x 10°
15% 27.07 10.8 0.32 +5.9 31.43 1x10°
15% / PaM$ 27.07 11.6 0.41 -3.0 13.30 3x10*

From the experimental data, the dielectric constant of PVP film blended with

15%wt TiO, was smaller than that of the film further modified with PaMS. It is

suspected that the higher leakage current, resulted from the blending of

nanoparticles, reduces the effective dielectric behavior of the dielectrics. After
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PaMS treatment, the value of dielectric constant (k=11.7) is closer to the value
predicted from EMT model (k=12.2). It is also found that at high filler volume
regions, the dielectric constant increases exponentially with filler volume. Based on
our calculation, it is anticipated that this method is promising for increasing the

dielectric constant of organic insulators as long as we can load more fillers into the

matrix.
(a) (b)
160 160 _
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Fig. 3-3 The output characteristics of OTFTs with (a) a neat PVP insulator (b)

a composite insulator with 15 wt% TiO,

The drain—source current (Ips) vs. drain—source voltage (Vps) of OTFTs with
different TiO, concentrations incorporated in the gate insulators is shown in Fig. 3-3.
The carrier mobility was calculated in the saturation regime using the following
equation:

Ips = (WC/2L)W(V-Vn)? eq. (3-2)

where C; is the capacitance per unit area of the insulator, and Vry is the threshold
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voltage. For the device with a neat PVP gate insulator, (Fig. 3-3(a)) the mobility in
the saturation region and the threshold voltage of the OTFT are 0.42 cm® V™' s and
-5.2 V, respectively. The on—off ratio is more than 10*. With 15 wt% of TiO,
nanoparticles blended into the dielectric layer, (Fig. 3-3(b)) the device exhibits more
than triplet the field-induced current compared with that of the device using the pure
PVP insulator which is attributed to the higher surface capacitance. Fig. 3-3 reveals
that the drain—source current increased by increasing the content of TiO;
nanoparticles in the gate insulators. The parameters of the dielectric materials as
well as the corresponding electrical characteristics of the OTFTs with different
amount of TiO, nanoparticles embedded in the gate insulators are summarized in
Table 3-1. On the other hand, we also observe that the threshold voltage (V)
decreases and then increases when:more nanoparticles were added (Table 3-1). From
the surface morphology study by AEM, the insulator roughness increased with the
increasing concentration of TiOs blended--Consequently, the shift of Vry to higher
values may be the result of the insulators surface roughness. The interface between
the organic semiconductor and the insulator is affected by the incorporation of TiO,
nanoparticles. Additionally, we can also find that the on/off ratio decreases while the
concentration of TiO; increases (Table 3-1). Fig. 3-4 shows clearly that the device
with 15 wt% TiO, has much higher leakage current than that with 1 wt%
nanoparticles. The leakage problem is probably due to the low-band gap of TiO. In
addition, structure defects induced by the present of high concentration TiO, might
also result in the higher leakage current, which has been confirmed from the fact that
the surface roughness of the insulators increased with the content of nanoparticles
(Table 3-1). In order to rectify this problem, the insulator layer was covered with a
poly(a-methylstrylene) (PaMS) layer. Due to the robustness of cross-linked

polymers, the underlayer was not affected by this process. As shown in Fig. 3-4, the
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device off current is dramatically suppressed after spin-coating ~3 nm PaMS on the
nanoparticle/cross-linked PVP insulator. The over-coating of another interfacial
layer can reduce the concentration of surface defects of the dielectrics and smooth
the dielectric surface. In addition the dielectric constant of the insulator modified
with PaMS is higher than that without modification. This further supports the fact
that PaMS can inhibit the leakage current and enhance the dielectric strength of the
composite polymer. On the other hand, the smooth dielectric surface might also
induce the formation of a more orderly crystalline pentacene film, and subsequently,

increase the device mobility as shown in Table 3-1.
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Fig. 3-4 The transfer characteristic at constant Vps= -30V for OTFTs with
Iwt%, 15wt% of TiO; nanocomposite insulators, and nanocomposite insulator

with PabMS interfacial layer
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Table 3-1 apparently shows that the surface roughness of the dielectric layer
affects the device mobility in the saturation regime. While the concentration of TiO,
is more than 5 wt%, the mobility drops dramatically. The rough dielectric surface
probably interferes with the formation of an ordered crystal structure. Fig. 3-5 shows
the surface morphology of pentacene deposited on different dielectrics. In contrast to
the clear crystal formation on the neat crosslinked PVP, the grain size of pentacene
on the 15 wt% TiO, filled-PVP film is rather small. The higher concentration of
grain boundary might limit the charge transport in the organic films. However, after
over-coating the PaMS layer, typical lamella morphology appears again, which

implies the formation of an ordered crystal structure.

@ o e ©

Fig. 3-5 AFM height-mode images of pentacene deposited on the surface of (a)
neat cross-linked PVP; (b) cross-linked PVP blended with 15 wt% TiO,
nanoparticles; (c) cross-linked PVP blended with 15 wt% TiO, nanoparticles
and further modification with PaMS interfacial layer.
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Fig. 3-6 The transfer characteristics of the OTET with a thinner gate insulator.

The inset shows the corresponding output characteristic from Vgs = 0V to -10
v

In summary, the PaMS layer not only suppresses the leakage current by reducing
the concentration of defects in the diclectric’ layer, but also induces pentacene to
form a more ordered molecular conformation thus maintaining the high mobility in
the conducting channel. Since the leakage problem has been overcome by
incorporating an interfacial layer, thinner dielectric layers will be allowed to achieve
a greater capacitance value. Fig. 3-6 shows the output characteristics for an OTFT
with a 270 nm nanocomposite insulator, consisting of one layer of 15 wt% TiO,
filled PVP film and another thin PaMS. The dielectric constant of this composite is
10.5, which is slightly lower than that of previous one. The device exhibits mobility
of ~ 0.4 cm”® /Vs. The subthreshold swing is 1.0 V/decade and the threshold voltage
is -2.9 V. The on—off ratio is more than 3.0 x 10*. From Fig. 3-6, it is apparent that

low-voltage OTFTs can be fabricated by using nanocomposite dielectric polymers
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with simple and solution-processable processes.

We also tried to make the devices onto flexible PET substrate. The device
structure was same as pure PVP gate insulator device (700 nm PVP gate insulator).
Due to the limitation temperature of PET substrate, we changed the PVP curing
condition from 200°C, 20 min to 100°C, 12 hour. Fig. 3-7 shows the bendable
devices and output curves. The averaged mobility was around 0.1 cm?*/Vs. The

flexible organic TFTs were demonstrated by using polymer-based gate insulators.

3.4 Conclusion

In conclusion, high performance organic thin-film transistors incorporated with
high dielectric nanoparticles in the  dielectric layers have been demonstrated
successfully. Moreover, the problem of, leakage current of OTFTs, while using the
nanocomposite insulators, has- been overcome  using over-coat of another thin
interfacial layer. This method offers-a. feasible and economic way to deposit gate
insulators for OTFTs with high capacitance ‘without the complications associated
with sputtering of high dielectric materials and high temperature annealing. Finally,
one low-voltage OTFT, which can operate within 10 V, has also been achieved by

this method.
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Fig. 3-7 (a) Device structure and bending view of flexible OTFTs. (b) Output
characteristics (Ips-Vps) of the flexible OTFT.
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Chapter 4

Organic thin-film transistors with reduced

photosensitivity

4.1 Part. A Organic thin-film transistors with reduced

photosensitivity
4.1.1 Introduction

Currently, there is increased interest in thin-film transistors made of organic
materials due to their great potential applications in low-cost and flexible electronics,
such as smart cards, radio-frequency identification (RFID) tags and paper-like
displays [17,33- 37]. A level of'performanee-by-organic thin film transistors (OTFTs)
comparable to that of amorphous silicon (a-Si).has been achieved. For example, a
field-effect mobility higher than 1 cm®/Vs and with several orders of on—off ratio has
been demonstrated for OTFTs based on pentacene. While the intrinsic properties of
organic semiconductors and the device physics of OTFTs have been studied
extensively, their reliability and photoresponse levels have not received much
attention until recently [38- 43]. Moreover, methods to lower photosensitivity and
to improve device stability have received considerably less attention. On the other
hand, the photosensitivity of OTFTs is a critical issue for driving applications in
displays, such as liquid—crystal displays (LCDs) [43]. For instance, pentacene has
high level of photo absorption in the visible range, which is due to its high oscillator
strength and low energy between its highest occupied molecular orbital (HOMO)

and its lowest unoccupied molecular orbital (LUMO): around 2.3 eV. Therefore,
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light from backlight modules may pass through the OTFTs and cause a serious
threshold voltage (Vi) shift [43]. As a result, OTFTs usually cannot be turned off
effectively when the gate bias is set at zero under illumination [42,43]. In this work,
one method to reduce photosensitivity and to enhance device stability has been
reported. To put it simply, by blending the polymer dielectrics with titanium dioxide
(TiO2) nanoparticles, the Vyy shift is minimized and the output current becomes
more stable under white light illumination. This improvement can be attributed to
the recombination centers induced by the TiO, nanoparticles. Moreover, by reducing
the photosensitivity, the pentacene-based OTFTs have the potential to drive the
circuits without a noticeable Vg shift and with no light shield. Finally, the device
reported in this work will greatly facilitate the making of more reliable transparent

organic electronics: an area which.has received much attention recently [44,45].

(a) (b) LUMO

2.7 eV
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Fig. 4-1 (a) The device structure of the OTFTs in this study. (b)Energy band

diagram of pentacene and TiO,
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4.1.2 Experiment

Titanium oxide with a rutile structure (x = 114) was used as the high-dielectric
component in the nanocomposite dielectrics [27,46]. The device structure is shown
in Fig. 5-1(a). Poly-4-vinylphenol (PVP) and poly(melamine-co-formaldehyde)
methylated were dissolved in propylene glycol monomethyl ether acetate (PGMEA),
blended with TiO, nanoparticles, whose surface was further modified with
organosiloxane to enhance their solubility (Ishihara Sangyo Kaisha LTD., Japan)
[46]. The solution was then spin-coated onto the indium—tin-oxide (ITO) patterned
glass substrates and ITO was used as the gate electrodes. The resulting film was
further thermally annealed to 200 °C. Then, the thermally evaporated pentacene was
used as the semiconducting layer for the OTFTs. Next, gold was thermally
evaporated as the source and drain.electrodes.-The.channel length (L) and width (W)
of the devices were 100 and 2000 pm; respectively. To suppress the degradation of
the on—off ratio after adding the nanoparticles; the insulator was further overcoated
with a very thin-layer of poly(a-methylstrylene) (PaMS) by spin-coating from a
diluted toluene solution (0.1 wt%). Due to the robustness of the cross-linked
polymers, the underlayer was not affected by this process [46]. The film thickness
and roughness were measured using a DI 3100 series atomic force microscope
(AFM). The current—voltage (I-V) characteristics of the OTFTs were measured with
a HP 4156A semiconductor parameter analyzer. The illumination light source was a

standard Hg lamp. All measurements were performed under the atmosphere.

4.1.3 Result and Discussion

The transfer characteristics of the devices before and after the modification of the
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PaMS are shown in Fig. 4-3(a). The extracted mobility of the PVP device following
the conventional field effect transistor model is 0.1 cm® /V s. The threshold voltage
(V1n) and subthreshold swing (S) are 0.5 V and 2.9 V/ decade, respectively. Initially,
the on/off ratio was about 1.0 x 10°, but after the addition of a thin layer of the low-k
material, PaMS, the S became smaller, the on/off ratio was improved by one order;
while the mobility was almost unchanged. The controllable Vg and turn-on
voltages (V1o) in pentancene TFTs have been demonstrated by using different
organosilanes with various functional groups as the self-assembled monolayers
(SAMs) on the SiO, insulators [47,48]. To quantify the device characteristics, the
V1o is defined as the gate voltage at which the drain current starts to increase
exponentially; while the transistor is in a flat-band position [48,49]. The built-in
electric field resulting from the p'ola"r\ SAM m(-)_lééul_e.s induces mobile charges which

alters the threshold voltage [49]-

Table 4-1 Water contact ang_k of di]_j_”é}*enijs;uifaqe '

m Modified material Water angle

Sio, PaMS 86.7
Sio, PMMA 73.2
Sio, PVP 69
SiN PaMS 84.6
SiN PMMA 74.5
SiN PVP 70
PVP PaMS 83.7
PVP+1wt% TiO, PaMS 85.9
PVP+1wt% ZrO, PaMS 84.8
PVP+15wt% TiO, PaMS 90.5
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(a) (b)

PVP PaMS
69°

Fig. 4-2 (a) Water contact angle of PVP; (b) PaMS

In this study, the water contact angle on the cross-linked PVP surface is 69.0°,
while the angle on PaMS is 83.7° (Table 4-1 and Fig. 4-2). This indicates that
cross-linked PVP is much more polarsthansPaMS. Similarly, the high polarity of
cross-linked PVP, which is attributable to its hydroxyl groups, may also explain the
high surface polarization which causes the higher mobile charge density.
Consequently, as shown in Fig.”4-3(a), the Vrand Vo are more positive when
compared with those of devices with a PaMS thin-film. Such phenomena suggest
the presence of a dipole field at the pentacene/dielectrics interface [48]. However,
after applying a low-k PaMS onto the PVP, the V1o shifts from 7.5 V to 2.5 V. This
change implies a lower free charge density at the interface. The non-polar properties
of PaMS prevent surface polarization, thereby reducing the charge density in the
conducting channel at Vgg = 0 V. While the device was under white illumination (10
mW/cm?), the Vo and Vo of both the devices shifted toward the position direction,
the off-current became stronger (Fig. 4-3(a)). In addition, the S also increased. It has
been suggested that the photo-generated electron-hole pairs increase the off-state
current dramatically [42,43]. However, while the holes can flow out through the

drain electrode under the electrical field, the electrons may be trapped at the grain
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boundaries of the pentacene, and/or the insulator/pentacene interface, resulting in a

positive shift in the Vg [42,43].
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Fig. 4-3 Transfer curves for devices in the dark and under illumination (10mW)
with (a) cross-linked PVP and cross-linked PVP/PaMS double layers as the
dielectric insulators and (b) PVP + 15 wt% TiO; as the gate insulator.
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A change in the behavior of the devices was observed upon blending the TiO;
nanoparticles into the gate dielectrics. Fig. 4-3(b) shows the transfer characteristics
of the device in the dark and under illumination. In the dark, the Vg becomes lower
because of the use of an insulator with a higher dielectric constant. While the S also
decreases to about 1 V/decade. Such phenomena are quite consistent with previous
reports on OTFTs with adopted high-k insulators [36]. Upon illumination, instead of
a positive shift, the Vo comes closer to 0 V, the S becomes even better. The changes
of the Vry and S are exactly opposite to those of the devices with PVP and
PVP/PaMS (Fig. 4-3(a)) as the gate dielectrics. The electric parameters of the

devices have been summarized in Table 4-2.

Table 4-2 Electrical parameters in this study

Device Mobility | Dielectric In.sulator Ci vew) S.S. Interfac.e on/(?ff
(cm2/Vs) | constant | thickness | (nF/cm’) (V/decade) | state density | ratio

PVP dark 0.1 43 290nm—{-13.1 0.51 2.85 3.8610" | 9+10°
PVP light 0.1 43 290nm | 13.1 45 3.19 433+10" | 4410°
PVP/PaMS dark 0.13 42 2900m | 128 | -4.34 1.76 2.30%10" | 810"
PVP/PaMS light 0.14 42 290nm | 128 | 023 213 2.80<10” | 5+10°*
PVP/15wt%Ti02/P8 dark 0.4 105 | 270nm | 341 | -2.83 1.09 371510 | 5*10*
PVP/15wt%Ti02/P8 light 0.4 105 | 270nm | 341 | -2.89 0.85 285410 | 2+10°

To explain the different behaviors of the devices represented in Fig. 4-3, several
experiments have been conducted which attempt to identify the possible
mechanisms involved. First, from the surface morphology analysis using an AFM, it
has been shown that the morphology of pentacene is quite similar on the surfaces of
both the neat cross-linked PVP and the nanocomposite with the thin PaMS film (Fig.
4-4) [46]. Furthermore, the X-ray diffraction patterns of the pentacene deposited on

the neat crosslinked PVP, the PaMS, the nanocomposite with additional PaMS, all
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reflect the so-called ““thinfilm” phase structure (Fig. 4-5) [50].

Fig. 4-4 AFM images of pentacene on (a) cross-linked PVP, (b)
PaMS/cross-linked PVP and (c) PaMS/TiO; nanoparticles + cross-linked PVP
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Fig. 4-5 The x-ray diffraction pattern of pentacene deposited on Si/SiO,
substrates modified with (a)PaMS; (b)cross-linked PVP; (c) cross-linked PVP
blended with 15 wt% TiO, nanoparticles and further modification with PoMS.

The peaks marked with asterisks are due to the structure of TiO, nanoparticles.

Consequently, the morphology change is not likely to be the mechanism which
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causes the different device behaviors upon blending the nanoparticles. The above
mentioned observation is also probably due to the processes occurring at the
ITO—insulator interface. In order to determine whether the effect is due to the
interface, heavy n-type doped Si and SiO, were used in the devices as the gate

electrode and the dielectrics, respectively (Fig. 4-6).
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Fig. 4-6 Transfer characteristics of the device with n-doped Si/SiO; as the
substrate in the dark and under illumination (10mW). The inset shows the

device structure.

The Si0, surface was further modified with a nanocomposite (15 wt% TiO, in
PVP)/PoaMS bi-layer. However, the device with TiO, exhibited similar behavior
(that is, a negligible Vry shift), which implies that the mechanism is not relevant to
the different processes of the gate electrodes. On the other hand, the present of TiO;

nanoparticles in the gate insulator seems essential to minimize the effect of white
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illumination for the device. The results strongly indicate that the blending of TiO,
nanoparticles is an important part of the mechanism. The present of TiO,
nanoparticles probably induces the recombination of the centers in the channel. As
seen in Fig. 4-1(b), because of the conduction band of TiO, and/or the energy levels
induced locate between the HOMO and LUMO of the pentacene, they may behave
like recombination centers; thereby releasing the trapped electrons. Consequently,
upon illumination, the excess electrons can be eliminated more easily and the Vg
shift is suppressed. Stress tests on the three different devices were also performed to
further understand the effects of the TiO, nanoparticles. The typical stress-test
results of the devices, both in the dark and under illumination, used in this study are
shown in Fig. 4-7. For the device with a neat cross-linked PVP as an insulator, the
field-induced current and/or photeeurrent increased steadily over time. This result
was consistent with the previous report [39,43]. It has already been indicated that the
absorption of water molecules 1n cross-linked - PVP-enhances surface polarization,
thus the accumulation of extra charges-increases the current and results in a positive
shift of Vg [39]. However, after modification with PaMS, the current increased
initially, but then, decreased with time. Since PaMS is non-polar, the surface
polarization probably was found to be inhibited. In addition, it was also found that
the hydrophobic PaMS may also retard water absorption. Consequently, after the
initial sharp increase, the increase of photocurrent is relieved and the current
decreases again, probably due to the natural device decay [39]. On the other hand, a
more stable current was observed after the introduction of TiO, nanoparticles in the
dark (Fig. 4-7(a)). Furthermore, upon white-light illumination, although an initial
increase in photocurrent was also observed, the magnitude was much smaller (Fig.
4-7(b)). The device only exhibited a very small current decay. The more stable

photocurrent may further confirm the presence of recombination centers introduced
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by the TiO, nanoparticles dispersed in the organic insulator; the latter can suppress
the electron trapping. Without the recombination centers, the trapped electrons will

cause a dramatic increase in current.
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Fig. 4-7 The normalized time-dependent current of the devices (a) in the dark;
and (b) under illumination (10mW). The devices with PVP and PVP/PaMS as
the dielectric layers were biased at Vgs = -10 V and Vps = -10 V; while the
device with 15 wt% TiO, nanoparticles was measured at Vs = -5 V and Vps =
4V.
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4.1.4 Conclusion

It has been shown that the issues of light sensitivity and Vty shift can be
overcome by blending TiO, nanopartilces into the polymer dielectrics. The more
stable photocurrent and minimized Vry shift can be attributed to the recombination
centers induced by the doping of the TiO, nanopartilces. The energy levels deep in
the energy gap and away from the HOMO and LUMO of the pentacene can serve as
the recombination centers, which, in turn, can enhance substantially the

recombination process in the OTFTs.
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4.2 Part. B Photocurrent suppression of transparent organic

thin-film transistors

4.2.1 Introduction

Transparent thin-film transistors (TTFTs) have received considerable attention
recently since some promising applications, such as see-through active-matrix
elements for displays, could be realized by utilizing this technology [51- 54].
Currently, the most common inorganic semiconductors used for TTFTs are metal
oxides, such as In-Ga—Zn-0O systems, and In,O3[51,52]. On the other hand, organic
materials have been considered as promising candidates for the next generation
electronics, since the as-made organic thin-film transistors (OTFTs) are potentially
flexible, lightweight, and low cost[54,55,50]. The fusion of both research areas of
TTFTs and OTFTs is expected te allow interesting.applications to be developed [45].
For example, organic TTFTs will be easily-integrated with common transparent
screens, like the windscreens, to serve.as multi-functional components in cars. In
addition, OTFTs could be also applied onto the fabrication of transparent displays
with great flexibility [53,44,56]. However, although TTFTs has been extensively
developed, there is still very limited study about the photosensitivity of these
transparent devices. The concern of photoresponse level is of great importance
because the transport of light through the devices is inevitable. Therefore, it is
crucial to investigate the device photoresponse and to develop methods to lower the
device photosensitivity [57]. In our recent studies, pentacene-based OTFTs with
high transparence have been demonstrated by inserting one thin layer of metal
oxides between the transparent electrode (indium-tin-oxide, ITO) and pentacene to
reduce the contact resistance [58]. However, because of its low energy gap,

pentacene absorbs the visible light easily even while a thin layer is used as the active
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material in OTFTs. Hence, the electrical characteristics change seriously upon
illumination. In this work, we further present one method to fabricate transparent
OTFTs with low photosensitivity by introducing one layer of nanocomposite
dielectric layer, consisting of one polymer matrix and titanium dioxide (TiO,)
nanoparticles, into the device. The high transparence and low photosensitivity have
been achieved simultaneously. It is anticipated that the transparent OTFTs reported

in this study would be very suitable for the future ““invisible electronics™ [52].
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Fig. 4-8 (a) Chemical structures of the organic semiconductor, pentacene, and
the polymer gate insulators, cross-linked PVP and PMMA. (b) The device
structure of the OTFTs in this study.

4.2.2 Experiment

The chemical structures of the organic materials used in this study and the device
structure are illustrated in Fig. 4-8. Poly-4-vinylphenol (PVP; Mw = 20,000) and
poly(melamine-co-formaldehyde) methylated (Mn = 511) were dissolved in

propylene glycol monomethyl ether acetate (PGMEA), and blended with titanium

63



dioxide (TiO,) nanoparticles, whose surface was further modified with
organosiloxane to enhance the solubility [27,46]. The solution was then spin-coated
onto the patterned ITO glass substrates. The resulting film was further thermally
cross-linked at 200 °C and served as the gate insulator. To smooth the surface of the
gate insulator, the insulator was further over-coated with a thin-layer (~2 nm) of
poly(a-methylstrylene) (PaMS), while TiO, nanoparticles were embedded into the
gate insulator (Fig. 4-8) [46]. Then, pentacene (60 nm) was thermally evaporated as
the semiconducting layer. To fabricate transparent source and drain electrodes with
low contact resistance, molybdenum(IV) dioxide (MoQ;) was thermally evaporated
as the hole injection layer before the deposition of ITO [58,59]. The channel length
(L) and width (W) of the devices were 100 and 2000 pm, respectively. The film
thickness and roughness were mieasured using.a DI 3100 series atomic force
microscopy (AFM). The current-voltage (I-V) characteristics of OTFTs were
measured by a Keithley 4200 semiconductor-parameter analyzer. The illumination
light source was a standard Hg lamp. Incident light was from top of the device. All

measurements were performed under the atmosphere.
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Fig. 4-9 Absorption coefficient of pentacene.

64



4.2.3 Result and Discussion

The ultraviolet-visible absorption spectrum of a pentacene thin-film (60 nm) on a
quartz substrate is shown in Fig. 4-9. From the result, the absorption peaks of
pentacene were located at 550 — 600 and 650 — 700 nm. In these wavelength ranges,
the absorption coefficient (o) varied from 6 x 10* to 1 x 10* cm™, providing a 1/
light absorption depth from 167 —1000 nm. Since the thickness of pentacene film is
60 nm, we can assume that the light intensity is constant across the film, and the
irradiance at the channel is approximately equal to the irradiance at the film surface.
The transfer characteristics of the device with the crosslinked PVP insulator and
transparent electrodes are shown in Fig. 4-10(a). The extracted mobility in the
saturation regime following conventional field effect transistor model was 0.12 cm’
/Vs. The threshold voltage (Vy).and subthreshold swing (S) were 7.1V and 11.6
V/decade, respectively. The on/off ratio-was-about 2.6 x 10°. While the device was
under white illumination (10 mW/cmz) the Vi shifted to the positive direction and
the off-current increased [Fig. 4-10(a)]. It has been suggested that the
photogenerated electron—hole pairs increase the off-state current dramatically [43].
While the holes can be flow out through the drain electrode under the electrical field,
the electrons may be trapped at the grain boundaries of pentacene, and/or the
insulaor/pentacene interfaces, resulting in a positive threshold-voltage shift. On the
contrary, different device behavior was observed upon blending TiO, nanoparticles
into the gate dielectrics [57]. Fig. 4-10(b) shows the transfer characteristics of the
device with 1wt% TiO, nanoparticles and the smooth layer (PaMS) [46]. Since the
dielectric constant of TiO, is much higher (k = 114) than that of the polymer matrix,
the composite dielectric layer has higher dielectric constant as well. Because the

field-induced current is proportional to the field-induced charge density, larger
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output current was obtained under the same bias and, therefore, the operating
voltage was reduced after blending of 1wt% high-k TiO, into the gate insulator
[27,46]. On the other hand, the device behavior under illumination was quite
different from that of the device without TiO, nanoparticles. Upon illumination, the
V1 was almost unchanged and the off current merely increased slightly as shown in

Fig. 4-10(b).
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Fig. 4-10 The transfer characteristics of the OTFTs in the dark and under the
illumination (10mW) with (a) neat cross-linked PVP as the gate dielectric layer;
(b) cross-linked PVP/PaMS bilayer insulator blended with 1 wt% TiO,
nanoparticles as the gate dielectric. ITO modified with MoO, (20 nm) was used

as the source and drain electrode materials for both devices.
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To explain the above results, it is suggested that recombination centers are

introduced into the device after blending of TiO, nanoparticles.
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Fig. 4-11 Energy band diagram of pentacene-and PVP/TiO,, and the proposed

mechanism with recombination centers.

As in Fig. 4-11, because the conduction band of TiO, is located between the
highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) of pentacene, it may behave as recombination centers to facilitate
the recombination of holes and electrons and, thus release the electron trapping.
Therefore, the excess and trapped electrons upon illumination into the channel could
recombine easier. As a result, with reduced number of trapped electrons, the Vg
shift is suppressed. In order to examine the validation of mechanism, another
organic insulator, poly(methyl methacrylate) (PMMA), blended with 1wt% TiO,
nanoparticles was used as the dielectric layer. Fig. 4-12(a) shows the transfer

characteristics of OTFT with PMMA as the gate insulator. The device exhibited low
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leakage current and a high on/off ratio. It is probably owing to the excellent
insulating property of PMMA, because it lacks of delocalized m electrons such as

those of on the benzene rings of cross-linked PVP.
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Fig. 4-12 The transfer curves for devices in the dark and under the light
illumination (10mW) with (a) neat PMMA as the gate insulator; (b) PMMA
blended with Iwt% TiO; as the gate insulator.
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However, the mobility in the saturation region (0.08 cm”® /Vs) was lower than that
of the device with PVP gate insulator, which might be due to the different
morphology of pentacene on PMMA. While the device was under white illumination
(10 mW/cmz), a very large Vg shift was also observed. The off-current also
increased upon the illumination. Similar to the case of the device with cross-linked
PVP (Fig. 4-10), the same phenomenon suggests electron trapping in the conducting
channel. On the contrary, while 1wt% TiO, nanoparticles were incorporated into
PMMA, not only the operating voltage was reduced because of the higher dielectric
constant of the dielectric layer but Vry shift was eliminated as well [Fig. 4-12(b)].
Therefore, no matter what polymer matrix was used, once TiO; has been added, the
photoresponse of the device was reduced. From the results in Figs. 4-10 and 4-12, it
is realized that TiO, nanoparticles are essential. Since both kinds of inert polymers
(PMMA and crosslinked PVP)- with different chemical structures exhibit similar
device behavior with reduced photosensitivitys-it demonstrated the trust worthiness

of this recombination center model:

It is interesting to reduce operating voltage by utilizing high dielectric constant
gate insulator [17]. N (accumulated carriers in the channel region) depends on both
the dielectric constant of the gate insulator and its thickness, whereas E (gate field)
depends on only its thickness. By using higher dielectric constant insulators, a
sufficient number of carriers to fill all traps are generated by the field effect at much
lower gate voltages. As a result, operating voltage can be reduced as well. From our
previous report [60], eq. (4-1), can accurately predict the dielectric constant of

nano-composite.

& —& P
l—v)L—c 4y 22 ¢ - eq. (4-1
( )gl+2gc &, +2¢, q- (4-1)
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Here, €., €1, and &, are the composite, base, and filler dielectric constant, respectively,
and v is the filler volume percentage. The dielectric constant of bulk film rised from
4.3 (Cross-linked PVP), 2.7 (PMMA) to 4.8 and 2.9, respectively after blending
1wt% TiO, nanoparticles. Although the dielectric constant of these bulk films did
not increase dramatically, the more accumulated carrier concentration was attained
by high dielectric constant (k = 114) of TiO, nanoparticles closed to the channel
regime. Not only the photosensitivity respect to white illumination has been reduced,
a high transparence has also been achieved simultaneously. Transparent OTFTs have
been demonstrated by using NiOx or printed carbon nanotubes as the transparent
electrodes [44,53,56]. In our approach, MoO, was utilized as the hole injection layer,
resulting in good ohmic contacts with pentacene when ITO was used as the

source/drain electrodes [58].
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Fig. 4-13 Transmittance spectra of various OTFT layers.
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The transmittances of the devices with cross-linked PVP and with the
nanocomposite insulator as the dielectric layer are shown in Fig. 4-13. The average
transmittance of the device with PVP was about 62% in the visible region. For the
device with TiO, nanoparticles, the transmittance decreased slightly due to the
light-scattering from the nanoparticles. However, the average transmittance
reminded as high as 54%. Hence, the photosensitivity of pentacene based OTFTs
were resolved effectively and could be used in active driving circuits without the

drawback of noticeable Vry shift.

4.2.4 Conclusion

Organic and transparent thin-film transistors with reduced photoresponse have
been demonstrated by using the ,TiO, nanoparticles as the additives in the gate
insulators. The as made device shows.simultaneously a high transparence and a
minimal threshold voltage shift under white light illumination. It is inferred that the
localized energy levels deep in the energy gap and away from the HOMO and
LUMO of pentacene behave as the recombination centers, enhancing substantially
the recombination process in the organic TTFTs. Hence, the electron trapping is
relieved and the shift of threshold voltage is reduced upon white illumination.
Finally, the device shows great promises to realize the next generation electronics

with invisibility.
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Chapter 5

Color filtering functional organic thin-film

transistors

5.1 Part. A Organic thin-film transistors with color filtering

functional gate insulators

5.1.1 Introduction

Organic electroactive materials have received much attention recently because
they could offer low-cost approaches, such as low temperature and printing methods,
for the manufacture of electronicproducts [61]. Additionally, the devices made of
organic compounds have great potential for applications on flexible electronics such
as smart cards, radio-frequency lidentification /tags, and paper-like displays
[62- 67,24]. On the other hand, from the viewpoint of the value structure of printing
technology, it is necessary to reduce the number of printing steps to fabricate truly
low-cost products [61]. Therefore, to accomplish printed electronics, one rather
promising approach is to use a multifunctional material (ink) as the common
component of different devices in parallel in a certain electronic system [61]. For
example, the polymer material, poly(3,4-ethylenedioxythiophene): poly
(styrenesulphonate) (PEDOT:PSS), could be used as the active material for
electrochemical transistors, electrochromic displays, push-button input devices and
batteries in a system-on-a-sheet label [68]. As a result, only one step is required to
print the PEDOT:PSS layer for all the devices in the electronic label. Herein, we
reported organic thin-film transistors (OTFTs) with an additional function of

color-filtering. The colored polymer insulators not only serve as the dielectric
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materials for field-effect transistors, which could be the driving-circuits, but also as
color filters for liquid crystal displays (LCDs). Traditional LCDs compose of a
backlight module, 2 polarized films, a TFT circuit array, a liquid crystal layer, and a
color filter array. For saving the earth, reducing the number of process steps,
improving material recycling ratio, and minimizing energy/waste have to be taken
into consideration. This work represents one potential example for multifunctional
organic electronics. Further, since color filters significantly contribute the bulk of
material cost, integrating color filters and gate insulators is also an effective method

for reducing the overall cost of LCDs and process steps.

5.1.2 Experiment

Typical colorant inks are compesed of dispersants; nano-sized pigments, styrene,
acrylic acid, and azo-bisisobutyronitrile.-Te-achieve multiple functions, we further
introduced a polymeric material, poly(2,2,2-trifluoroethyl methacrylate) (PTFMA)
[69,70] (Fig.5-1), whose dielectric constant (k) is equal to 6.0, to modify the surface
of the color filters. The PTFMA layer smoothes the surface of the color filters,
facilitating the crystallization of the semiconducting molecules, pentacene, and its
higher dielectric constant helps to induce more field-effect charges, increasing the
output current and driving capability. The molecular structure of PTFMA is similar
the that of polymethylmethacrylate (PMMA) (Fig. 5-1). Although PMMA has
excellent film formation properties, the low dielectric constant of PMMA (kx = 2.7)
[71] usually results in lower output current. Therefore, we replaced the hydrogens
on the terminals of the side chains with trifluoromethyl (-CF3) groups. Owing to its
high polarity, the CF; group increased the dielectric constant from 2.7 to 6.0. As a

result, the use of PTFMA could increase the capacitance of the dielectric insulators.
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Further, from the viewpoint of optical properties, PTFMA has limited absorption in
the visible regime. Therefore, the absorption spectra and the corresponding CIE

coordinates of the multilayer insulators remain unchanged.

(a ntacene
R

PTFMA

Color filter

Back light

Fig. 5-1 (a) The cross sectional illustration“o‘f the OTFT with a bi-layer
colored dielectric insulator consisting of a commercial color filter and PTFMA.
(b) Chemical structure of polymethylmethacrylate (PMMA) (c) Chemical
structure of poly(2,2,2-trifluoroethyl methacrylate) (PTFMA). (d) Chemical
structure of poly(c-methylstrylene) (PaMS).

The cross-section of the OTFTs in this work is illustrated in Fig. 5-1. The devices
were fabricated on indium tin oxide (ITO) patterned glass substrates and the 100 nm
thick ITO was used as the gate electrodes. Commercial colorant inks (Everlight
Chemical Industrial Corporation) [46] were spin-coated on the substrates, and the
colored films were subsequently cured at 90°C for 15 min and then at 230°C for 40
min. PTFMA dissolved in propylene glycol monomethyl ether acetate (PGMEA)

(9.0 wt%) was spin-coated on the as-prepared color filters and then cured at 100°C
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for 1 hr. For some devices, an additional layer of poly(a-methylstrylene) (PaMS) (5
nm) was further coated from toluene solutions (0.1 wt%). After the preparation of
the dielectric layers, pentacene was thermally evaporated on the insulators as the
semiconductors of the devices. Finally, gold was thermally deposited as the source
(S) and drain (D) electrodes through a shadow mask. The channel length (L) and
width (W) of the pentacene OTFTs were 130 and 2000 um, respectively. The
devices with a metal-insulator-metal (MIM) structure, consisting of the dielectric
layers sandwiched between ITO and Al, were used for capacitance measurements.
The calculated dielectric constants were 3.5, 4.7, and 4.0 for red, green, and blue
dielectric layers, respectively. The capacitance measurements were conducted with a
HP 4284A Precision LCR meter. The transmittance spectra were obtained by a
Perkin Elmer Lambda 650 spectrometer. The CIE. coordinates were measured by a
ConoScope (Autronic-Melchers, GmbH). The film thickness and roughness were
measured using a DI 3100 series atomic-force microscope (AFM). The electrical
characteristics of the OTFTs were ‘measured-with a Keithley 4200 semiconductor

parameter analyzer in a light-shielded ambient environment.

5.1.3 Result and discussion

Initially, the colorant materials were used directly to serve as the dielectric layers.
However, limited field-effect and larger hysteresis were observed. The poor device
performance was probably owing to the high polarity of the surface. On the other
hand, after the modification of PTFMA, hysteresis was inhibited and larger output
current was obtained. Fig. 5-2(a) show the transfer characteristics of color filtering
OTFTs at room temperature. The extracted motilities in the saturation region

following the conventional field effect model were 0.31, 0.21, and 0.42 cm?/Vs for
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red, green, and blue devices, respectively. On/off current ratios for all the devices

were around 10°. We also discovered that the red device modified with a second thin

layer of PaMS layer had an even higher mobility (~0.51 cm’Vs) [Fig. 5-2(a)].
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Fig. 5-2 (a) The transfer and (b) output characteristics of the color filtering

functional devices.

Further, Fig. 5-2(b) shows the typical output characteristics of colored devices

(with a blue colored dielectric insulator in this case). Apparently, when the gate

voltage was reversely swept, very limited hysteresis was observed, suggesting very

stable device characteristics.

To further identify the function of the buffer layer, PTFMA, the surface

morphologies of the colored films and the pentacene thin films on different
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dielectric surfaces were examined by AFM. The typical AFM images are displayed

in Fig. 5-3.

HLUL‘I_ 0

50,0 nm

0.0 e

(d)

Fig. 5-3 (a) The AFM image of the surface of the red color filter. The surface
morphology of the pentacene layers on (b) the red color filter, (c) the red color
filter/PTFMA insulator; (d) the tri-layer red color filter/PTFMA/PaMS

insulator.

The surface of the color filters was quite rough as shown in Fig. 5-3(a). Therefore,
pentacene molecules were not able to grow well on the rough surface. The grain size
of pentacene on the neat color film was very small, thereby leading poor device
performance [Fig. 5-3(b)]. The grain boundaries might trap great amount of charges,
limiting charge transport and resulting in significant hystresis. On the other hand, the

grain size on the surface of the PTFMA modified bilayer insulator became larger
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[Fig. 5-3(c)]. The PTFMA significantly smoothed the surface and further changed
the surface energy of the colored film, facilitating the crystallization of pentacene
molecules. Further, for the devices with tri-layer insulators, pentacene also grew
well on PaMS. [Fig. 5-3(d)]. The more “compact” grains of the pentacene film
probably reduced the density of charge traps at the grain boundaries, leading to even
higher device mobility [Fig. 5-2(a)]. The nonpolar nature of PaMS might improve
the crystal growth of pentacene. The results of the morphology study were

consistence well with the aforementioned electrical characteristics.
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Fig. 5-4 Optical properties of red, green, and blue functional OTFTs: (a) The

transmission spectra and (b) CIE 1931 coordinates.

Since the light absorption of organic materials increases with the film thickness,
thick color filter layer usually have better filtering performance. On the other hand,

the capacitance of the gate dielectric decreases with the increasing insulator
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thickness. Therefore, the smaller capacitance would lead to lower density of
field-effect charge carriers and, therefore, higher operating voltages. As a result, the
optimum thicknesses of red, green, and blue colorant films with PTFMA bi-layer
were 1.36, 1.20, and 1.37 pm, respectively. Fig. 5-4(a) shows the transmission
spectra of these colored devices. The light transmitted through ITO glasses, the
color-filtering and the PTFMA layers. Since PTFMA has limited absorption in the
visible regime, the absorption spectra were almost unchanged after the addition of
the PTFMA layer. Fig. 5-4(b) shows the corresponding CIE coordinates, which were
(0.64, 0.34), (0.36, 0.54) and (0.14, 0.15) for red, green and blue devices,
respectively, covering 49.2% National Television Systems Committee (NTSC)
standard. From the above results, it is proved that the devices not only have high

electrical performance, but also have satisfied optical properties.

5.1.4 Conclusion

In summary, we demonstrated color filtering OTFTs with multilayer gate
insulators exhibiting high field effect mobilities, on-off current ratios as well as
color filter functions. The PTFMA polymer smoothed the surface of the colored
films and improved the crystallization of pentacene molecules, thereby enhancing
the device performance. This study provides an alternative approach to integrate
gate insulators and color filters in LCDs, and even open a new vision for developing
unique materials which having color-filtering, insulating, and polarizing abilities.
Finally, the current work also represents one practical example for multifunctional

organic electronics.
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5.2 Part. B Organic thin-film transistor with colorful PMMA gate

dielectrics

Over the years, there has been great interest in thin-film transistors made of
organic compounds. This is mainly due to the fact that organic thin-film transistors
(OTFTs) have many unique advantages which range from light weight, flexibility,
low fabrication cost, and solution processablity [62-68]. Traditional OTFTs compose
of silicon dioxide or silicon nitride as gate insulators. However, the use of inorganic
dielectrics deposited at high temperatures is not quite attractive for large area display
applications. Organic and polymeric materials which can be solution-processed to be
gate insulators are more suitable for low temperature manufacturing and flexible
application [30]. There are many otganic and polymeric materials to be used as gate
insulators, such as benzocyclobutene (BCB), polyvinyl phenol (PVP), polymethyl
methacrylate (PMMA), and polyvinyl-alcohol (PVA) [30]. For our study, we first
utilize colored polymer PMMA to<demonstrate ‘colorful TFTs. The novel colored
PMMA layers not only serve as gate dielectric but also show color filtering function,
which offers a cost effective way to integrate color filters and gate dielectrics

together.

OTFTs were fabricated using staggered source and drain electrodes and patterned
100nm-thick ITO glass substrate. The cross-sectional view of the OTFTs in this
work is illustrated in Fig. 5-5. Commercial PMMA and Dyeing polymer P6-A [72]
(5wt%) were spin-coated onto the substrates and cured at 100°C for 30 min to form
650 nm gate insulators. After that, 60 nm pentacene (Aldrich without purification)
and 50 nm Au source/drain electrodes were thermally evaporated through stencil

mask sequentially. The channel length (L) and width (W) of the TFTs were 130 and
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2000 pm, respectively. The devices with a metal-insulator-metal (MIM) structure,
consisting of the dielectric layers sandwiched between ITO and Al, were used for
capacitance measurements [70]. The calculated dielectric constants were 2.7 and 2.8
for PMMA and colored P6-A, respectively. The capacitance measurements were
conducted with a HP 4284A Precision LCR meter. The electrical properties of
devices were then measured using a Keithley 4200 IV analyzer. The thin-film
transmittance and its corresponding thickness were measured by using a Lambda
650 UV/Vis spectrophotometer and an Alpha-step 1Q Surface Profiler, respectively.

Film morphology was monitored by Atomic Force Morphology (DI 3100 series).
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Fig. 5-5 (a) The cross sectional illustration of the OTFT with a colored
dielectric insulator P6-A. (b) Chemical structure of polymethylmethacrylate
(PMMA). (c) Chemical structure of P6-A, X:Y=50:1.

81



PMMA

-40 -30 -20-10 0 10
VGS (Volt)
Fig. 5-6 (a) Ips-Vps curves and (b) Ips-Ves
and P6-A devices.

PMMA
W/L:2000pm/130pm

(a)

V= 40V

-10 -20 -30 -40

(b) VDS (Volt)
-

0

»
w»

—m— V=10V
—®—V__=-40V ]

— V=40V |

15

0.5

W/L:2000pm/130pum
| I T |

0.0

P6-A
L W/L:2000um/130pm

V= -40V

-20 -40

-10

0 -30
V__ (Volt)
< < =V =10V |
g 10° F —e—V_=-40V
s —_—_ =40V
- 2 10_7 - 2.0
-8
A10 415
ST
wn
(a]
—10" 410
10-11
- 0.5
P6-A
10-12 |
W/L:2000um/130um
10-13 [P T | { | 0.0

82

-40 -30-20-10 O
V., (Volt)

10

transfer characteristics of the

We proposed a new concept that using colored PMMA (called P6-A) replaced of
traditional transparent PMMA as shown in Fig. 5-5(c). We used organic synthesis
methods to put functional groups into PMMA polymer chain [70]. White light will
be absorbed and translated into desired colors. We characterized the TFTs electrical

properties composed of PMMA and P6-A gate insulators as shown in Fig. 5-6(a) and



Fig. 5-6(b). The standard MOSFET saturation-region drain current equation was

used for parameter extraction:

/4

. Z(VGS Vi ) eq. (5-1)

Iy =p eff C

where Cox is the gate insulator capacitance per unit area, L. is the field-effect
mobility, Vry is the threshold voltage and W and L are channel width and length of
the TFT device, respectively. The extracted pg,e from the PMMA and P6-A OTFTs is
0.17 and 0.13 ¢cm?/Vs, respectively. Vry value of saturation regime is -10.31 and
-9.02 V calculated by 90%-10% linear fit method of the IDSU2 vs. Vgs curve. We also
evaluate the TFT subthreshold swing (S) between off and on states, using the

following equation:

VGS
I,g c10 4 eq. (5-2)

The S of PMMA and P6-A devices is 1.34 and 1.35 V/decade. Off state drain current
(Ips-off) of both devices are also around 1 pA. The results reveal that P6-A not only
keeps good insulating behavior but also shows similar interface states. To further
quantify the interface states difference, from the value of the S, we can also calculate
the equivalent maximum density-of-states that can be present at the

semiconductor/gate insulator interface:

e = | Slogle) 1€ eq. (5-3)
N kT / q q

where Ci is the gate insulator capacitance, g is the electron charge, k is the
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Boltzmann constant, and T is the temperature. N can be used to compare devices

with different gate insulator characteristics. The calculated N[ values of PMMA

and P6-A devices are 5.88x10'" and 6.14x10"" ¢cm™, respectively. The maximum

surface states of P6-A device is only 4.42% more than PMMA device.

€) )

lum

Fig. 5-7 The AFM image of
PMMA and P6-A.

insulator exhibit all of them were well crystallized. From these results, we can
conclude that P6-A demonstrate similar insulating and surface properties to

traditional PMMA.

We illustrated our colored TFT measurement results of transmittance and CIE
coordinates in Fig. 5-8(a) and 5-8(b). Light pass covers layers only including
substrate, ITO and insulator layers. Fig. 5-8(a) shows the transmittance of PMMA,
P6-A, and conventional red color filter devices presented in ref. x. For our case,
wavelength of light larger than 500 nm can pass through P6-A while less than 500
nm will partially absorbed. Fig. 5-8(b) points out the CIE coordinates value is (0.41,

0.45). Since the transmittance and CIE don’t meet conventional color filter
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specification, we can further study to put suitable functional group into polymer

chain to get the desired color.
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Fig. 5-8 Optical properties of colored OTFTs: (a) The transmission spectra
and (b) CIE 1931 coordinates.

In summary, we have shown that OTFTs can be colored by utilizing functional
gate insulator. P6-A exhibits same insulating and interface states comparing to
conventional PMMA. This method offers an easy and economically viable way to
prepare gate insulators of OTFTs with color filtering functions. Hence, we can
conclude that this method presents a new way to integrate color filter and gate

insulator by ink jet printing processes.
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Chapter 6

Photosensitivity of amorphous In-Ga-Zn-0O

thin-film transistors

6.1 Introduction

Today, conventional active-matrix (AM) flat panel displays (FPDs) are based on
amorphous or polycrystalline silicon thin-film transistor (TFT) technology.
Limitations of amorphous silicon (a-Si:H) include visible light sensitivity and a low
field-effect mobility, which reduce the pixel aperture ratio and driving ability for
some applications. Although polyerystalline silicon. TFTs have a larger field-effect
mobility, their uniformity over large area might not acceptable for high yield
manufacturing. Over the last sevetral 'years, there has been great interest in thin-film
transistors made of transparent oxide semiconductors [73,74,12]. This is mainly due
to metal oxide semiconductor thin-film transistors unique advantages, such as
visible light transparency, large-area uniform deposition at low temperature, and
high carrier mobility. However, conventional metal oxide semiconductors such as
zinc oxide (ZnO) are polycrystalline in nature, even at room temperature. The grain
boundaries of such metal oxides could affect device properties, uniformity and
stability over large areas. To overcome this issue, a new ternary oxide material
comprised of In, Ga, Zn and O has been proposed for use as the channel layer in
TFTs [51]. The amorphous In-Ga-Zn-O (a-IGZO) can more easily form a uniform
amorphous phase while still having a high carrier mobility, like most oxide

semiconductors. Although several papers have discussed the a-IGZO TFT electrical
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performance and its visible light transparency, a more in-depth photosensitivity
study is necessary for implementing this technology in real display or photo-sensor
products. In this paper, we report on the optical and electrical properties of
amorphous a-IGZO TFTs, which are suitable for active-matrix display and

photo-sensor applications.

6.2 Experiment

(A) Start with n++Si/ thermal oxide Al (Source/ Drain)
. a-IGzo
wafer & wafer cleaning

N++ Si (Gate)

(B) Sputtering of a-IGZO (40nm),
no intentional heating

SiO,
(Gate insulator)

™ n** Si (Gate)
a-IGZO (40nm)

N++ Si (Gate) (D) Thermal evaporation of Al source/ drain
electrodes (50nm) through stencil mask

(C) Macro-island formation by 0.1M Al (50nm)
HCI edge-dipping

a-IGZO (40nm)

a-IGZO (40nm)

N++ Si (Gate) N++Si (Gate)

(E) Thermal annealing at 300°C for 5mins

Fig. 6-1 a-IGZO TFT processes.

We made the device on the silicon substrate. Fig. 6-1 shows a bottom gate
a-IGZO TFT structure used in this study. A heavily doped (N™) silicon wafer with
100 nm thermal oxide layer was selected as the gate electrode and insulator,
respectively. A 40 nm thick a-IGZO (In:Ga:Zn=1:1:1) active layer was deposited on
the substrate by pulse-laser deposition (PLD) [75]. A KrF laser (A=238 nm) was

used and the laser energy density was set at ~2 J/cm’-pulse. The substrate was
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placed in an ultra-high vacuum system where the target-to-substrate distance is 3 cm
and the deposition was done in an oxygen atmosphere (~8Pa) without any
intentional substrate heating. Before the source/drain electrodes deposition, a
macro-island was formed by edge-dipping/etching of the substrate in 0.1M HCI
solution. The 50 nm thick aluminum (Al) source/drain electrodes were deposited
through stencil mask openings by thermal evaporation. Finally, the device was
thermally annealed in air at 300°C for 5 min. In order to get a good and uniform
photo-response under light illumination, finger-type (interdigitated) source/drain
electrodes are chosen as shown in Fig. 6-1. We also deposited a-IGZO thin film
directly onto quartz substrate to measure its optical properties. The absorption
spectrum of a-IGZO thin-film was collected by a Cary SE UV-VIS spectrometer
using polarized light [ 76]. Quartz substrates were'used to minimize the back ground
interference during transmittance..measurement..'Electrical measurement of the
a-IGZO TFT were carried out with aprobe-station system located in a light tight box.
The transistor electrical properties ‘were measured by a PC controlled Agilent 4156
Parametric Analyzer. For measuring TFT transfer characteristics, the drain-to-source
voltage (Vps) was changed between 0.1V and Vgg, and gate-to-source voltage (Vgs)
was varied from -10 V to 20 V. For photoelectric measurement, photo excitation was
provided by a He-Xe lamp in combination with narrow band filters and an optical
fiber. The monochromic light passed through a fiber cable and probe station
microscope, which is used to focus the illumination on the specific device. The
wavelengths ranging from 660 to 365 nm with a constant optical flux of 1x10"
photons/cm*-sec incident on the a-IGZO TFT channel were used in this experiment.
For each measurement light intensity was calibrated by Oriel 70260 radiant power
meter with the photodiode sensor attached. All measurements were done at room

temperature in ambient air.
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6.3 Result

® 6.3.1 a-1GZO Optical Properties

We studied the optical absorption spectrum of the PLD a-IGZO thin films
(thickness=181nm) (Fig. 6-2). We assumed parabolic densities of band states within
a-IGZO and extracted the optical energy band gap (E,, also called Tauc gap) by

applying the Tauc method [77]:

(hwa)? = Blho-E,) eq. (6-1)

where 7w is the photon energy (E) and ais therabsorption coefficient. The Tauc gap
(E;) was determined to be ~3.05 eV as shown.in Fig. 6-2. We also observed the
exponential energy dependence of the absorption coefficient in the vicinity of E,

which can be described by [77]:

@ w exp [ £ J eq. (6-2)

where E is the photo energy and E, is the characteristic slope also frequently called
Urbach energy. The Urbach energy is determined to be around 124 meV as indicated
in Fig. 6-2. The Urbach energy is related to the joint density-of-states determined by
both conduction and valence band tail states. However, the valence-band-tail can be
broader (or shallower) than conduction-band-tail and dominates the optical
absorption [78].

As a result, Urbach energy will be fairly close to the valence-band-tail slope value.

Such phenomenon had been commonly observed in a-Si:H thin-film; and
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conduction-band-tail slope is usually about half of the valence-band-tail slope [79].

If we assume a similar situation to occur in a-IGZO, the valence-band-tail slope is

approximately 124 meV. This values should be confirmed by other methods in near

future.
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Fig. 6-2 Optical absorption spectrum of PLD a-1GZO thin film.

® 6.3.2 a-1GZO Electrical Properties

We used four-point measurement method to study the thermal conductivity and

activation energy of the PLD a-IGZO thin films (thickness=40nm). Different

amounts of current were applied between first electrode and fourth electrode and the

voltage drops were recorded by second and third electrodes. (Fig. 6-3)
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Fig. 6-3 Illlustration of four- point measurement method
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Fig. 6-5 Calculated activation energy

91



Conductivity of a-IGZO is proportional to the temperature. (Fig. 6-4) We got the
conductivity 5.4x10°, 9.3x107, and 2.0x10° S/cm for 30°C, 50°C, and 70°C,

respectively from the equation as below.

-1
0'=(5AVJ ( L J eq. (6-3)
éyapp W x tﬁlm

Activation energy of PLD a-IGZO film are also calculated as shown in Fig. 6-5.

The slope of conductivity/(1/T) indicates that the activation of this film is around 0.9
eV. This means that the Fermi level could be around 0.9 eV lower than conduction

band for this case.

® 6.3.3 TFT electrical properties
6.3.3.1 Dark
Before illumination, we characterized the a-IGZO TFT electrical properties in the

dark. Device parameters are extracted by standard MOSFET drain current equations:

. w vV
Iy = ;Uc{}; C, T(VGS =V - %SJVDS eq. (6-4)
for linear region and

sa W
I = /uéfft C,. Z(VGS =V )2 eq. (6-5)

for saturation region. C,x 1is the gate insulator capacitance per unit area,

lin sat

oy and g are the effective field-effect mobility, Vru is the threshold voltage and
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W and L are channel width and length of the TFT device, respectively.
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Fig. 6-6 (a) Dark Ips-Vps and (b) Ips-Vs characteristics of PLD a-1GZO TFT.

The typical extracted ,uf;; and p; from the TFT are 7.3 and 8.2 cm’/Vs,

respectively; Vrg value for linear regime is 2.13 V. It should be noted that

field-effect-mobility seems to be W/L dependent. We also evaluated the TFT
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subthreshold swing (S) between off- and on-states, using the following equation:

VGS
s 10 % eq. (6-6)

The TFT exhibits a good subthreshold swing (S) of 0.27 V/decade and a low
off-state drain current (Ips.ofr, below 1 pA). For comparison, we conveniently set the
on-states drain current (Ips.on) to be the drain current at Vps=Vs=20V. In general,
PLD a-IGZO TFT shows good transistor behavior in both saturation regime and
linear regimes of operation, Fig. 6-6(a). As can be seen in Fig. 6-6(b), the TFT dark
on/off current ratio is larger than 10 with low hysteresis (inset of Fig. 6-6(b),

AV~0.1V, where AV is the sub-threshold characteristic shift) during measurements.

6.3.3.2 Under illumination

The response of the PLD a-IGZO TFET to monochromatic illumination has been
studied by measuring the TFT transfer. characteristic for various light wavelengths.
Fig. 6-7 shows the a-IGZO TFT transfer:characteristic in the dark and under
illumination. We observed clearly a shift in TFT electrical properties under
illumination. Furthermore, a “threshold” wavelength exists when TFTs are
illuminated, Fig. 6-7. In other words, little or no shift occurs in TFT properties under
illumination with A > 420nm (2.95 eV) while a much larger change takes place when
A < 420 nm. As shown in Fig. 6-7(a) under illumination, TFT Ips.s increases
significantly as the illumination wavelength getting closer to UV region. Compare to
the original dark condition, about three orders of magnitude increase occurs when
we illuminated the device at A = 365 nm (3.4 eV). In contrast with Ips_ofr, the Ips.on 18
rather constant. The onset of off-to-on Vgs voltage (or Vo) also changes. Initially,

the V1o is very close to zero volts for TFT in the dark and a negative shift in Vo is
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observed during illumination; Vio~-7 V was recorded for A= 365 nm (3.4 eV).
Finally, the off-to-on switching in Ips becomes less steep when we illuminate the
TFT under shorter wavelength. As consequence, the TFT subthreshold swing
increases. In on-region, a negative shift of Vg, similar to Vo as shown in Fig.
6-7(b), is observed. The threshold voltage shift (A Vru=V1H -under illumination = Y TH-in dark)
was determined to be about negative 6 V under illumination at A =365 nm (3.4 eV).
The slope of / Ips-Vgs shows almost no change within the wavelength range used
in this study (Fig. 6-7(b)). This suggests the field-effect mobility (pf) 1s not affected

by illumination.
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Fig. 6-7 Ips-Vgs curves for constant photo flux with the varying light

wavelengths.
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6.4 Discussion

We combined the light transmittance spectra of LCD color filter [80] and light
emission spectra of the AM-PLED [81] in Fig. 6-8. Their maximum blue, green and

red responses are about 450, 550 and 650 nm, respectively.
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Fig. 6-8 Example of the color filter transmission spectra of the LCD (solid
curves) and light emission spectra from multicolor PLED (symbol and dash

curves).
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Fig. 6-9 Dependence of PLD a-IGZO TFT minimum off-state drain current

(Ips.op), on-state drain current (Ips,,), threshold voltage shift (AVry),
subthreshold swing (S), and field-effect mobility (u.; on incident photons

energy for constant photon flux.

From these figures, it is clear that the illumination wavelengths (365~660 nm) in

this experiment do cover the photon energy range of interest to AM-LCDs and

AM-OLED:s, and the optical band-gap of the a-IGZO (~410 nm). We summarize our

results by plotting various TFT parameters as a function of incident photon energy

(Fig. 6-9). By following eq. 6-3~ 6-5 and other definitions previously described in
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section 6.3.2, TFT off-state drain current (Ips of), threshold voltage shift (AVry),

subthreshold swing (S), on-state drain current (Ips on) and peg are extracted and

shown in Fig. 6-9.

lllumination

Ec

o
hoto-excitation
EV

—

Hole-trapping ~ -

I
]

(b)

Mumination oo
High electron
: mobilit
Source Ec ® o y

A

L~ I
Side © “mb

o OTP&to-excitation Drain
mﬁ\/ Side

Low hole mobility

Fig. 6-10 (a) Band diagram of a-1GZO TFT operated under illumination (b)
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In the order to elucidate the physical origin of the shift in TFT electrical

properties, the a-IGZO absorption spectrum (solid curve) is overlapped with the
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variation of the Ips o data in Fig. 6-9. It can be concluded that the light with energy
less than 3.0 eV (visible region) is only weakly absorbed and has a negligible effect
on the TFT transfer characteristics, while light with energy larger than 3.0 eV is
strongly absorbed and is expected to generate a large density of electron-hole pairs
that are separated in the device channel. During illumination, the threshold voltage
(Vru) shifts to more negative Vgs values with the increasing photo energy,
indicating that the holes are trapped (positive space charge) within the channel
or/and at the Si0, / a-IGZO interface, e.g., electrons appears to be more mobile than
holes in a-IGZO TFTs (Fig. 6-10(a)). The TFT Ips oft, AVtH, and subthreshold swing
(S) are increasing with the increasing film absorption coefficient. After illumination,
we can bring the device back to its original pre-illumination state by a 100°C
thermal treatment for 3 min. With no applied:heat, the device will regain its
pre-illumination properties after a.much linger period of time. Since this is a fully
reversible process, the photogenerated catriers-tholes) are most likely trapped during
photo-generation process. Electrons appear to-have higher mobility than holes (Fig.

6-10(b)). The exact nature of the traps is under present investigation.

6.5 Conclusion

In conclusion, we have shown that the a-IGZO TFTs off-state drain current,
subthreshold swing, and Vry shift under illumination follows material optical
absorption spectrum. The a-IGZO TFT is stable under visible light illumination
while electrical properties start to change when the illuminating photon energy is
approaching or is above its absorption gap energy (~3eV, near-UV region) The
illuminated devices can be return to their initial dark state after just short thermal

treatment at higher temperature. This study indicates how the a-IGZO TFTs
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photosensitivity could affect active-matrix LCDs and OLEDs, and photo-sensors
operation. May be light shield electrodes used in a-Si:H TFT AM-FPDs or

photo-imagers could be avoided when a-IGZO TFTs are used.
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Chapter 7

2-D Numerical simulation of RF sputter
amorphous In-Ga-Zn-O TFTs

7.1 Introduction

Over the past few years, there is an increasing interest in using amorphous
In-Ga-Zn-O thin-film transistors (a-IGZO TFTs) to replace a-Si:H TFTs for next
generation flat-panel displays. There are many unique advantages of adapting
a-IGZO as channel layer such as high carrier. mobility, visible light transparency and
the capability of large area deposition,at/[low.processing temperature [S1]. Many
research efforts focused on developing proper processing approaches and optimizing
thin-film deposition conditions. RE magnetron sputtering and pulse laser deposition
(PLD) are two main techniques that have been reported for depositing a-IGZO thin
film. TFTs made by these two methods with high field-effect mobility (ues) and
good switching properties have also been reported by several groups [82- 86]. For
commercial integrated circuit or display applications, sputtering could be more
promising due the easy of integration with existing processing facilities [84,87].

In a-Si:H TFT research, physics-based numerical simulation has been a powerful
tool for engineer to understand the device operation and optimizing of its electrical
performance and structure [88]. Despite all the success in device fabrication, there is
lack of similar study for a-IGZO TFT. To bridge such technological gap, we report
in this paper the latest results on a-IGZO TFTs 2-D simulation based on proposed

density-of-states (DOS) model to describe electronic properties of the RF sputter
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a-1GZO0 thin-film.
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Fig. 7-1 Cross-sectional-view of inverted-staggered a-1GZO TFT

7.2 Simulation

We first construct the device structure-which represents the RF sputter a-IGZO
TFT used in this study [89]. A 2-D, inverted-staggered a-IGZO TFT structure used
for numerical simulation is shown in Fig. 7-1. The structure consists of a 20nm thick
a-IGZO channel layer and a 100nm thick SiO, gate insulator layer. The TFT channel
length (L) is 30pm. To facilitate the finite element analysis, the 2-D structure is
further decomposed into smaller mesh structures. The spaces (or resolution) between
grid points for different regions were optimized for computing time and best fit to
experimental data; denser grid points are placed near the source/drain contacts and
interface between a-IGZO and gate insulator. The contacts between source/drain
electrodes and a-IGZO channel are either assigned as Schottky or ohmic in nature in

this work.
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To develop the proper DOS model, we referred to several published results.
Takagi et al. have extracted the conduction band effective mass (m.) to be ~0.34 m,
(m, is the mass of free electron) in their early work on a-IGZO [90]. We further

calculated the effective conduction band density of states (N,) to be 5x10"%cm™ [91].
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Fig. 7-2 Propose density-of-states (PDOS)-model for a-1GZO. Ec and Ey are
conduction and valence band-edge energy, respectively. Solid curves within
band-gap represent the exponentially-distributed band tail states (2csa, €vpa),
while the dash curve near the conduction band-edge represents the

Gaussian-distributed donor-like oxygen vacancy states (g2¢4).

The increasing structural disorder within amorphous material can induce
electron scattering and eventually localized wave-functions. Such phenomenon can
be approximately represented as localized tail states within band gap, near the band
edges. In this study, band tail states of a-IGZO are represented as a function of
energy (E) by following expressions (Fig. 7-2):

8cno = 8 exp((E~E)/E,) eq. (7-1)
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& = & (£, ~E)/E,) eq. (7-2)
where Ec and Ey are conduction and valence band edge energy, g, and gy are
density of acceptor and donor like states at E=E¢ and E=Ey, respectively, and E, and
Eq4 are characteristic slopes of conduction and valence band tail states, respectively
[88]. To determine the proper range for g, we considered the fact that the DOS has
a continuous distribution from tail states to extended states. Therefore, it is
reasonable for N¢ (or Ny) and g, (or gu) to have a proportional relation. Since N¢ of
a-IGZO is about an order smaller than a-Si:H (N¢ for a-Si:H is ~3x1019cm'3), we
assume g, of a-IGZO should be around 10 cm>eV! (gt for a-Si:H is 10?! cm™eV!
[88] ) . The band gap (E,) and valence-band-tail slope (Eq) were further determined

by optical absorption measurement on a-1GZO thin film [92].

It is well known that due to the unique conducting mechanism through metal ion’s
spherical s-orbital, band conduction- can*still-exist in a-IGZO TFT even it is an
amorphous phase. Therefore, we set”the ‘electron band mobility (pu,) to be the
maximum differential mobility (ugismmax) obtained from TFT measurement (in this
study, its 15 cm?/Vs). Oxygen vacancies can also alter the electrical properties of
oxide semiconductors (Fig.6-3). It is commonly believed that the vacancies created
additional states near the conduction-band edge (CBE) [93,94]. We include a
Gaussian-distributed donor-like state located near the CBE to phenomenologically

model the oxygen vacancies in oxide semiconductor with equation:

ng = gd CXP(_ (E_/l)z/o-z) eq' (7_3)
where g4, A and ¢ are peak value, mean energy and standard deviation of states,

respectively. The schematic of the proposed DOS model is illustrated in Fig. 7-2 and

this model is further supported by independent simulation and experiments results.
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« Oxygen vacancy is effectively “positive charged”
indicated a donor-like behavior

Fig. 7-3 Oxygen vacancy in oxide semiconductor

Table 7-1 Key simulation parém’tfzfers usecf mz;hzs study

‘,-'x"*"

Hn

Hp

£d

5x1018
5x1018
3x102°

3x1020

120
3.05

0.1
0.34
4x10'°
2.9
0.1

Effective conduction band DOS
cm? Effective valence band DOS
cm3eV!  Density of tail states at E=E,

cm3eV!  Density of tail states at E=E,

meV Conduction-band-tail slope
meV Valence-band-tail slope
eV Band gap
Electronic affinity
Permittivity

cm?/Vs Band mobility (electron)
cm?/Vs Band mobility (hole)
m, Conduction band effective mass
cm3eV'!  Peak of oxygen vacancy (OV) states
eV Mean energy of OV states

eV Standard deviation of OV states
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Fig. 7-4 (a) Output and (b)(c) transfer characteristics for a-IGZO TFT
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indicated. Inset of (c): TFT structure used in simulation.
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7.3 Result and Discussion

All the parameters are then inputted into the simulation software [95] that was
modified for this study. The final set of parameters optimized for our a-IGZO TFT
are listed in Table I. Results show that our physics based model can reproduce with a
very highly accurate output, transfer and sub-threshold a-IGZO TFT experimental
characteristics (Fig. 7-4). It is worth to notice that the final E, we obtain (9 meV) is
lower than common a-Si:H value (~25meV) and agree fairly well with what Kamiya
et al. predicted in their original work [94]. This result also support the fact that the
conducting mechanism between a-IGZO and a-Si:H are fundamentally different [51].
We speculate our RF sputter a-IGZO has sufficient metal s-orbital overlap allowing
the electrons to have a nearly “scattering free” conduction. In comparison, the
directional Si sp’ bonds are inevitably distorted under amorphous phase. As a result,
a-IGZO can have a much sharper conduction band-tail distribution than a-Si:H. Both
Schottky and ohmic contact ‘models - have-been “considered, and give similar
simulation results. This suggests that the S/D.metal (in this study, it’s Ti) is forming
an ohmic-like contact with the a-IGZO layer. In summary, the RF sputter a-IGZO
TFT we used in this study has the following properties: e =12cm?/V-s, threshold
voltage (Vu)=1.15V, sub-threshold swing (s)=0.13V/dec, off-current (L,¢) <10

and on/off ratio ~10'°,

We further utilized this model to investigate impacts of the S/D series resistance
(Rs/p) and DOS properties on TFT performance. During the numerical simulation,
Rgp values were varying from 0~30 kQ in a logarithmic increment. Based on
experimental results, we approximated the Rg/p for our a-IGZO TFT to be less than
300Q2 (Fig. 7-5(a)). Also conduction band tail slop (E,) was changed from 5~20 meV.

Our results clearly indicated that a larger E, (shallower tail state distribution) can
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increase Vry and also degrade the maximum per which TFT can achieve (Fig.

7-5(b)).
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Fig. 7-5 Simulated Ips-Vss curves of a-IGZO TFT in linear region (Drain to
source voltage, Vps=0.1V) for various (a) source / drain contact resistance
(Rsip) and (b) conduction band tail slope (E,). (c) Example of using oxygen
vacancy states (gcq) to simulate a-IGZO TFT shifting behavior at high

temperature. Real experimental data (o) are also shown as reference.
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On another a-IGZO TFT (with lower g value), we measured the electrical
properties at a high temperature (90°C) and observed a shift in turn-on voltage (Vo).
Since there is no electrical stressing involved, it is more reasonable assuming that
the physical origin of such shift is due to increasing oxygen vacancies (OV) in
a-IGZO at the higher temperature. Fig. 7-5(c) shows that our model can simulate
such observation by increasing OV states (ggs , €q.(7-3)). Compare to the
conduction band-tail states (gcga), the increase of ggqis relatively small and doesn’t
alter the sub-threshold swing significantly. However, these OV states are effectively
ionized during the pre-threshold state of the TFT operation and induce the observed
shift in Von. Furthermore, we can also use OV states to explain why Vg shift to

negative value if lacking of oxygen in a-IGZO film during processing.

7.4 Conclusion

We demonstrated the results on. two-dimensional (2-D) simulation of high
performance amorphous In-Ga-Zn-0 (a-1GZO) TFTs for flat panel displays. Our RF
sputter a-IGZO TFT has following properties: field-effect mobility (pe)=12cm?/Vs,
threshold voltage (Vy)=1.15V, sub-threshold swing (S)=0.13V/dec and on/off ratio
over 10", A density-of-states model is developed, to accurately simulate the
measured transistor properties. The donor-like oxygen vacancy states are also
included to simulate the high temperature TFT behavior. The results show that RF
sputter a-IGZO TFT has very sharp conduction band-tail slope distribution (E,=9
meV) and ohmic like source / drain contact which can be the physical origin of the
high performance we observed. Such device is very desirable for a high resolution

flat panel displays.
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Chapter 8

Ambipolar TFTs and CMOS-like inverter

8.1 Introduction

Recently, we combined pentacene and a-IGZO these two active materials into one
TFT devices. These TFTs which show both p-type and n-type characteristics, they
are called ambipolar TFTs as shown in Fig. 8-1. There are several objectives of
ambipolar TFTs, including the simplification of the process and circuit design, the
elimination of the problem to choose between n-type and p-type TFT before
fabricating, also the acquisition ofi'the characteristics under both positive and
negative bias. Stability in ambience air is-the critical issue of OTFTs at present. For
n-type organic materials, electron channel can not be formed stably in ambience so
that the TFTs show only p-typé€-characteristics..The characteristics of ambipolar
TFTs was measured in inert gas environment in most previous works [96- 99].

Stability has always been an important issue for these ambipolar TFTs.

8.2 Latest results

Au Au

pentacene
a-1GZ0

Si0,

Gate Si (N++)

Fig. 8-1 Cross-sectional view of proposed ambipolar TFT
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We used pentacene/a-IGZO to fabricate devices which can be operated stably in
ambient air. Fig. 8-2 illustrates the Ips-Vps curves of our ambipolar TFT. It shows

both p-type and n-type behavior.

30
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Fig. 8-2 Ips-Vps curves of ambipolar TFT

We also measured the Ips-Vgs curves of the ambipolar TFT. On/off current ratio is
decreased when Vpg is increased. Take n-type operation for example, when Vpg >
Vs, holes are induced and injected into active layer due to electric field between

gate and drain electrode. (Fig. 8-3)
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Fig. 8-3 Ips-Vigs curves of ambipolar TFT

The most advantage of ambipolar T'FTs application is inverter. Traditional CMOS
inverter composes of a NMOS and-a PMOS device. For our study, we connect 2
identical ambipolar TFTs as CMOS-like inverter. The cross-sectional view of this
CMOS-like inverter and schematic circuit are shown in Figs. 8-4 (a) and (b). In the
inverter circuit, the gate is common for both transistors and serves as an input node
(Vin). When the supply voltage Vpp and the input voltage Vi, are biased positively,
the inverter function in the first quadrant, and the output voltage V. versus input
voltage Vi, plot exhibits a gain of 62. When Vpp and Vj, are negative, the inverter
exhibited a gain of 43 in the third quadrant as shown in Fig. 8-5.

Unlike conventional CMOS inverter, our CMOS-like inverter can be operated in 2
quadrants. It is because the ambipolar TFTs have both n-type and p-type behavior.
This makes the circuit design simpler, and can be adopted for display circuit

applications.
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Fig. 8-5 Voltage transfer curve and their corresponding gains of ambipolar

TFTs operated in the (a) first quadrant and (b) third quadrant

In conclusion, this work combines the pentacene and a-IGZO TFTs together,
which have been studied in the previous chapter. Both n channel and p channel

behaviors of these ambipolar TFTs were analyzed together with their corresponding

113



inverter circuits. We have to do further optimization regarding the TFT and inverter
parameters. Overall, a-IGZO/pentacene exhibits an ambipolar behavior with high
voltage gain value and qualifies themselves as promising candidates for the

applications in AMFPDs.
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Chapter 9

Conclusion and Future Work

9.1 Conclusion

We first aimed to improve the performance of pentacene TFTs. By blending TiO,
nanoparticles, we successfully reduced the operating voltage and suppressed their
photosensitivity. TiO, nanoparticles not only serve as high k material to produce
more field-effect carriers but also act as recombination centers between the energy
gap of pentacene to eliminate the electron-hole pairs. Furthermore, we also made
transparent and flexible OTFTs using colorless PVP polymer and transparent
metal-oxide hole injection layer.

Additionally, we used different gate dielectric materials to show the potential
applications of OTFTs such as the 'color-filtering function. We integrated color filter
into gate dielectric layer and further improved by utilizing colored PMMA as gate
insulator. This unique material can provide good insulating and color-filtering
function.

We also studied the fundamental intrinsic properties of a-IGZO TFTs. We found
that a-IGZO TFTs are stable under visible light illumination and electrical properties
start to change when the photon energy is over 3 eV. Besides, oxygen vacancy
donor-like states were first proposed in the simulation, and the results are well
agreed with experimental data.

Finally, we got latest results regarding to combine pentacene/a-IGZO bi-layer as
ambipolar TFTs. These ambipolar TFTs can be a CMOS-like inverter circuit. By

using ambipolar TFTs, we can simplify the circuits and minimize the power
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consumption comparing to use N-type TFTs as inverters. The contributions of this
dissertation are: (1) We minimize several issues of pentacene based TFTs and
demonstrate the functionality of OTFTs such as color-filtering and memorable. (2)
In the leading group regarding to the a-IGZO TFTs related studies such as

photosensitivity and simulation/modeling.
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Fig. 9-1 Research projects in this study

9.1.1 Organic Thin-film transistors with polymeric nanocomposite
dielectrics

High performance OTFTs incorporated with high dielectric nanoparticles in the
dielectric layers have been demonstrated. The dielectric insulator consists of
cross-linked PVP and TiO; nanoparticles. The dielectric constants values of different
percentages TiO; blended into PVP agrees well with theoretical models. This proves
the trustworthiness of our results.

In order to obtain highly soluble TiO,

nanoparticles in organic solutions, the surface of nanoparticles was modified with
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organosiloxane. Moreover, the concern of higher leakage current, while using the
high dielectric nanocomposite insulators, has been overcome by further applying
another PaMS layer. As a result, we have demonstrated low-voltage OTFTs, which
can be operated within 10 V. Table 8.1 illustrates some high k gate insulators utilized
in OTFTs. From the comparison, our study can offer a simpler way to make the high
K composite gate insulator by solution processes compared to ours by sputtering and
anodization. Finally, we successfully made the OTFT on the flexible substrates with

mobility ~ 0.1 cm?*/Vs.

Table 9-1 Summary & comparison for high k gate insulator in OTFTs

High k OTFTs SCIENCE 1999 Adv. Mater. 2005 | Org. Electron. 2006
Comparison Vol. 283, 822 Vol. 17, 192 Vol. 7, 435
IBM U. of Sheffield (UK) NCTU

Active layer pentacene pentacene pentacene
Insulator BZT (BaZrTi) TiO,/PaMS PVP/TiO,
Dielectric constant 16 23 10.5
Deposition method Sputtering Anodization Solution
Mobility 0.32 0.8 0.4
On/off ratio ~10° ~104 5x104
Operationvoltage 10 volt 1 volt 10 volt
Process Complex Difficult Easy

9.1.2 Organic thin-film transistors with reduced photosensitivity
Organic thin-film transistors with a minimal threshold voltage shift and a more
stable photocurrent under illuminated conditions can be made by embedding TiO,
nanoparticles into a polymer dielectric layer. While the studies of pentacene
morphology using atomic force microscopy and X-ray diffraction have shown
similar results before and after embedding the TiO; into the dielectric layer, we have

found that the presence of TiO, nanoparticles is essential. The reduced
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photosensitivity, be attributed to the recombination centers induced by the TiO,
nanoparticles, can enhance substantially the recombination process of the electrons
trapped in the channel.

Not only the photosensitivity respect to white illumination has been reduced, a
high transparence has also been achieved simultaneously. MoO, was utilized as the
hole injection layer, resulting in work function matching with pentacene when ITO
was used as the source/drain electrodes. For the device with TiO, nanoparticles, the
transmittance decreased slightly due to the light-scattering from the nanoparticles.
However, the average transmittance reminded as high as 54%. Hence, the
photosensitivity of pentacene based OTFTs was resolved effectively and could be

used in active driving circuits without the noticeable Vth shift.

9.1.3 Color filtering functional organic thin-film transistors

We developed color filtering funetional-erganic ‘thin-film transistors exhibiting
both high field-effect mobilities and-color-filtering ability. The conventional colorant
inks were utilized as the materials for the color filter/dielectric multifunction layers.
In order to improve the electrical performance, a high dielectric polymeric insulator,
PTFMA, was introduced to modify the surface of the dielectric layer. Further, the
Commission Internationale de L’Eclairage chromaticity coordinates were (0.64,
0.34), (0.36, 0.54), and (0.14, 0.15) for red, green, and blue devices, respectively,
covering 49.2% National Television Systems Committee (NTSC) standard. This

work represents one potential application for multifunctional organic electronics.

Furthermore, we utilized colored PMMA as the materials for the color
filter/dielectric multifunction layers of the TFTs. The main advantage of this method

is the colorful layer is unique, no phase separation issue compared to the blending or
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bi-layer structures. The colored TFTs showed the mobilities around 0.13 cm?/Vs,
threshold voltage -9.02 V, and sub-threshold swing 1.35 V/decade with color
coordinate CIE1931 (0.409, 0.454). The electrical performance and film morphology
is similar to traditional PMMA insulator device. Compared to traditional color filter
on array method, our color PMMA (colorful insulator) shows an easy way and
potentially material high utilization, as shown in Table 8.2. This work was
successfully integrated gate insulator and color filter, which offered an ink-jet

printing compatible process for cost-effective fabrication of display system.

Table 9-2 Summary & comparison for color-filtering OTFTs

Color filter Traditional APL 2008 IDMC 2007
integration Color filter on array Vol. 93, Thu-P1-22
Comparison
Method COA CFinGl Color PMMA
Color filter ink O O X
IJP comparable O O O
Integrated gate X O O
dielectric
Process complicate simple simple
Cost high low lowest

9.1.4 Photosensitivity of amorphous In-Ga-Zn-O thin-film
transistors

To develop a-IGZO density-of-states model, intrinsic a-IGZO optical properties
such as optical band gap and Urbach energy, and TFT characteristics under
illumination were investigated. During the a-IGZO TFTs illumination with the
wavelengths ranging from 460 to 660 nm, the off-state drain current only slightly

increased while a large increase was observed for the wavelength below 400 nm.
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Threshold voltage and subthreshold swing were also only slightly modified between
460 to 660 nm, while field-effect mobility was almost unchanged in the photon
energy range investigated. The observed results are consistent with the a-IGZO
optical energy band gap of about 3.05 eV. This study suggests that the a-IGZO TFTs
are light sensitive above 3.0 eV and photogenerated electrons are more mobile than
holes within device channel region. Table 9.3 shows our results, as compared to

SONY’s study [100].

Table 9-3 Summary & comparison for photosensitivity study for a-IGZO TFTs

Photosensitivity SID 2008 AMFPD 2008
Study comparison P.13 Sec. 7-2
NCTU/U. of Mich. SONY

Active layer a-1GZO (PLD) a-1GZ0 (sputtering)
Insulator SiO, SiO,
Mobility (cm?/Vs) 8.2 20
On/off ratio 10° 10°
Wavelength O O
Intensity O (IDMmC’08) X
Vth shift mechanism Hole trap < same
Recover method Anneal € same

9.1.5 2-D Numerical simulation of RF sputter a-InGaZnO TFTs

We reported the latest results on two-dimensional (2-D) simulation of high
performance amorphous In-Ga-Zn-O (a-IGZO) TFTs for flat panel displays. Our RF
sputter a-IGZO TFT has following properties: field-effect mobility (pem)=12cm*/Vs,
threshold voltage (Vy)=1.15V, sub-threshold swing (S)=0.13V/dec and on/off ratio

over 10", A density-of-states model is developed, to accurately simulate the
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measured transistor properties. The donor-like oxygen vacancy states are also
included to simulate the high temperature TFT behavior. The results show that RF
sputter a-IGZO TFT has very sharp conduction band-tail slope distribution
(E==9meV) and ohmic like source / drain contact which can be the physical origin of
the high performance we observed. Table 9.4 is the summary and comparison for

modeling and simulation of a-IGZO TFTs [100].

Table 9-4 Summary & comparison for modeling and simulation of a-IGZO TFTs

Active layer a-IGZO (PLD) a-1GZ0 (sputtering)
Insulator Sio, Sio,
Mobility (cm?2/Vs) 7.84 12
On/off ratio 10° 1010
Software Silvaco Silvaco
Model a-Si modified a-Si modified +
oXygen vacancy
Vth shift mechanism Traditional OV state proposed
Fitting good excellent

9.1.6 Ambipolar TFTs and CMOS-like inverter

We have fabricated ambipolar TFTs through a hybrid route by combining
organic/oxide semiconductors. Both n channel and p channel behaviors of the
ambipolar TFTs were analyzed together with their corresponding inverter circuits.
Overall, a-IGZO/pentacene exhibits an ambipolar behavior with balanced field
effect mobility and qualifies themselves as promising candidates for the applications

in AMFPDs. Table 9.5 indicates that our latest resultst (the gain value of 62) are
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improved comparing to similar studies from other groups [101,102].

Table 9-5 Summary & comparison for ambipolar TFTs and inverters

Inverter APL 2008 APL 2008 2008
Comparison Vol. 93, 033306 Vol. 93, 213505 Submitted to SID09
NCKU U. of Tokyo NCTU
TFT type Ambipolar P-type + N-type Ambipolar
Inverter CMOS-like CMOS CMOS-like
P- type TFT pentacene pentacene pentacene
N-type TFT In,04 a-1GZ0 a-1GZ0
Gain (dV,,/dV,,) 9 56 62
Operationquadrant 1+3 1 1+3
Process Easy Complex Easy

9.2 Future Work K
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operating voltage and photosensitivity. Furthermore, we also demonstrated the
functionality of OTFTs such as color-filtering. However, there are still some
“trade-off” such as smaller on/off ratio and larger gate charge after introducing high
k insulators. As our future work, we shall find more suitable materials and fine tune
the processes to get the balance behavior between on/off ratio and operation voltage.
Furthermore, we have presented the possibilities of multi-functional dielectric
materials for TFT applications. Based on our previous work, we would like to
develop unique dielectric materials which should have several functions, such as
high dielectric constant, coloring, wide-gamut, less-photosensitivity, and even

polarization. Ink jet printing will be utilized to process these materials into TFT

devices.
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9.2.1 a-IGZO TFTs

a-IGZO TFTs in this dissertation were fabricated at University of Michigan, Ann
Arbor during my extended internship. We are building up the processes at NCTU by
using Self-aligned N+ region contact of a-IGZO TFTs as a platform to improve
a-IGZO TFT performance. As widely known, higher oxygen vacancy makes a-IGZO
film more conducting. We control the oxygen partial pressure during the sputtering
of a-IGZO films. High oxygen partial pressure is processed first then low oxygen
partial pressure is used to make an oxygen-vacancy-rich thin a-IGZO films.
Following, source/drain metal is deposited then using wet dipping to etch non-use
oxygen-vacancy-rich a-IGZO film. This oxygen-vacancy-rich region supposes to act
as N+ electron rich area to form a good ohmic contact region. Finally, all TFTs will
be made onto glass substrate to be;transparent dévices. The cross-sectional view and

process flow are shown in Fig. 9-2.

a-1GZO (40nm =) 3.}

N++ Si (Gate)

| | > a-1GZO film (high oxygen vacancy)

a-IGZ0 (40nm More conducting to form ochmic contact

lHCI dip

N++ Si (Gate)

Fig. 9-2 Proposed self-aligned N region at contact area

Recently, gate driver on array technology is a hot topic for the cost reduction in

TFT-LCDs. However, traditional a-Si:H TFTs still have some issues such as
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instability and lower mobility. Based on our previous results, we will further study
temperature coefficient and width/length effects by modelling the a-IGZO TFTs. The
models will then be generated for a-IGZO based devices for gate driver circuits.

In addition, CMOS-like inverter circuits have been demonstrated by using
air-stable channel materials pentacene and a-IGZO. Operating voltage, output
frequencies, and gain values will be further studied and optimized. These ambipolar
TFTs open a potential way to fabricate high performance logic devices with

mechanical flexibility and good reliability in air condition.
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