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ABSTRACT

Due to the widespread applications such as radio frequency identification tags,
logic circuits, display driver and “sensors,-the pentacene-based organic thin film
transistors (OTFTs) are widely investigated and have many remarkable breakthroughs
in performance. In this dissertation, we investigate the application of high dielectric
constant (k) dielectric to improve the performance and function of OTFTs.

First of all, we demonstrate the integration of HfLaO high-k dielectric and TaN
metal gate into pentacene OTFTs to get low operation voltage, small sub-threshold
swing (SS), low threshold voltage (V1) and good field effect mobility («). Theses results
indicate HfLaO is a good dielectric for OTFTs.

In order to meet the requirements of future flexible electronics, we decrease the
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process temperature to develop HfLaO/pentacene OTFT on flexible polyimide
substrates. This device also shows good device integrity of a small §S of 0.13 V/decade
and a V7 of —1.25 V and a good  of 0.13 cm?/V's at a low operating voltage of 2.5 V.

Based on the good electrical characteristics of pentacene OTFT incorporated with
high-x HfLaO dielectrics, we further use high-k HfON as a charge trapping layer to
develop organic pentacene non-volatile OTFT memory fabricated on flexible polyimide
substrate. By using high-x HfON as a charge trapping layer, HfLaO as a blocking layers
and HfO, as a tunneling layer, the pentacene OTFT memory shows record low
program/erase voltage.

Finally, we study the High-k HfAIO as a capping layer on SiON to modulate V7 for
p-MOSFET application. The mechanisms-of 7z modulation also have been investigated.
Under the optimized 1.5 nm SiON, good device integrity of small 0.85 nm
equivalent-oxide-thickness, low V;, good SS and high mobility are obtained in the
MoN/HfAIO/SiON p-MOSFETs. The large positive flatband voltage shift is explained
due to the forming charged oxygen vacancies in AISiO silicate, which is originated

from diffusion and interaction of Al,O3; and SiON.
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Chapter 1

Introduction

1.1 Overview of High-k Gate Dielectrics

As the physical thickness of Silicon dioxide (SiO,) based gate dielectric is small
than 1.5 nm, a number of fundamental problems arise in metal-oxide-semiconductor
field-effect transistor (MOSFET). Below the physical thickness of 1.5 nm, the gate
leakage current exceeds the 1 A/cm” due to tunneling mechanism as shown in Figure
I-1 [1.1]. To continue scaling down of:SiO, and to reduce gate leakage current,
hafnium-based high dielectric constant (high-i) materials have been used to replace
Si0, as gate dielectric at 45 nm nodeand beyond [1.2, 1.3].

From an electrical point of view, an MOSFET is a capacitance-operated device,

where the source—drain current of the MOSFET depends on the gate capacitance.

_&,kA
t

C (1)
where ¢, is the permittivity of free space, k is the dielectric constant (also referred to
relative permittivity), 4 is the area of capacitor, and 7 is the oxide thickness. Since the
tunneling probability reduces exponentially with the gate dielectric thickness, the

tunneling problem can be solved by replacing SiO, with a physically thicker layer of

high-k material. This will keep the same capacitance but decrease the tunneling



current.

Many high-x materials have been studied as potential alternative gate dielectrics,
such as Ta,Os, TiO,, HfO,, ZrO,, AlLO;, LayOs;, SizN4 or mixtures of them or
metal-oxide-silicates of the mentioned compounds which have the k values ranging
from 7 to 80. For the aforementioned requirements, the x value of high-k material
should be over 12, preferably 25-30. Unfortunately, each of these materials is found to
have its drawbacks. There is a trade off with the band offset condition, which requires
a reasonably large band gap to obtain acceptable gate leakage current [1.4, 1.5]. Table
1 and Figure 1-2 show that the k value.of candidate oxides tends to vary inversely
with the band gap. Al,O; and SizNg were found to have small k value <10, which can
not meet our future requirements. TiO; has high-«k value of 80, but it is found to have
a low crystallization temperature of about 400 °C and low conduction band offset.

The « value of all transition metal oxides is higher than SiO,. However, not
every high-k oxide can be used as a gate dielectric material. The thermal SiO,, having
been used and studied intensively for more than 40 years, has excellent interface
properties with the Si substrate. Instead, the high-k materials are far less familiar to us
and most of their properties are still unclear. For gate dielectric application, the high-k
materials must have several advanced features in addition to the high-k value. They

should be chemically stable with substrate and the gate electrode and thermally stable



at required process temperatures. Moreover, they should have good interface
properties with the channel materials so that the structure can have low interface trap
density, high channel mobility, low oxide trap density, large band gap, and large band
offset.
1.2 Organic Thin Film Transistors

Organic semiconductors have been studied since the late 1940s [1.6]. However,
the first description of field effect in organic semiconductor was in 1970 [1.7, 1.8].
Figure 1-3 shows the molecular structures of several common p-type organic
semiconductors. Organic thin film transistors (OTFTs) have been identified as
potential elements of electronic devices since the report by Koezuka and coworkers
using electrochemically polymerized polythiophene in 1986 [1.9]. The performance
of OTFTs has undergone great progress, especially in the last several years. OTFTs
have many advantages over conventional silicon technology: they can be fabricated at
low cost, large area coverage and on flexible substrates. They have attracted
considerable attention for use in a wide range of cost effective, high volume
applications such as radio frequency identification tags, logic circuits, display driver
and sensors [1.10-1.16]. Compared to the performance of field-effect transistors based
on single-crystalline inorganic semiconductors, such as Si and Ge, the charge carrier

mobility is about several orders of magnitude lower. However, recently, the mobility



of OTFTs based on rubrene single crystals was found to be 15.4 cm® /Vs [1.17],
which exceeds that of amorphous silicon (a-Si : H) devices.
1.2.1 Charge Transport in Organic Semiconductors

The primary difference between organic semiconductors and inorganic
semiconductors is the nature of charge transport. In inorganic semiconductors, such as
Si or Ge, the atoms are held together by strong covalent bonds. The strong covalent
bonds between atoms lead to the existence of large conduction and valance band
widths. The nature of charge transport in inorganic semiconductors is band-like as the
system has definite order. The charge carrier mobility of inorganic semiconductors
such as single-crystalline Si is very high, of the order of 10> cm?Vs. The carrier
mobility in inorganic semiconductors reduces-with increasing temperature because the
lattice vibrations (phonons) cause scattering.

However, the bonding between organic molecules is weak van der Waals forces.
Band-like transport model is invalid in amorphous or organic semiconductors. The
charge carrier mobility of organic semiconductors is several orders of magnitude
lower than inorganic materials. The nature of charge transport in organic
semiconductors is more of the hopping kind. Crystalline organic semiconductors can
have band-like transport at low temperatures. In disordered materials, a variety of trap

states further lower the mobility. Energy states are localized in disordered organic



materials and charge transfer takes place by hopping. Due to the charge carrier
scattering at every step, the carrier mobility is significantly lower. In most organic
semiconductors, the mobility increases with increasing temperature as hopping
transport is assisted by phonons [1.18, 1.19].

The Multiple Trapping and Release (MTR) model is employed to explain charge
transport in organic semiconductors [1.20]. The model suggests a narrow delocalized
band be associated with a high concentration of localized levels that act as traps. At
low gate voltages, a majority of charge carriers injected in the semiconductor get
trapped in these localized states with the deep traps filling up first. As the gate voltage
is increased, more traps get successively filled -and the Fermi level approaches the
valence band edge. In some cases, when a sufficiently high gate voltage is achieved,
all trap states are filled and the subsequently injected carriers move with the mobility
associated with carriers in the valence band [1.21, 1.22]. However, the
temperature-independent mobility reported in some cases (Pentacene and
oligothiophenes) is not accounted for by the MTR model [1.23-1.25]. Thus, the
mechanisms for charge transport between molecules could be band-like transport,
hopping, or tunneling [1.26-1.29]. At room temperature, the boundary between the
band and hopping transport is usually taken at a mobility between 0.1 and 1 cm*/V.s

[1.23, 1.30]. The mobility in highly ordered molecular crystals or single crystal



molecular is exceeding to that limit, so that there is still controversy as to whether the
conductivity in these materials should be described by localized or delocalized
transport.
1.2.2 The Operation Mode and Principles of OTFTs

The general operation mode and structure of OTFTs are developed from
insulated gate field-effect transistors fabricated from crystalline or amorphous
inorganic semiconductors [1.30]. Figure 1-4 shows the common device configurations
used in OTFTs. It is composed of three main components: source, drain, and gate
electrodes; a gate dielectric; and an organic, semiconductor as a channel layer. The
p-type organic semiconductors suchvas pentacene or P3HT use Au, Pt, or Ni metals
with high work function as source ‘and.drain electrode to form ohmic-like contact.
Although the device structures of OTFTs and inorganic TFTs are similar, there are
some differences in the operation mode.

The organic semiconductors are difficult to dope to another type. There are no

P-N junctions in source and drain to reduce the off-state leakage current. The low
off-state leakage current of OTFTs is due to low conductivity of organic
semiconductors. The most OTFTs operate in accumulation or depletion modes that are
different compare with inversion mode operation of poly-Si TFT or MOSFET.

The current-voltage characteristics of OTFTs can be divided in two regimes,



linear and saturation regimes as following:
At low drain voltage (Vp), drain current (/p) increases linearly with V) (linear
regime) and is approximately determined from the following equation:
10=%ﬂCi(VG—VT—VTD), Vp <Ve=Vr )
where L is the channel length, /7 is the channel width, C; is the capacitance per unit
area, Vr is the threshold voltage, Vs is the gate voltage and u is the field effect
mobility.
For higher Vp, exceed V7, Ip tends to saturate (saturation regime) due to the

pinch-off of the accumulation layer, and is modeled by the equation
w :
I, =—uC,V, =V, ) ou Vp >V =V, 3)
2L
1.2.3 Parameter Extraction of OTFTs
There are actually four important parameters to be determine the quality of
OTFTs: mobility, threshold voltage, sub-threshold swing and on-off-state drive
current ratio.
(1) Mobility
In the linear regime, the field effect mobility can be calculated from the
transconductance (g,;), which follows from the first derivative of Equation (2) with
respect to the V.
o, W

Zucy, 4
gm aVG LILI i" D ()




In the saturation regime, the mobility can be calculated by rewriting Equation (3)

as:
VI, = €.V =V) )

Equation (5) predicts that plotting the square root of the saturation current
against Vg would result a straight line. The mobility is obtained from the slope of the
line.
(2) Threshold voltage

Threshold voltage is defined as the onset voltage for the channel formation. The
magnitude of threshold voltage corresponds:to. power consumption. It can be extracted
from Equation (5) by the x-intercept of |I D|l/2 =V~ plot.
(3) sub-threshold swing

Sub-threshold swing (SS) controls the on-to-off voltage swing, and should be as
low as possible. The SS also represents the interface quality and is defined as

CcC, +C,
ss=_s AT 0% (14 e Ty 6)
dlog/ C

D |y, =constant q i

where Cg, 1s the depletion capacitance density of semiconductor channel layer and Cj

is the capacitance density from charged interface traps.

(4) on-off-state drive current ratio

The major potential application of TFTs is to control the switching of every pixel

in active-mattress liquid crystal display (AMLCD). The high on-off-state current ratio



(Zow/I,p) can be helpful to define the logic level of digital signal. The 1,,/1,4 represents
the ratio of the current when the device is turned on and when the

device is in the off state. It is another important OTFTs characteristic and is given as

_ MG,

= 7
2/LquNAt ( )

on ' “off

where u, and N, are the semiconductor mobility and carrier concentration (in the
off-state), respectively, ¢ is the semiconductor film thickness, and ¢ is the electron
charge. Therefore, the high /,,/1,; can be obtained by large carrier mobility and a very
low off-conductivity value for the organic semiconductor. Note that Equations (7) are
valid only when a number of conditions are satisfied [1.30, 1.31].
1.3 Motivation

Although the mobility of OTFTs is-higher than 1 cm’/V.s, there are still several
electrical characteristics need to be improved such as threshold voltage, sub-threshold
swing and operation voltage for commercial application. Therefore, how to enhance
these characteristics is important.

The goal of our study is to improve the device performance by integrating high-k
dielectric into pentacene-based OTFTs. In addition to the logic function of OTFTs,
the nonvolatile memory function is required for system-on-panel (SOP) application.

We also investigate organic pentacene nonvolatile memory based on high-k dielectric

layers.



On the other hand, the threshold voltage control is a critical issue of metal-gate
high-x MOSFETs. The flatband voltage is affected by the interface of High-k
dielectric and SiO,. For this reason, we use high-x HfAIO as a capping layer on SiON
to study the flatband voltage shift and device performance of MoN/HfAIO/SiON
p-MOSFETs.

1.4 Dissertation Organization

This dissertation is organized as follow:

In Chapter 2, we discuss the device performance of OTFTs that incorporates
high-« HfLaO as the gate dielectric. The effects of surface treatment on TaN gate
electrode are discussed along with-the electric characteristics of OTFTs. The focus of
this research is the integration of pentance based OTFT with high-x HfLaO to reach
good electrical characteristics such as a low SS and small V7.

In Chapter 3, we study the integration of pentacene OTFTs with a high-k
HfLaO dielectric onto flexible substrates.

In order to further extend the function of OTFTs, we develop a pentacene OTFT
nonvolatile memory fabricated on a flexible polyimide substrate in Chapter 4. This
memory function has been achieved by using a high-x dielectric as charge trapping,
blocking, and tunneling gate insulator layers.

A comprehensive study of flatband voltage shift and device performance with

10



HfAIO capping SiON p-MOSFETs is mentioned in Chapter 5. The mechanisms of

flatband voltage shift are discussed. By optimizing thickness of SiON, the good

device performance of MoN/HAIO/SiON p-MOSFET can be reached.

A summary of the research work carried out is given in Chapter 6.
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Table 1-1 Comparison of relevant properties for high-k candidates [1.4].

Dielectric AEc
. Band gap Crystal
Material constant (ev)
(ev) . Structure
(K) to Si
SiO; 3.9 9 3.2 Amorphous
SizNy4 7 5.3 2.4 Amorphous
ALO;3 9 8.8 2.8 Amorphous
Y,0;3 15 6 2.3 Cubic
La,0; 30 6 23 Hexagonal, cubic
Ta,0s5 22 4.4 0.35 Orthorhombic
TiO, 80 3.5 0 Tetragonal (rutile, anatase)
HfO, 25 5.8 14 Monoclinic, Tetragonal, Cubic
7Zr0O,; 25 5.8 1.5 Monoclinic, Tetragonal, Cubic
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Fig. 1-1. Leakage current versus voltage for various thickness of SiO, layers [1.1].

13



10
gL «SiO2
L . AbOS
= °r MgOs
T 7 +.Ca0
P L ZISiOqee - 21O,
& 6 Hfsio, Y03 e HfO,
L . B 4
2 5L ¢ tso %
© .
m SigN, S A";-B.?'IO
4r Tas05
3 L LTi‘O'Q‘-‘O
2 I | 1 | L | 1 1 L | L
0 10 20 30 40 50 60

Fig. 1-2. Static dielectric constant versus band gap for candidate gate oxides [1.5].

14



CCCCC S
\/ S \W} S \7 S

Pentacene 6T

S %
\Y/ N
n @
n
PTAA
S /A S /A
™. vif ST \vy S
* s *
A n=5:DH-5T ™
n=6: DH-6T
PVT

Fig. 1-3. Molcular structure of common p-type organic semiconductors: Pentacene,
6T (sexthiophene), P3HT (regioregular poly(3-hexylthiophene)), F8T2
(poly(9,9’dioctylfluorene-co-bithiophene)), PTAA (polytriarylamine), PVT
(poly(2,5-thienylene vinylene)), DH-5T (a,0-dihexylquinquethiophene),

DH-6T (0,0-dihexylsexithophene) [1.31].

15



Bottom Contact Top Contact

Source Drain

Source Drain

Insulator Insulator

Gate Gate

\

Bottom Gate

Bottom Contact Top Contact
Gate Gate
Insulator Insulator

Top Gate

Fig. 1-4. Various device structures of OTFTs.

16




Chapter 2
Low Sub-threshold Swing HfLLaO/Pentacene

Organic Thin Film Transistors

2.1 Introduction

Poly-Si thin-film transistors (TFTs) [2.1]-[2.6] are currently used for active
matrix liquid crystal displays (AMLCDs) on glass substrates. These poly-Si TFTs are
operated in inversion mode, and the ion-implantation for the n” source-drain requires
activation using furnace annealing at 600°C, typically for ~12 hours. This extended
annealing slows down the process sequence  and the large thermal budget is
unfavorable for environment energy conservation. In contrast, organic TFTs (OTFTs)
[2.7]-[2.9] can be processed with a significantly lower thermal budget, and without
requiring ion implantation or an extended dopant activation period. This is because
the OTFTs can be operated in the accumulation mode, where ohmic-like source-drain
contacts are used rather than ion-implanted n” source-drain regions. Unfortunately, for
OTFTs their low hole mobility and poor sub-threshold swing (SS) limit the drive
current when operated at low voltage [2.7]-[2.9]. The poor SS leads to inverters being
slow when used in logic circuits. In this chapter we study using high-x HfLaO

[2.10]-[2.12] as the gate dielectric for OTFTs, with the aim of addressing the above
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issues. Besides displaying a high-k value of up to 24, HfLaO permits
low-temperature processing due to the strong metal-oxide bond enthalpy of both Hf-O
and La-O [2.13]. The adding La,;Os into HfO, is especially important to decrease the
leakage current at low temperature process due to the larger conduction band offset of
La,Os (2.3 eV to Si) than that of HfO, (1.5 eV to Si) [2.14]. The HfLaO MOSFET
also shows less Fermi-level pinning than using HfO, [2.10]-[2.12].
2.2 Experimental Details

The devices were fabricated on a thick SiO, layer grown on Si wafers to mimic
poly-Si TFTs fabricated on glass substrates [2.2]. A 50 nm thick TaN gate electrode
was then deposited on the SiO,/Si; through a shadow mask, using reactive sputtering.
The surface of the TaN gate was subsequently treated with an NH;3 plasma to improve
the gate leakage current [2.14]-[2.16]. Such nitrogen plasma treatment is the key
factor to achieve low leakage current and small EOT in previous DRAM capacitors
[2.14]-[2.16]. The 20 nm thick HfL.aO gate dielectric was then deposited by electron
beam evaporation and annealed in O, at 350°C for 10 min. Next, pentacene (Aldrich
Chemical Co.) was evaporated through a shadow mask onto the sample to form an
active layer 70 nm thick. This evaporation was performed at a deposition rate of 0.5
A/s at 70°C, under a pressure of 3x10°° torr. Finally, Au source/drain electrodes, 50

nm thick, were deposited onto the pentacene. The devices had a channel length of 80
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um and width of 2000 um. We also deposited Au directly onto HfLaO/TaN to make
200x200 pm’ capacitors to analyze the dielectric properties. The devices were
characterized using an HP4156C semiconductor parameter analyzer and an HP4284A
precision LCR meter, under dark and air ambient conditions.
2.3 Results and Discussion

In Figure 2-1 we show the schematic diagram of OTFT. The J-V characteristics
of Au/HfLaO/TaN capacitors are shown in Figure 2-2. The NHj plasma treatment
improves the leakage current of both electron injection from top Au/HfLaO and
bottom HfLaO/TaN with close capacitance density shown in Figure 2-3. It is
important to notice that the leakage ‘current is much worse as electron injected from
bottom interface, which is consistent with previous Analog/RF and DRAM MIM
capacitors [2.14]-[2.16]. However, such bottom electron injection is needed for the
negative Vgused in p-channel OTFTs. The data with NH3 plasma treatment indicate a
leakage current of 5.1x107 A/cm® at 2 V, at a capacitance density as high as 950
nF/cm®. This gives an equivalent-oxide-thickness (EOT) of only 3.6 nm and a high-x
value of 21.7. Such a low leakage current at 2 V is better than previous high-k
LaAlOs poly-Si TFTs, which had a lower capacitance density of 390 nF/cm* (8.7 nm
EOT) and involved annealing at higher 400°C for 30 min [2.6]. These observations

point to the merit of using HfLaO as the gate dielectric.
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The output characteristics (/p-Vp) of a high-k HfLaO/pentacene OTFT are
displayed in Figure 2-4. The Ip-Vp characteristics with NH; plasma treatment are
well-behaved, and suggest possible operation at 2 V, which has the advantage of
reducing the power consumption (/p%Vp) in circuit operations. The Ip-Vp curves
without NHj3 plasma treatment show poor characteristics that are due to high gate
leakage current induced /p lowering. The transfer characteristics (Ip-V¢), as shown in
Figure 2-5, enable the extraction of the mobility («) and threshold voltage (V7) from
the —IDI/ 2 ys. Ve plot. The device with NHj treatment improves on current (/,,), SS and
off current (Z,5). The I,, improvement is not. due to the pentacene, since the surface
roughness and grain sizes are similar shown in Figure 2-6. The performance
improvements are due to NH; plasma treatment to reduce gate leakage current. The
device with NHj plasma treatment shows a record small SS of only 78 mV/decade, a
Vrof -1.3 V, and a good u of 0.71 cm*/V.s, along with an on-off-state drive current

ratio (L,»/Lop) as high as 1.0x 10°. To analyze the low SS, we used the relationship:

KT C,, +C,
SS == xInl0x(1+—2—") (1)
q o
where Cy, 1s the depletion capacitance density of pentacene, Cj is the capacitance
density from charged interface traps and C; is the gate capacitance density. Here the

SS controls the on-to-off voltage swing, which should be as low as possible for

high-speed and low-voltage operation. The SS of only 0.078 V/decade is better than
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that for poly-Si TFTs [2.1]-[2.6] and OTFTs [2.7]-[2.9] and is close to theoretical
minimum value of 0.06 V/decade at room temperature. We attribute these results to
the high C; of 950 nF/cm® and small EOT of 3.6 nm, resulting from the use of
advanced high-x HfLaO dielectric even processed at low temperature.

The important device parameters are detailed in Table I, where the data from
conventional n-channel poly-Si TFTs using solid phase crystallization (SPC) and
LPCVD or PECVD oxides [2.3]-[2.5] are included for comparison. Note that the uC;
term is directly related to Ip (W/2LxuCi(Ve- V7)%), normalized to the channel length L,
channel width W, and over-drive voltage: of . Vs-V7. The performance of our HfLaO
OTFTs is comparable with that ofpoly-Si TFTs, which incorporate LPCVD and
PECVD TEOS oxides [2.3]-[2.5], but with the additional merits of a better SS, lower
Vr, faster process sequence and lower thermal budget process.

2.4 Summary

We have fabricated and characterized low voltage OTFTs that incorporate
high-« HfLaO as the gate dielectric. These devices exhibit good -electrical
characteristics such as a low SS of only 0.078 V/decade, a high gate capacitance
density of 950 nF/cm?, a low V7 of -1.3 V, a good x of 0.71 cm*/Vs and a large Low/Loy
of 1.0x10°. This superior performance permits the devices to be operated at 2 V,

which could be useful for display applications.
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Table 2-1 Comparison of p-channel HfLaO/pentacene OTFTs with n-channel poly-Si

TFTs.
. PECVD TEOS PECVD TEOS
HfLaO LPCVD SiO, . .
oxide oxide
dig:zfric 20 nm 80 nm [2.3] 60 nm [2.4] 40 nm [2.5]
Conduction thermally . . )
channel evaporated poly-Si by SPC poly-Si by SPC  poly-Si by SPC
pentacene
C; (nF/cm?) 950 43.1 57.5 86.3
Vr (V) -1.3 5.6 8.14 Not extracted
U
(em?/Vs) 0.71 20 12.44 3
cm”/Vs
SS
(V/decade) 0.078 1.4 1.97 2.67
ecade
uCi
(nF/Vs) 674.5 862.8 715.7 258.8
nF/Vs

Lo/l 1.0x10° 3.5x10° 2.97x10° Not extracted
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Chapter 3
Small Sub-threshold-Swing and Low-Voltage,
Flexible Organic Thin Film Transistors which

use HfL.aO as the Gate Dielectric

3.1 Introduction

Pentacene-based organic thin-film transistors (OTFTs) have been intensely
investigated due to their low cost and light weight, for potential use in applications
such as flexible displays and low-cost flexible integrated circuits (IC) [3.1]-[3.3]. The
low thermal budget and rapid processing have strong merits of energy saving and
environment friendly, which in sharp centrastto the extended 600°C annealing times
in conventional solid-phase crystallized (SPC) poly-Si TFTs. Although low thermal
budget poly-Si TFTs can also be formed on plastic substrate using excimer laser
annealing [3.4]-[3.5], the uniformity is a concern. Alternatively, poly-Si TFTs [3.6] or
even single crystal sub-um MOSFETSs [3.7] can be realized on plastic substrate by
fabrication first, separation and transfer, but these methods still require high thermal
budget for device fabrication. However, conventional OTFTs require a high operating
voltage and show a poor sub-threshold swing (SS), which detracts from their

suitability in integrated circuit operations [3.8]-[3.10]. To address these issues, high-k
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. gate dielectrics have been applied in OTFTs for low—voltage operation [3.1], [3.3],
[3.11]-[3.14]. In chapter 2 we have studied pentacene OTFTs, on SiO,/Si substrates
using high-k HfLaO as the gate dielectric. Although the performance is comparable
with SPC poly-Si TFTs, the process temperature of 350°C is still not suitable for
flexible electronics. In this work we further decrease the process temperature to 200°C
and demonstrate HfLaO/pentacene OTFTs, fabricated on low-cost flexible polyimide
(PI) (Kapton HPP-ST, Dupont) substrates. These substrates are much more
economical than other PI (Kapton E-type, Dupont) substrates [3.1], [3.11] and those
which use polyethylene naphthalate (Teonex.Q65 PEN, Dupont) [3.2].
3.2 Experimental Details

All the devices were fabricated on.125 um thick PI substrates (Kapton HPP-ST,
Dupont). Prior to the device fabrication process, the PI substrates were annealed in
vacuum environment (3x10° torr) at 200°C [3.2]. A 100 nm SiO, thin film was
deposited on the PI substrate by electron beam evaporation to ensure a low internal
stress [3.3]. Then a 50 nm TaN gate electrode was deposited by reactive sputtering,
through a shadow mask. The surface of the TaN gate was treated in an NH3 plasma to
reduce the gate leakage current [3.15]-[3.17]. A 30 nm thick HfLaO gate dielectric
[3.18]-[3.21] was then deposited. A 200°C, 30 minute furnace O, treatment was then

used to improve the gate oxide quality. Next, the pentacene active layer (Aldrich
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Chemical Co.), 70 nm in thickness, was deposited through the shadow mask. A
deposition rate of 0.5 A/s, at a pressure of 3x10°® torr was used, with a temperature of
the substrate at 70°C. Finally, 50 nm of Au was deposited for the source/drain
electrodes. The channel width and channel length were 2000 and 100 um, respectively.
Metal-insulator-metal (MIM) Au/HfLaO/TaN capacitors, 200x200 um? in size, were
also fabricated to analyze the leakage current and the dielectric properties. All
electrical characteristics were measured using an HP4156C semiconductor parameter
analyzer and an HP4284A precision LCR meter in the dark and an air ambient.

3.3 Results and Discussion

We show a schematic diagram and image of the OTFTs in Figs. 1(a) and (b). The
C-V and J-V characteristics of the Au/HfLaO/TaN capacitors are detailed in Fig. 2 (a)
and (b) respectively. A low leakage current of 3.5x10° A/cm? at 2.5 V was measured,
along with a capacitance density of 450 nF/cm®. This density yields an
equivalent-oxide-thickness (EOT) of 7.7 nm and a high-x value of 15.3.

The output characteristics (Ip-Vp) of a high-x HfLaO OTFT are shown in Fig. 3.
Good drain saturation behaviors were observed and suggest possible operation at 2.5
V. Fig. 4 shows the Ip-V characteristics of a representative OTFT, and mobility ()
and threshold voltage (V7) were determined from the —Ip"? vs. Vg plot. The resulting

values are: -1.25 V for Vr, 0.13 cm?/Vs for 4, and an SS of 0.13 V/decade. The
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on-off-state drive current ratio (/,,/1,;) was 1.2x10%. These values make the device
suitable for high-switching-speed, low-power ICs. The SS controls the on/off voltage
swing, and should be small. The SS of our device is better than values observed for
other flexible pentacene OTFTs [3.1]-[3.3], [3.11], [3.12]. The low SS value arises
from the high gate capacitance density and small EOT. The relatively smaller mobility
and 1,,/1,4 were due to both lower operation voltage and poor surface roughness. A
rms surface roughness of 4.3 nm was measured by Atomic Force Microscopy (AFM)
on HfLaO and worse than the 2.0 nm value of BZN [3.3], which is originated from
the poor 9.0 nm roughness of very low cost PI substrate (Kapton HPP-ST, Dupont).

In Table 3-1 we summarize some impottant device parameters, including other
data of low-voltage flexible pentacene OTFTs using Bi;sZn;oNb;sO; (BZN),
polyvinylphenol (PVP), Ta,0s, TiSiO, and Mn-doped Ba 6Sry4TiO3; (Mn-doped BST)
as gate dielectrics, and fabricated on high quality PI (Kapton E-type) and PEN
substrates  [3.1]-[3.3], [3.11], [3.12]. The Ilow-voltage OTFTs using
(2-anthryl)undecoxycarbonyldecylphosphonic acid (m-0-PA1)/AlOx,
octadecylphosphonic acid (OPDA)/AlO4 and HfLaO as gate dielectrics, fabricated on
Si, glass and SiO,/Si substrate are also list in Table 3-1 for comparison [3.13]-[3.14].
The value of the xC; term is directly proportional to Ip (W/2LxuCi(Ve-Vr)),

normalized to the channel length L, channel width W, and over-drive voltage of Vg-V7.
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The performance of our HfLaO OTFTs is comparable with other low-voltage flexible
pentacene OTFTs for low-power applications, but with the additional merit of a good
SS and the use of economical PI substrates.
3.4 Summary

A high-x HfLaO dielectric was successfully integrated into pentacene OTFTs
fabricated on low-cost flexible substrates. The electric characteristics of these
HfLaO/pentacene OTFTs showed a low SS of only 0.13 V/decade, a high
gate-capacitance-density of 450 nF/cm?, a low V7 of -1.25 V, a good z of 0.13 cm?/Vs
and a [,,/1,5 of 1.2x10*. This superior performance permits the devices to be operated

at 2.5 V, which could be useful in flexible electronics.
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Table 3-1 Comparison of low voltage OTFTs with various gate dielectrics.

OTFTs with . n-c-PA1  OPDA/
. HfLaO BZN PVP Ta,0s Mn-doped TiSiO,
various gate . /A10x AlOy HfLaO
) . [This work] [1] [2] [3] BST [11] [12]
dielectrics [13] [14]
PI PI PI
substrate Kapton Kapton PEN PEN Kapton PEN Si glass  SiO,/Si
HPP-ST  E-type E-type
Dielectric
thickness 30 200 50 150 200 136.4 - - 20
(nm)
Operating
2.5 2 8 12 10 5 3 2 2
voltage (V)
C; (nF/cm?) 450 221  63.7 141.6 110 142.1 760 600~800 950
Vr (V) -1.25 0.1 - 0.8 -1 -0.88 -1.3 0.35 -1.3
4 (em?/Vs) 0.13 0.5 0.1 0.25 0.32 0.67 0.18 0.04 0.71
SS
0.13 0.3 0.6 - - 0.315 0.085 0.11 0.078
(V/decade)
uC; (nF/Vs) 58.5 110.5 6.37 354 35.2 95.21 136.8 24~32 6745
) o 1.2x10*  3.5x10° 1x10* - <1x10*  1x10* 1x10°  1x10*  1x10°
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Fig. 3-1. A schematic diagram and image of the high-x flexible HfLaO/pentacene

OTFTs.
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Chapter 4
A Flexible Organic Pentacene Nonvolatile

Memory Base on High-k Dielectric Layers

4.1 Introduction

Organic non-volatile memory devices have potential applications in flexible
display drive logic, radio frequency identification tags and smart cards [4.1, 4.2].
These non-volatile memory devices supply an essential function for integrated circuits
(ICs) based on organic thin-film transistors (OTFTs). The advantages of using organic
memory devices, over their inorganie:counterparts, are in their low cost, light weight,
simple structure, mechanical flexibility, and low-temperature processing. The
OTFT-based non-volatile organic memory devices display high drive current, low
off-state leakage current and reasonably-fast switching speeds. The memory
properties of these OTFT-based devices arise from the electric field modulation in the
gate insulator, through the spontaneous polarization of ferro-electrics [4.2-4.4] or
because of charge trapping [4.5, 4.6] in a chargeable layer. The charge-trapping type
of OTFT memory device employs the well-known device physics of such structures
and can build on the manufacturing experience of the Si industry. Digital data can be

programmed into the device by injecting charges into the gate insulator, or erased by
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removing the stored charges. This charge transfer in the gate dielectric is readable by

measuring the threshold voltage (V7) of the transistor. This program or erase function

can be obtained by having a large electric field across the gate insulator. Previous

charge-trapping OTFTs have used a polymer as the insulator [4.5] or a floating gate

[4.6] — necessitating a high gate voltage (V) to write the data. Such high voltages are

incompatible with low-power IC designs and challenge existing battery technology. A

solution to lowering the program and erase voltages is to use a high-k dielectric. This

has been done by incorporating a high-x dielectric as the gate insulator in the OTFTs,

leading to lower voltage operation [4.7-4.9].

Here we demonstrate a pentacene OTEFT non-volatile memory, fabricated on a

flexible polyimide (PI) substrate, which shows a program/erase voltage of 12 V, speed

of 1 ms/100 ms, initial memory window of 2.4 V and a 0.78 V memory window after

48 hours. This has been achieved by using a high-x dielectric as charge, trapping-,

blocking- and tunneling gate insulator layers. This yields to similar program/erase

voltages as in charge trapping non-volatile memory devices in Si technology

[4.10-4.14]. The magnitude of the V' writing voltage can be decreased to 6 V by

applying voltages of different polarity to the gate-electrode and the pentacene. We

suggest that such an OTFT memory device could be useful in non-volatile

data-storage and low-cost flexible electronics.

40



4.2 Experimental Details

The OTFT memory devices were fabricated on 125 um thick PI substrates
(Kapton HPP-ST, Dupont). Prior to device fabrication, the substrates were cleaned in
de-ionized water and annealed in a vacuum (3x10° torr) at 200°C - to improve the
dimension stability. A 100 nm SiO; thin film was deposited on the substrate by
electron beam evaporation to create a layer with low internal stress. A 50 nm TaN
gate electrode was then deposited by reactive sputtering, through a shadow mask. This
was given a NH; plasma treatment to improve the metal-electrode/high-k interface
[4.9]. The 20 nm HfLaO, 20 nm HfON:and 6 nm HfO, were then deposited by
physical vapor deposition and givena 200°C; 30 minute furnace treatment in O, to
improve the gate oxide quality. This'was followed by deposition, through a shadow
mask, of the pentacene active layer (Aldrich Chemical Co.), 70 nm in thickness. (The
deposition conditions were: - a deposition rate of 0.5 A/s, at a pressure of 3x107 torr,
with the substrate being held at 70°C.) Finally, 50 nm of gold was deposited, at rate of
1 AJs, for the source/drain electrodes. The channel width and channel length were
1500 and 150 pum, respectively. All electrical characteristics were made using an
HP4156C semiconductor parameter analyzer and an HP4284A precision LCR meter
at 1 kHz, in the dark and an air ambient.

4.3 Results and Discussion
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A schematic diagram of the OTFT non-volatile memory is shown in Figure 4-1(a)
and a corresponding image in Figure 4-1(b). The structure comprises a TaN gate
electrode, HfLaO charge blocking dielectric, HfON charge trapping layer, HfO,
charge tunneling dielectric, pentacene semiconductor layer and gold electrodes for the
source-drain contacts. Output and transfer characteristics for such a device are
displayed in Figures 4-2(a) and 4-2(b). From the transfer characteristics, the mobility,
V1, sub-threshold swing (SS) and on/off current ratio (,,/1,5) were 0.1 em’V's! -1.4
V, 160 mVdec™ and 1x10* in the saturation region at a drain voltage (Vp) of -3 V. The
low V7 and good SS are due to the use:of a high-k material as gate the dielectric
[4.7-4.9].

The energy band diagram our OTFET memory device [4.15, 4.16] is shown in
Figure 4-3. The HfLaO gate dielectric has a high dielectric constant, large bandgap
and high electron injection barrier with respect to the TaN gate electrode during the
erase process [4.9]. The small band-gap HfON, [4.10-4.12] with its deep trapping
energy, was chosen as the charge-trapping layer to achieve good charge trapping
characteristics. The thin HfO, dielectric serves as a charge-tunneling layer. The gold
electrode forms an ohmic-like contact for the injection of holes. When a proper gate
bias is applied, the charges in the pentacene active layer tunnel through the HfO, and

are trapped in the HfON layer.
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A Metal-Insulator-Semiconductor (MIS) structure is useful for charge injection
studies [4.17]. Figure 4-4 shows the quasi-static capacitance-voltage (C-V)
characteristics, as a function of Vg, for a TaN-HfLaO-HfON-HfO,-pentacene-Au MIS
structure. The maximum capacitance density was found to be 2.7 fFum™. The
decrease of the capacitance value at positive Vi, and increase for negative Vg ,
reflects the depletion and accumulation of holes stored in the MIS capacitor,
respectively. No bipolar behavior [4.17] was observed in our OTFT devices. These
results suggest that the pentacene is a p-type semiconductor and that no electron
accumulation occurs at the dielectric/pentacene interface. It is important to notice the
large C-V hysteresis, with the shiftstbeing as large as 4 V. Since the area under the
C-V curves reflects the trapped charges, the-large hysteresis indicates good charge
storage capacity, potentially useful for memory devices. The charges are mainly
stored in the HfON layer of our device - this conclusion follows from the observation
that, for a similar MIS structure without an HfON layer, no significant C-J hysteresis
was found for the same biasing conditions.

In Figure 4-5 we show the shift of the transfer characteristics at Vp =—1 V, under
a gate bias of -12 V at 1 ms for the program, and +12 V at 100 ms for the erase
process . The drain current-gate voltage (/p-Vs) curve shifted in a the negative

direction when a Vg of -12 V was applied for 1 ms, and in the positive direction after
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application of a reverse V, of 12 V for 100 ms. Thus the V' value can be shifted,

reversibly, by applying an appropriate gate bias. We investigated the program and

erase characteristics further, and observed different V7 shifts as a function of Vi, for

program or erase functions (Figure 4-6(a) and 4-6(b)). A 2.6 V Vr shift was shown

after a -12 V program voltage pulse applied for 1 ms. The could be erased, with a

large 2.5 V V7 shift, after a +12 V voltage pulse for 100 ms. Since a negative voltage

was applied across the HfLaO/HfON/HfO, gate dielectric stack during the

programming process, hole accumulation occurred at the dielectric/pentacene

interface. The increase of the V7 shift with the increase in negative Vg indicates that

the accumulated holes were injectedrover the HfO, gate dielectric and stored in the

lower energy HfON dielectric. The etase was-performed by applying a positive Vg to

the TaN gate electrode, where the applied electric field over the HfLaO/HfON/HfO,

gate dielectric stack causes hole depletion in the pentacene. The stored holes in the

HfON may tunnel out, over the HfO, gate dielectric, into the pentacene; alternatively,

the minority carriers (electrons), generated in the depletion region of the pentacene,

can also tunnel through the HfO, and into the HfON — all of which gives rise to the

erase function. Similar mechanisms have also been suggested by us to explain the

program and erase functions in Si-based non-volatile memory [4.10-4.14]. The shift in

capacitance-voltage characteristics for a TaN-HfLaO-HfON-HfO,-pentacene-Au
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MIS capacitor is shown in Figure 4-5 (b)

For non-volatile memory applications good retention characteristics are essential.
To investigate the retention we applied a V' of -12 V at 1 ms to program the device,
and 12 V at 100 ms for the erase function. In Figures 4-7(a) and 4-7(b) we show the
retention data. The V7 was extracted in the linear region of the Ip-V characteristics at
Vp = -1V. The initial memory window was 2.4 V, which decreased to 0.78 V after 48
hours. The significant charge loss of 50% at 10’ s is possibly related to the increase in
the leakage current due to the surface roughness of the PI substrates, as well as defects
in the low-temperature-formed HfO,. Atomic, force microscopy showed that the rms
surface-roughness was approximately 5 nm. Improvements in the leakage current can
be expected from smoother substrates and replacing the HfO, with a higher-quality
gate dielectric. Finally in figure 8 we display the endurance characteristics of the
memory device. A large memory window of 2.3 V, with a degradation of less than 5 %,
was obtained after 10* cycles.
4.4 Summary

We have fabricated organic pentacene non-volatile OTFT memory devices on
flexible PI substrates. These devices used a high-k HfON dielectric as the charge
trapping layer, HfLaO as blocking layers and HfO; as the tunneling layer. We found

program/erase voltages of -12/12 V, at a speed of 1 ms/100 ms, along with an initial
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memory window of 2.4 V.
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Fig. 4-1. (a) Schematic cross-sectional diagram and (b) Image of the flexible

pentacene OTFT memory devices.
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as indicated.
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ms erase conditions. The Ip-Vs curves were measured at Vp = -1V. (b)
Capacitance-voltage hysteresis curves for a

TaN-HfLaO-HfON-HfO,-Pentacene-Au metal-insulator-semiconductor.
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Fig. 4-7.
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Chapter 5
Interfacial SiON Thickness Dependence on

Device Performance of High-k

MoN/HfAIO/SiON p-MOSFETSs

5.1 Introduction

Although the high-k gate oxide and metal gate have been successfully
implemented into 45 nm node CMOSFETs and below, the undesired high threshold
voltage (V7) is still a difficult challenge. [5.1]-[5.14]. This challenge is even worse at
small equivalent-oxide thickness (EOT) by the flat-band voltage (V) roll-off effect
[5.4]-[5.6]. The unwanted high V; issue is particularly harder for p-MOSFET than
n-MOSFET due to very limited elements of metal-gate in the Periodic Table that have
the needed high effective work-function (@,..y) >5.2 €V [5.1]. One effective method to
reduce the V7 is to use the unique negative or positive Vg, property of high-k La,0Os3
[5.8]-[5.10] or ALO; [5.11]-[5.14] to mix or cape with the Hafnium (Hf) based
high-k dielectric for n- or p-MOSFET, respectively. Besides, it was reported that
Fluorine ion (F") implantation into Si can also increase the ¥y, [5.15]-[5.19] but did
not degrade on hole mobility [5.18]-[5.19]. The F" implantation may be potentially

useful for metal-gate/high-k p-MOSFET.
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In this chapter we have investigated the devices performance and mechanisms of
HfAIO capping on different thickness SiON. The F" implantation is also performed to
study the V7 shift on MoN/HfAIO/SiON p-MOS capacitors. Under the optimized
condition, small EOT, low V7, good sub-threshold swing (SS) and high mobility are
simultaneously reached in the gate-first MoN/HfA1O/SiON p-MOSFETs.

5.2 Experimental Details

The gate-first MoN/HfAIO/SiON p-MOSFET was fabricated on 12-in N-type Si
wafer. After standard cleaning, different 0.83, 1.5 or 2.1 nm thick SiON (8% N) was
grown by using in-situ steam-generated (ISSG) oxide. Next, a 1 nm HfAIO [5.1]
dielectric was deposited by physical vapor deposition (PVD), followed by a 500°C O,
post-deposition anneal. The composition ratio of Hf and Al in HfAIO is 1:1. Then
50-nm MoN and 200-nm TaN were deposited ex-sifu by PVD. The nitrogen content in
TaN and MoN is 50%. After gate definition, self-aligned BF," was implanted at 35
KeV and 5x10" ¢cm™ for p* source-drain regions and activated at 1000°C by rapid
thermal annealing (RTA) for 1 sec. For comparison, MoN/SiON p-MOSFETs were
also formed. We also studied the effect of F' implantation on p-MOS devices,
performed before gate oxide stack at 10 KeV and 1x10"* cm™ dosage. The formed
gate stack was examined by X-ray Photoelectron Spectroscopy (XPS) and Secondary

Ion Mass Spectroscopy (SIMS) analysis. The XPS spectra was excited by Al K,
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radiation and detected at a take-off angle of 60°. The fabricated devices were
characterized by capacitance-voltage (C-V) and gate current density-voltage (J-V)
measurements using the HP4284A precision LCR meter and HP4156C semiconductor
parameter analyzer, respectively. The Vj and EOT values were extracted from
measured C-V curves using a CVC simulator [5.20] that accounts for the
quantum-mechanical effects. The mobility of MOSFET was extracted directly from
the measured /;-V, characteristics.

5.3 Results and Discussion

A. Positive Vy, shift of MoN/HfAIO/SiON gate capacitors

Figures 5-1(a) and 5-1(b) show the ' C-VV and J-V characteristics of
MoN/HfAIO/SiON gate capacitors with ‘various SiON thicknesses and control
MOoN/2.1nm SiON. The C-J measurements were performed at a frequency of 100 kHz.
The positive Vy, value of as-deposited MoN/HfAIO/SiON capacitor is nearly identical
to the control MoN/2.1nm SiON device, which is consistent with the previous report
[5.21]. In sharp contrast, large positive Vg, shift of more than 500 mV and a higher
capacitance density were obtained for MoN/HfAIO/1.5-nm-SiON devices after
1000°C RTA. The @,z of 5.1 eV and oxide charge density of 4.5x10'> cm ™ were
obtained from the V;—EOT plot in Figure 5-2. Similar large V values were obtained

for MoN/HfAIO/SiON p-MOS capacitors with different 2.1 and 0.83 nm thick SiON
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after 1000°C RTA. The capacitor with the thinnest 0.83 nm SiON shows the largest
V' that may be due to Al diffusion through SiON and react with Si channel layer. The
EOT is improved with decreasing SiON thickness from 2.1 to 1.5 nm, but degrades at
the thinnest 0.83 nm. The leakage current is higher at thinner EOT, where the
MoN/HfAIO/1.5-nm-SiON p-MOS capacitor has the highest leakage current of
5x10° A/cm” at 1 V. The achieved large ¥, and low gate leakage current were due to
the using high-work function MoN gate and HfAIO. In addition, the high temperature
RTA is also crucial to reach further positive Vg, shift of HfAIO/SiON gate dielectric.
At optimized 1.5 nm interfacial SiON, asmall EOT of 0.85 nm was obtained using

quantum-mechanical C-V calculation:

B. The mechanism

To investigate the needed positive V7, shift after 1000°C RTA, we have performed
the XPS measurements on HfAIO/SiON gate dielectric. Figure 5-3 exhibits the Si 2p
photoemission spectra of MoN/HfAIO/SiON gate stack, where the top MoN was
etched back for XPS measurements by using reactive ion etching (RIE) with BCl5/Cl,
plasma. The XPS spectrum of MoN/SiON was also added for comparison. There are
two major peaks in the XPS data after Gaussian function de-convolution. The peak at
99.3 eV binding energy is assigned to Si-Si bonds. The peak at 102~104 eV

corresponds to Si-O bonds of silicate or SiOx from control MoN/SiON sample [5.22].
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The Si-O bonding energy of as-deposited MoN/HfAIO/SiON is 102.6 eV that lowers
to 102.1 eV after 1000°C RTA. This 102.1 ¢V value is very close to the reported data
[5.23]-[5.24] that is attributed to AlSiO silicate formation. This is originated from the
ALOj; reacting with Si substrate [5.23] or SizN4 dielectric [5.24]. During the silicate
formation with a lower 0.5 eV Si-O binding energy, the charged oxygen vacancies in
Al,03 may also be formed after 1000°C RTA:
Al O3 + S8i01.9No.08 = Al,O3.x + Si01.924xNo 08 (D
The formation is thermo-dynamically favorable due to the lower bond enthalpy of
ALO; (511 kJ/mol) and SiN (470 kJ/mol):in SiON than that of SiO, (800 kJ/mol)
[5.1]. Similar formation of charged oxygen vacancies was also reported in HfLLaO/Si
MOS capacitor after high temperature RTA [5:6] and responsible to the V7, roll-off at
smaller EOT [5.5]-[5.6], [5.25]. This charged oxygen vacancies can lead to the unique
positive Vy of AlLO; from theoretical calculation [5.26], which explains well the
measured >0.5 V positive ¥, shift of HFAIO/SiON gate stack after 1000°C RTA.
We have used the F* implantation to further study the effect of ¥, shift. Figure
5-4 shows the C-V characteristics of MoN/HfAIO/SiON p-MOS gate capacitors with
F' implantation. The control MoN/2.1-nm-SiON device shows a slightly higher V7,
with  F"  implantation, but the ¥ shift and EOT of the same

MoN/HfAIO/1.5-nm-SiON device are deteriorated with F~ implantation compared
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these without (Fig. 5-1(a)).

The SIMS depth profiles were measured to study the degradation in
MoN/HfAIO/SiON device. Figures 5-5(a) and 5-5(b) show the SIMS profiles for
MoN/HfA1O/1.5-nm-SiON gate stack without and with F* implantation, respectively.
After 1000°C RTA, the Al and Mo are diffused closer to SiON/Si that explains the
achieved higher capacitance density or smaller EOT than as-deposited case. The poor
EOT for MoN/HfA10O/0.83-nm-SiON device may also be related to the diffusion of
AL,Os3 through the very thin SiON and reaction with bottom Si. In F'-implanted
sample, the F-atoms were diffused strongly and accumulated into high-k gate
dielectric after 1000°C RTA. This phenomenon is related to the F-atoms bonding with
the charged oxygen vacancies in ‘high-x gate dielectric because of the largest
electro-negativity, but no such bonding can be formed in defect-free single crystal Si
substrate. This bonding further blocks the V, shift by decreasing oxygen vacancies in
AlL,O3. This mechanism can also explain the degraded EOT with F* implantation,
since the formed SiOF [5.16] in gate stack is a well known low « dielectric (k<3.9)
for backend isolation. The above results strongly suggest the positive Vj shift of
MoN/HfAIO/SiON gate capacitor after 1000°C RTA is related to the oxygen vacancy

that is also consistent with the theoretically calculation [5.26].

C. Transistor Characteristics
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Figure 5-6 shows the transistor Ip-V characteristics of MoN/HfAIO/SiON
p-MOSFETs. Low V; values of -0.01, -0.10 and -0.08 V are obtained from the linear
Ip-Vi plot of transistors with SION thickness of 0.83, 1.5 and 2.1 nm, respectively.
These low V7 values are due to the large Vg, values in C-V characteristics shown in Fig.
1(a). The metal-gate/high-« p-MOSFET with the thinnest 0.83-nm SiON interfacial
layer also shows the poorest SS of 90 mV/dec, while SS of 68 mV/dec are obtained for
transistors with 1.5-nm and 2.1-nm interfacial SiON.

Figure 5-7 shows the mobility as a function of effective electric field of
MoN/HfAIO/SiON p-MOSFETs with different SiON thickness. Peak hole mobility of
91, 80 and 60 cm?/Vs are obtained for MoN/HfAIO/SiON p-MOSFETs with SiON
thickness of 2.1, 1.5 and 0.83 nm, respectively. The thinnest 0.83-nm SiON shows the
lowest hole mobility that is attributed to the increased remote Coulomb scattering of
ALO; [5.27] or interaction of diffused Al,Os; with Si channel. This result further
suggests that the optimized thickness of interfacial SiON is important to obtain not
only small EOT but also good hole mobility.

5.4 Summary

The Vr shift of MoN/HfAIO/SiON p-MOSFETs have been studied. Under the

optimized 1.5 nm SiON, excellent device integrity of small 0.85 nm EOT, low -0.10 V

Vr, good 68 mV/dec SS and high 80 cm?®/Vs mobility are obtained in the
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MoN/HfAIO/SiON p-MOSFETs. The large positive 7y, shift after 1000°C RTA is
explained due to the forming charged oxygen vacancies in AlSiO silicate, which is
originated from diffusion and interaction of Al,O; and SiON by XPS and SIMS
analysis. The mechanism is further supported by the poorer Vj shift with F
implantation, where the oxygen vacancies can be lowered by bonding with F-atoms.
Our gate-first metal-gate/high-x p-MOSFET has extra merit of full process

compatibility with current VLSI line.
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Fig. 5-1. (a) C-V and (b) J-V characteristics of the MoN/HfAIO/SiON and control

MoN/SiON MOS capacitors before or after 1000°C RTA. The device area

is 100pmx100pm.
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1000°C RTA
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Chapter 6

Conclusion

The high transistor current of OTFTs is the important factor to drive high
operation current organic light emitting diode and high resolution display. The high
drive current can be achieved by increasing the channel mobility of OTFTs, ratio of
W/L or gate-capacitance density by the use of high-k dielectric. In this dissertation, we
first integrate a high-x HfLaO dielectric into pentacene-based OTFTs on SiO,/Si
substrate. This device shows good device performance, such as a low SS of 0.078
V/dec, a Vr of —1.3 V, and a u of 0:71 em*/Vs. The good performance is due to the
high gate-capacitance density that is'given by the HfLaO dielectric, which is achieved

at an EOT of only 3.6 nm with a low leakage current.

For flexible electronics and system-on-panel application, the low temperature
process and the nonvolatile memory function are required. We further decrease the
process temperature to 200°C and demonstrate HfLaO/pentacene OTFT fabricated on
low-cost flexible polyimide substrates. The flexible pentacene OTFT exhibits a low
SS of 0.13 V/decade and a ¥ of —1.25 V. The u is 0.13 cm?*/V's at an operating
voltage as low as only 2.5 V. These characteristics are attractive for flexible

electronics applications. Based on the good OTFT device performance, we have
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developed a pentacene thin film transistor nonvolatile memory fabricated on a flexible

polyimide substrate. This device shows a low program/erase voltage of 12 V, a speed

of 1/100 ms, an initial memory window of 2.4 V, and a 0.78 V memory window after

48 h. This has been achieved by using a high-« dielectric as charge trapping, blocking,

and tunneling gate insulator layers.

Moreover, we study the dependence of interfacial SION thickness on device

performance of high-k MoN/HfAIO/SiON p-MOSFETs. Under the optimized SiON

thickness, low V7 of -0.1 V is achieved at EOT of only 0.85 nm after standard 1000°C

RTA. From the SIMS and XPS analysis, the'small EOT and low V7 are attributed to

the diffusion of Al,O3; and MoN into SiON and the formation of silicate and oxygen

vacancies.

71



References

Chapter 1 Introduction

[1.1]

[1.2]

[1.3]

S.-H. Lo, D. A. Buchanan, Y. Taur, and W. Wang, “Quantum-mechanical
modeling of electron tunneling current from the inversion layer of
ultra-thin-oxide nMOSFET’s,” IEEE Electron Device Lett., vol. 18, no. 5, pp.
209-211, May 1997.

K. Mistry, C. Allen, C. Auth, B. Beattie, D. Bergstrom, M. Bost, M. Brazier,
M. Buehler, A. Cappellani, R. Chau, C.-H. Choi, G. Ding, K. Fischer, T. Ghani,
R. Grover, W. Han, D. Hanken, M. Hattendorf, J. He, J. Hicks, R. Huessner, D.
Ingerly, P. Jain, R. James, L. Jong, S. Joshi, C. Kenyon, K. Kuhn, K. Lee, H.
Liu, J. Maiz, B. McIntyre, P. Moon, J. Neirynck, S. Pae, C. Parker, D. Parsons,
C. Prasad, L. Pipes, M. Prince, P.Ranade, T. Reynolds, J. Sandford, L. Shifren,
J. Sebastian, J. Seiple, D. Simon,"S. Sivakumar, P. Smith, C. Thomas, T. T
roeger, P. Vandervoorn, S. Williams; K. Zawadzki, “A 45nm logic technology
with high-k + metal gate transistors, strained silicon, 9 Cu interconnect layers,
193nm dry patterning, and 100% Pb-free packaging,” in IEDM Tech. Dig.,
2007, pp. 247-250.

S. Natarajan, M. Armstrong, M. Bost, R. Brain, M. Brazier, C-H Chang, V.
Chikarmane, M. Childs, H. Deshpande, K. Dev, G. Ding, T. Ghani, O.
Golonzka, W. Han, J. He, R. Heussner, R. James, I. Jin, C. Kenyon, S. Klopcic,
S-H. Lee, M. Liu, S. Lodha, B. McFadden, A. Murthy, L. Neiberg, J. Neirynck,
P. Packan, S. Pae, C. Parker, C. Pelto, L. Pipes, J. Sebastian, J. Seiple, B. Sell,
S. Sivakumar, B. Song, K. Tone, T. Troeger, C. Weber, M. Yang, A. Yeoh, K.
Zhang, “A 32nm logic technology featuring 2nd-generation high-k +

metal-gate transistors, enhanced channel strain and 0.171pum2 SRAM cell size

72



[1.4]

[1.5]

[1.6]

[1.7]

[1.8]

[1.9]

[1.10]

[1.11]

in a 291Mb array,” in IEDM Tech. Dig., 2008, pp. 941-943.

J. Robertson, “Band offsets of wide-band-gap oxides and implications for
future electronic devices,” J. Vac. Sci. Technol. B, vol. 18, no. 3, pp.
1785-1791, May 2000.

J. Robertson, “High dielectric constant gate oxides for metal oxide Si
transistors,” Rep. Prog. Phys., vol. 69, no. 2, pp. 327-396, Feb. 2006.

M. Pope, C. E. Swenberg, Electronic Processes in Organic Crystals and
Polymers, 2nd ed., Oxford University Press, Oxford 1999, pp. 337-340.

M. L. Petrova, and L. D. Rozenshtein, “Field effect in the organic
semiconductor chloranil,” Sov. Phys. Solid State, vol. 12, no. 3, pp. 756757,
Feb. 1970.

D. F. Barbe, and C. R. Westgate, *“Surface state parameters of metal-free
phthalocyanine,” J. Phys. Chem. Solids, vol. 31, no. 12, pp. 2679-2687, Dec.
1970.

A. Tsumura, H. Koezuka, and T. Ando, “Macromolecular electronic device:
field-effect transistor with a polythiophene thin film,” Appl. Phys. Lett., vol. 49,

no. 18, pp. 1210-1212, Nov. 1986.

P. F. Baude, D. A. Ender, M. A. Haase, T. W. Kelley, D. V. Muyres, and S. D.

Theiss, “Pentacene-based radio-frequency identification circuitry,” Appl. Phys.

Lett., vol. 82, no. 22, pp. 3964-3966, Jun. 2003.

C. J. Drury, C. M. J. Mutsaerts, C. M. Hart, M. Matters, and D. M. de Leeuw,

“Low-cost all-polymer integrated circuits,” Appl. Phys. Lett., vol. 73, no. 1, pp.

108-110, Jul. 1998.

73



[1.12] G. H. Gelinck, T. C. T. Geuns, and D. M. de Leeuw, “High-performance
all-polymer integrated circuits,” Appl. Phys. Lett., vol. 77, no. 10, pp.
1487-1489, Sep. 2000.

[1.13] A. R. Brown, A. Pomp, C. M. Hart, and D. M. de Leeuw, “Logic gates made
from polymer transistors and their use in Ring oscillators,” Science, vol. 270,
no. 5238, pp. 972-974, Nov. 1995.

[1.14] B. Crone, A. Dodabalapur, Y. Y. Lin, R. W. Filas, Z. Bao, A. LaDuca, R.119
Sarpeshkar, H. E. Katz, and W. Li, “Large-scale complementary integrated
circuits based on organic transistors,’ Nature, vol. 403, no. 6769, pp. 521-523,
Feb. 2000.

[1.15] M. G. Kane, J. Campi, M. S. Hammend, F. P. Cuomo, B. Greening, C. D.
Sheraw, J. A. Nichols, D. J. Gundlach, J. R. Huang, C. C. Kuo, L. Jia, H.
Klauk, and T. N. Jackson, “Analog and digital circuits using organic thin-film
transistors on polyester substrates,” IEEE Electron Device Lett., vol. 21, no. 11,
pp. 534-536, Nov. 2000.

[1.16] B. Crone, A. Dodabalapur, A. Gelperin, L. Torsi, H. E. Katz, A. J. Lovinger,
and Z. Bao, “Electronic sensing of vapors with organic transistors,” Appl. Phys.
Lett., vol. 78, no. 15, pp. 2229-2231, Apr. 2001.

[1.17] V. C. Sundar, J. Zaumseil, V. Podzorov, E. Menard, R. L. Willett, T. Someya,

74



M. E. Gershenson, and J. A. Rogers, “Elastomeric transistor stamps: reversible

probing of charge transport in organic crystals,” Science, vol. 303, no. 5664, pp.

1644-1646, Mar. 2004.

[1.18] S. Jeyadev, and E. M. Conwell, “Polaron mobility in trans-polyacetylene,”

Phys. Rev. B, vol. 35, no. 12, pp. 6253-6259, Apr. 1987.

[1.19] E. M. Conwell, H.-Y. Choi, and S. Jeyadev, “interchain polaron transport in

trans-polyacetylene,” Synth. Metals, vol. 49, no. 1, pp. 359-364, Aug. 1992

[1.20] P. G. L. Comber, and W. E. Spear, “Electronic transport in amorphous silicon

films,” Phys. Rev. Lett., vol. 25, ne.:8; pp. 509-511, Aug. 1970.

[1.21] C .D. Dimitrakopoulos, J. Kymissis, S. Purushothaman, D. A. Neumayer, P.R.

Duncombe, and R.B. Laibowitz, ‘“Low-voltage, high-mobility pentacene

transistors with solution-processed high dielectric constant insulators,” Adv.

Mater.,vol. 11, no. 16, pp. 1372-1375, Nov. 1999.

[1.22] C. D. Dimitrakopoulos, S. Purushothaman, J. Kymissis, A. Callegari, and J. M.

Shaw, “Low-voltage organic transistors on plastic comprising high-dielectric

constant gate insulators,” Science, vol. 283, no. 5403, pp. 822-824, Feb. 1999.

[1.23] S. F. Nelson, Y. Y. Lin, D. J. Gundlach, and T. N. Jackson,

“Temperature-independent transport in high-mobility pentacene transistors,”

Appl. Phys. Lett., vo. 72, no. 15. pp. 1854-1856, Apr. 1998.

75



[1.24] G. Horowitz, R. Hajlaoui, R. Bourguiga, and M.E. Hajlaoui, “Theory of the

organic field-effect transistor,” Synth. Metal, vol. 101, no. 1-3, pp. 401-404,

May 1999.

[1.25] G. Horowitz, M. E. Hajlaoui, and R. Hajlaoui, “Temperature and gate voltage

dependence of hole mobility in polycrystalline oligothiophene thin film

transistors,” J. Appl. Phys. vol. 87, no. 9, pp. 4456-4463, May 2000.

[1.26] N. Karl, J. Marktanner, R. Stehle, and W. Warta, “High-field saturation of

charge carrier drift velocities in ultrapurified organic photoconductors,” Synth.

Metal, vol. 42, no. 3, pp. 2473-2481,:May 1991.

[1.27] T. Holstein, “Studies of polaron motion : Part I. The molecular-crystal model,”

Ann. Phys., vol. 8, n0.3, pp. 325-342, Nov. 1959.

[1.28] R. M. Glaser, and R. S. Berry, “Mobilities of electrons and holes in organic

molecular solids. Comparison of band and hopping models,” J. Chem. Phys.,

vol.44, no. 10, pp. 3797- 3810, May 1966.

[1.29] D. Emin, “Correlated small-polaron hopping motion,” Phys. Rev. Lett., vol. 25,

no. 16, pp.1751-1755, Dec. 1970.

[1.30] G. Horowitz, “Organic field-effect transistors,” Adv. Mater., vol. 10, no. 5, pp.

365-377, Mar. 1998.

[1.31] Facchetti, M.-H. Yoon, and T.J. Marks, “Gate dielectrics for organic

76



field-effect transistors: new opportunities for organic electronics,” Adv. Mater.,

vol. 17, no. 14, pp. 1705-1725, Jul. 2005.

Chapter 2 Low Sub-threshold Swing HfLaO/Pentacene Organic

[2.1]

[2.2]

[2.3]

[2.4]

[2.5]

[2.6]

Thin Film Transistors

C. A. Dimitriadis, P. Coxon, L. Dozsa, L. Papaddimitrious, and N. Economou,
“Performance of thin film transistors on polysilicon films grown by LPCVD at
various conditions,” IEEE Trans. Electron Devices, vol. 39, no. 3 pp. 598-606,
Mar. 1992.

C. H. Tseng, T. K. Chang, F. T. Chu, J. M. Shieh, B. T. Dai, H. C. Cheng, and
A. Chin, “Investigation of inductively coupled plasma gate oxide on low
temperature polycrystalline-silicon _thin- film transistors,” [EEE Electron
Device Lett., vol. 23, no. 6, pp. 333-335, Jun. 2002.

Y. W. Choi, J. N. Lee, T. W. Jang, and B. T. Ahn, “Thin-film transistors
fabricated with poly-Si films crystallized at low temperature by microwave
annealing,” IEEE Electron Device Lett., vol. 20, no. 1, pp. 2-4, Jan. 1999.

C. W. Lin, M. Z. Yang, C. C. Yeh, L. J. Cheng, T. Y. Huang, H. C. Cheng, H.
C. Lin, T. S. Chao, C. Y. Chang, “Effects of plasma treatments, substrate types,
and crystallization methods on performance and reliability of low temperature
polysilicon TFTs” in IEDM Tech. Dig., 1999, pp. 305-308.

K. M. Chang, W. C. Yang, and C. P. Tsai, “Electrical characteristics of low
temperature polysilicon TFT with a novel TEOS/oxynitride stack gate
dielectric,” IEEE Electron Device Lett., vol. 24, no. 8, pp. 512-514, Aug. 2003.
B. F. Hung, K. C. Chiang, C. C. Huang, A. Chin, and S. P. McAlister,

“High-Performance poly-silicon TFTs incorporating LaAlO3 as the gate

77



[2.7]

[2.8]

[2.9]

[2.10]

[2.11]

[2.12]

dielectric,” IEEE Electron Device Lett., vol. 26, no. 6, pp. 384-386, Jun. 2005.
H. Klauk, D. J. Gundlach, J. A. Nichols, and T. N. Jackson, “Pentacene
organic thin-film transistors for circuit and display applications,” IEEE Trans.
Electron Devices, vol. 46, no. 6, pp. 1258-1263, Jun. 1999.

M. Kawasaki, S. Imazeki, M. Ando, Y. Sekiguchi, S. Hirota, S. Uemura, and T.
Kamata, “High-resolution full-color LCD driven by OTFTs using novel
passivation film,” IEEE Trans. Electron Devices, vol. 53, no. 3, pp. 435-441,
Mar. 2006.

L. Zhou, S. Park, B. Bai, J. Sun, S. C. Wu, T. N. Jackson, S. Nelson, D.
Freeman, and Y. Hong, “Pentacene TFT driven AM OLED displays,” IEEE

Electron Device Lett., vol. 26, no. 9, pp. 640-642, Sep. 2005.

X. P. Wang, C. Shen, M.-F. Li; H. Y. Yu, Y. Sun, Y. P. Feng, A. Lim, H. W.

Sik, A. Chin, Y. C. Yeo, P. Lo, and D. .. Kwong, “Dual metal gates with

band-edge work functions on novel 'HfLaO high-x gate dielectric,” in VLSI

Symp. Tech. Dig., 2006, pp. 12—13.

C. H. Wu, B. F. Hung, A. Chin, S. J. Wang, X. P. Wang, M.-F. Li, C. Zhu, Y.

Jin, H. J. Tao, S. C. Chen, and M. S. Liang, “High temperature stable

[Ir3Si-TaN]/HfLaON CMOS with large work-function difference,” in IEDM

Tech. Dig., 2006, pp. 617-620.

X.P. Wang, H. Y. Yu, M.-F. Li, C. X. Zhu, S. Biesemans, A. Chin, Y. Y. Sun,

Y. P. Feng, A. Lim, Y.-C. Yeo, W. Y. Loh, G. Q. Lo, and D.-L. Kwong,

“Wide Vg and Vy, tunability for metal-gated MOS devices with HfLaO gate

78



dielectrics,” IEEE Electron Device Lett., vol. 28, no. 4, pp. 258-260, Apr.
2007.

[2.13] D. S. Yu, A. Chin, C. H. Wu, M.-F. Li, C. Zhu, S. J. Wang, W. J. Yoo, B. F.
Hung and S. P. McAlister, “Lanthanide and Ir-based dual metal-gate/HfAION
CMOS with large work-function difference,” in IEDM Tech. Dig., 2005, pp.
649-652.

[2.14] C. H. Cheng, H. C. Pan, C. N. Hsiao, C. P. Chou, S. P. McAlister, and Albert
Chin, “Improved high-temperature leakage in high density MIM capacitors by
using a TiLaO dielectric and an Ir electrode,” IEEE Electron Device Lett., vol.
28, no. 12, pp. 1095-1097, Dee. 2007.

[2.15] K. C. Chiang, C. C. Huang, A. Chin, W.J. Chen, H. L. Kao, M. Hong, and J.
Kwo, “High performance micro-crystallized TaN/SrTiOs/TaN capacitors for
analog and RF applications,” in VLSI Symp. Tech. Dig., 2006, pp. 126—-127.

[2.16] K. C. Chiang, C. C. Huang, A. Chin, G. L. Chen, W. J. Chen, Y. H. Wu, and S.
P. McAlister, “High performance SrTiOs; metal-insulator—metal capacitors for
analog applications,” [EEE Trans. Electron Devices, vol. 53, no. 9, pp.
2312-2319, Sep. 2006.

Chapter 3 Small Sub-threshold-Swing and Low-Voltage, Flexible

Organic Thin Film Transistors which use HfLaOQ as the

79



[3.1]

[3.2]

[3.3]

[3.4]

[3.5]

[3.6]

[3.7]

Gate Dielectric

Y. W. Choi, I.-D. Kim, H. L. Tuller, and A. I. Akinwande, “Low-voltage
organic transistors and depletion-load Inverters with high-k pyrochlore BZN
gate dielectric on polymer substrate,” IEEE Trans. Electron Devices, vol. 52,
no. 12, pp. 2819-2824, Dec. 2005.

H. Klauk, M. Halik, U. Zschieschang, F. Eder, D. Rohde, G. Schmid, and C.
Dehm, “Flexible organic complementary circuits,” IEEE Trans. Electron
Devices, vol. 52, no. 4, pp. 618-622, Apr. 2005.

M. Mizukami, N. Hirohata, T. Iseki, K. Ohtawara, T. Tada, S. Yagyu, T. Abe,
T. Suzuki, Y. Fujisaki, Y. Inoue, S. Tokito, and T. Kurita, “Flexible AM
OLED panel driven by bottom-contact OTFTs,” IEEE Electron Device Lett.,
vol. 27, no. 4, pp. 249-251, Apr. 2006.

D. P. Gosan, T. Noguchi,-and S. Usui, “‘High mobility thin film transistors
fabricated on a plastic substrate at a proecessing temperature of 110°C,” Jpn. J.
Appl. Phys., vol. 39, no. 3A/B, pp. L179-L181, Mar. 2000

D. P. Gosan, A. Machida, S. Usui, and M. Arai, “Excimer laser crystallized
poly-Si thin film transistors on a plastic substrate with mobility of 250
cm?/V.s,” Solid State Phenomena, vol. 80-81, pp. 169-174, 2001

Y. Lee, H. Li, and S. J. Fonash, “High-performance poly-Si TFTs on plastic
substrates using a nano-structured separation layer approach,” IEEE Electron
Device Lett., vol. 24, no. 1, pp. 19-21, Jan. 2003

H. L. Kao, Albert Chin, B. F. Hung, J. M. Lai, C. F. Lee, M.-F. Li, G. S.
Samudra, C. Zhu, Z. L. Xia, X.Y. Liu, and J. F. Kang, “Strain-induced very
low noise RF MOSFETs on flexible plastic substrate,” in VLSI Symp. Tech.

Dig., 2005, pp. 160-161.

80



[3.8]

[3.9]

[3.10]

[3.11]

[3.12]

[3.13]

[3.14]

[3.15]

H. Klauk, D. J. Gundlach, J. A. Nichols, and T. N. Jackson, “Pentacene organic
thin-film transistors for circuit and display applications,” IEEE Trans. Electron
Devices, vol. 46, no. 6, pp. 1258-1263, Jun. 1999.

M. Kawasaki, S. Imazeki, M. Ando, Y. Sekiguchi, S. Hirota, S. Uemura, and T.
Kamata, “High-resolution full-color LCD driven by OTFTs using novel
passivation film,” /EEE Trans. Electron Devices, vol. 53, no. 3, pp. 435-441,
Mar. 2006.

L. Zhou, S. Park, B. Bai, J. Sun, S. C. Wu, T. N. Jackson, S. Nelson, D.
Freeman, and Y. Hong, “Pentacene TFT driven AM OLED displays,” IEEE
Electron Device Lett., vol. 26, no. 9, pp. 640-642, Sep. 2005.

K. T. Kang, M. H. Lim, H.G. Kim, Y. W. Choi, H. L. Tuller, I. D. Kima, and
J.M. Hong, “Mn-doped Ba ¢Sry4TiO5 high-k gate dielectrics for low voltage
organic transistor on polymer substrate,” Appl. Phy. Lett., vol. 90, no. 24, p.
242908, Dec. 2005.

J. H. Na, M. Kitamura, D. Lee, and Y. Arakawa, “High performance flexible
pentacene thin-film transistors fabricated on titanium silicon oxide gate
dielectrics,” Appl. Phy. Lett., vol. 90, no. 16, p. 163514, Apr. 2007.

H. Ma, O. Acton, G. Ting, J.W. Ka, H.-L. Yip, N. Tucker, R. Schofield, and A.
K.-Y. Jen, “Low-voltage organic thin-film transistors with m-c-phosphonic
acid molecular dielectric monolayers,” Appl. Phy. Lett., vol. 92, no. 11, p.
113303, Mar. 2008.

P. H. Wobkenberg, J. Ball, F. B. Kooistra, J. C. Hummelen, D. M. de Leeuw,
D. D. C. Bradley, and T. D. Anthopoulos, “Low-voltage organic transistors
based on solution processed semiconductors and self-assembled monolayer
gate dielectrics,” Appl. Phy. Lett., vol. 93, no. 1, p. 013303, Jul. 2008.

C. H. Cheng, H. C. Pan, C. N. Hsiao, C. P. Chou, S. P. McAlister, and A. Chin,

81



[3.16]

[3.17]

[3.18]

[3.19]

[3.20]

[3.21]

“Improved high-temperature leakage in high density MIM capacitors by using
a TiLaO dielectric and an Ir electrode,” IEEE Electron Device Lett., vol. 28, no.
12, pp. 1095-1097, Dec. 2007.

K. C. Chiang, C. C. Huang, A. Chin, W. J. Chen, H. L. Kao, M. Hong, and J.
Kwo, “High performance micro-crystallized TaN/SrTiOs/TaN capacitors for
analog and RF applications,” in VLSI Symp. Tech. Dig., 2006, pp. 126—127.

K. C. Chiang, C. C. Huang, A. Chin, G. L. Chen, W. J. Chen, Y. H. Wu, and S.
P. McAlister, “High performance SrTiOs; metal-insulator—metal capacitors for
analog applications,” IEEE Trans. Electron Devices, vol. 53, no. 9, pp.
2312-2319, Sep. 2006.

C. C. Liao, Albert Chin, N. C. Su, M.-F. Li, and S. J. Wang, “Low V; gate-First
Al/TaN/[Ir3Si-HfSi,.«]/HfLaON,.CMOS; using simple process,” in Symp. on
VLSI Tech. Dig., 2008, pp. 190-191.

C. F. Cheng, C. H. Wu, N. C. Su, S.J. Wang, S. P. McAlister and Albert Chin,
“Very low V[Ir-Hf]/HfLaO CMOS using novel self-aligned low temperature
shallow junctions,” in [EDM Tech. Dig., 2007, pp. 617-620.

C. H. Wu, B. F. Hung, A. Chin, S. J. Wang, X. P. Wang, M.-F. Li, C. Zhu, Y.
Jin, H. J. Tao, S. C. Chen, and M. S. Liang, “High temperature stable
[Ir;Si-TaN]/HfLaON CMOS with large work-function difference,” in IEDM
Tech. Dig., 2006, pp. 617-620.

X. P. Wang, H. Y. Yu, M.-F. Li, C. X. Zhu, S. Biesemans, A. Chin, Y. Y. Sun, Y.
P. Feng, A. Lim, Y.-C. Yeo, W. Y. Loh, G. Q. Lo, and D.-L. Kwong, “Wide Vy,
and Vy, tunability for metal-gated MOS devices with HfLaO gate dielectrics,”

IEEFE Electron Device Lett., vol. 28, no. 4, pp. 258-260, Apr. 2007.

Chapter 4 A Flexible Organic Pentacene Nonvolatile Memory Base

82



[4.1]

[4.2]

[4.3]

[4.4]

[4.5]

[4.6]

[4.7]

[4.8]

on High-k Dielectric Layers

J. C. Scott, and L. D. Bozano, “Nonvolatile memory elements based on organic
materials,” Adv. Mater., vol. 19, no. 11, pp. 1452-1463, May 2007.

R. Schroeder, L. A. Majewski, and M. Grell, “All-organic permanent memory
using an amorphous spin-cast ferroelectric-like gate insulator,” Adv. Mater.,
vol. 16, no. 7, pp. 633-636, Apr. 2004

R. C. G. Naber, C. Tanase, P. W. M. Blom, G. H. Gelinck, A. W. Marsman, F.
J. Touwslager, S. Setayesh, and D. M. de Leeuw, “High-performance
solution-processed polymer ferroelectric field-effect transistors,” Nat. Mater.,
vol. 4, pp. 243-248, Mar. 2008

R. C. G. Naber, P. W. M. Blom, G. H. Gelinck, A. W. Marsman, and D. M. de
Leeuw, “An organic field-effect transistor. with programmable polarity,” Adv.
Mater., vol. 17, no. 22, pp. 2692-695, Sep. 2005.

M. Mushrush, A. Facchertti, M. Lefenfed, H. E. Katz, T. J. Marks, “Easily
processable phenylene-thiophene-based organic field-effect transistors and
solution-fabricated nonvolatile transistor memory elements,” J. Am. Chem.
Soc., vol. 125, no. 31, pp. 9414-9423, Jul. 2003.

K.-J. Baeg, Y.-Y. Noh, J. Ghim, S.-J. Kang, H. Lee, D.-Y. Kim, “Organic
non-volatile memory based on pentacene field-effect transistors using a
polymeric gate electret,” Adv. Mater., vol. 18, no. 23, pp. 3179-3183, Nov.
2006.

C. D. Dimitrakopoulos, S. Purushothaman, J. Kymissis, A. Callegari, J. M.
Shaw, “Low-voltage organic Transistors on Plastic comprising high-dielectric
constant gate insulators,” Science, vol. 283, no. 5403, pp. 822-824, Feb.1999

L. A. Majewski, R. Schroeder, M. Grell, “One volt organic transistor,” Adv.

&3



[4.9]

[4.10]

[4.11]

[4.12]

[4.13]

[4.14]

Mater., vol. 17, no. 2, pp. 192-196, Jan, 2005.

M. F. Chang, P. Lee, S. P. McAlister, A. Chin, “Low subthreshold swing
HfL.aO/Pentacene organic thin-film transistors,” IEEE Electron Device Lett.,
vol. 29, no. 3, pp. 333-335, Mar. 2008.

H.J. Yang C. F. Cheng, W. B. Cheng, S. H. Lin, F. S. Yeh, Sean P. McAlister
and Albert. Chin, “Comparison of MONOS memory device integrity when
using Hf\_.,N,Oy trapping layers with different n compositions,” IEEE Trans.
Electron Devices, vol. 55, no. 6, pp. 1417-1423, Jun. 2008.

H. J. Yang, Albert. Chin, S. H. Lin, F. S. Yeh, and S. P. McAlister, “Improved
high temperature retention for charge-trapping memory by using double
quantum barriers,” IEEE Electron Device Lett. vol. 29, no. 4, pp. 386-388, Oct.
2008.

H. J. Yang, Albert. Chin, W. J. Chen, C. F. Cheng, W. L. Huang, 1. J. Hsieh,
and S. P. McAlister, “A program-erasable high-x Hf3Ny,0¢s MIS capacitor
with good retention,” IEEE Electron Device Lett. Vol. 28, no. 10, pp. 913-915,

Oct. 2007.

X. Wang, J. Liu, W. Bai, and D.-L. Kwong, “A novel MONOS-type
nonvolatile memory using high-k dielectrics for improved data retention and
programming speed,” [EEE Trans. Electron Devices, vol. 51, no. 4, pp.
597-602, Apr. 2004.

C. H. Lai, B. F. Hung, A. Chin, W. J. Yoo, M. F. Li, C. Zhu, S. P. McAlister,
and D. L. Kwong, “A novel program-erasable high-k AIN capacitor,” I[EEE

Electron Device Lett., vol. 26, no. 3 pp. 148-150, Mar. 2005.

84



[4.15] J. Robertson, “Band offsets of wide-band-gap oxides and implications for
future electronic devices.” J. Vac. Sci. Technol. B vol. 18, no. 3 pp. 1785-1791,
May 2000.

[4.16] V. V. Afanas’ev, S. Shamuilia, A. Stesmans, A. Dimoulas, Y. Panayiotatos, A.
Sotiropoulos, M. Houssa, and D. P. Brunco, “Electron energy band alignment
at interfaces of (100) Ge with rare-earth oxide insulators,” Appl. Phys. Lett.
Vol. 88, no. 13, p. 132111, Mar. 2006

[4.17] T. B. Singh, F. M. S. GUnes, N. Marjanovic, G. Horowitz, P. Lang, S. Bauer, N.
S. Sariciftci, “High-performance ambipolar pentacene organic field-effect
transistors on poly(vinyl alcohol) organic gate dielectric,” Adv. Mater., vol. 16,

no. 19, pp. 2315-2320, Aug. 2005

Chapter 5 Interfacial SiON. Thickness Dependence on Device

Performance of High-k MoN/HfAIO/SiON p-MOSFETSs

[5.1] D.S. Yu, A. Chin, C. H. Wu, M:zF- L1, C. Zhu, S. J. Wang, W. J. Yoo, B. F.
Hung and S. P. McAlister, “Lanthanide and Ir-based dual metal-gate/HfAION
CMOS with large work-function difference,” in IEDM Tech. Dig., 2005, pp.
649-652.

[52] P.F.Hsu, Y. T. Hou, F. Y. Yen, V. S. Chang, P. S. Lim, C. L. Hung, L. G.
Yao, J. C. Jiang, H. J. Lin, J. M. Chiou, K. M. Yin, J. J. Lee, R. L. Hwang, Y.
Jin, S. M. Chang, H. J. Tao, S. C. Chen, M. S. Liang, and T. P. Ma, “Advanced
dual metal gate MOSFETs with high-x dielectric for CMOS application,” in
VLSI Symp. Tech. Dig., 2006, pp. 11-12.

[5.3] C.H.Wu, B. F. Hung, Albert Chin, S. J. Wang, W. J. Chen, X. P. Wang, M.-F.
Li, C. Zhu, Y. Jin, H. J. Tao, S. C. Chen, and M. S. Liang, “High temperature

stable [Ir;Si-TaN]/HfLaON CMOS with large work-function difference,” in

85



[5.4]

[5.5]

[5.6]

[5.7]

[5.8]

IEDM Tech. Dig., 2006, pp. 617-620.

K. Akiyama, W. Wang, W. Mizubayashi, M. lkeda, H. Ota, T. Nabatame and
A. Toriumi, “Vgp roll-off in HfO, gate stack after high temperature annealing
process - a crucial role of out-diffused oxygen from HfO; to Si -,” in VLSI
Symp. Tech. Dig., 2007, pp. 72-73.

S. C. Song, C. S. Park, J. Price, C. Burham, R. Choi, H. C. Wen, K. Choi, H.-H.
Tseng, B. H. Lee, and R. Jammy, “Mechanism of Vg, roll-off with high work
function metal gate and low temperature oxygen incorporation to achieve
PMOS band edge work function,” in IEDM Tech. Dig., 2007, pp. 337-340.

C. F. Cheng, C. H. Wu, N. C. Su, S. J. Wang, S. P. McAlister and Albert Chin,
“Very low V[Ir-Hf]/HfLaO CMOS using novel self-aligned low temperature
shallow junctions,” in [EDM Tech. Dig:; 2007, pp. 333-336.

S. Natarajan, M. Armstrong, M. Bost, R. Brain, M. Brazier, C-H Chang, V.
Chikarmane, M. Childs, H. Deshpande, K. Dev, G. Ding, T. Ghani, O.
Golonzka, W. Han, J. He, R. Heussner, R. James, 1. Jin, C. Kenyon, S. Klopcic,
S-H. Lee, M. Liu, S. Lodha, B. McFadden, A. Murthy, L. Neiberg, J. Neirynck,
P. Packan, S. Pae, C. Parker, C. Pelto, L. Pipes, J. Sebastian, J. Seiple, B. Sell,
S. Sivakumar, B. Song, K. Tone, T. Troeger, C. Weber, M. Yang, A. Yeoh, K.
Zhang, “A 32nm logic technology featuring 2"-generation high-k + metal-gate
transistors, enhanced channel strain and 0.171 pm* SRAM cell size in a 291Mb
array,” in IEDM Tech. Dig., 2008, pp. 941-943.

S. Natarajan, J. Huang, P. D. Kirsch, D. Heh, C.Y. Kang, G. Bersuker, M.
Hussain, P. Majhi, P. Sivasubramani, D. C. Gilmer, N. Goel, M. A.
Quevedo-Lopez, C. Young, C. S. Park, C. Park, P. Y. Hung, J. Price, H. R.
Harris, B. H. Lee, H.-H. Tseng, R. Jammy, “Device and reliability

improvement of HfSION+LaOx/metal gate stacks for 22nm node application,”

86



[5.9]

[5.10]

[5.11]

[5.12]

[5.13]

[5.14]

[5.15]

in [EDM Tech. Dig., 2008, pp. 45-48.

H. N. Alshareef, H. R. Harris, H.C. Wen, C. S. Park, C. Huffman1, K. Choi, H.
F. Luan, P. Majhi, B. H. Lee, R. Jammy, D. J. Lichtenwalner, J. S. Jur, and A.
I. Kingon, “Thermally stable n-metal gate MOSFETSs using La-incorporated
HfSi0 dielectric,” in VLSI Symp. Tech. Dig., 2006, pp. 7-8.

Y. H. Wu, M. Y. Yang, A. Chin, and W. J. Chen, “Electrical characteristics of
high quality La,O; dielectric with equivalent oxide thickness of 5A,” IEEE
Electron Device Lett., vol. 21, no. 7, pp. 341-343, Jul. 2000.

A. Chin, C. C. Liao, C. H. Lu, W. J. Chen, and C. Tsai, “Device and reliability
of high-k Al,O; gate dielectric with good mobility and low Dj;,” in VLSI Symp.
Tech. Dig., 1999, p.135-136.

H.-J. Li, and M. 1. Gardner, “Dual high-x gate dielectric with poly gate
electrode: HfSiON on nMOS and Al;O3 capping layer on pMOS,” [EEE
Electron Device Lett., vol. 26, n0.7, pp. 441-444, Jul. 2005.

V. S. Chang, Lars-Ake Ragnarsson, H. Y. Yu, M. Aoulaiche, T. Conard, K.
Yin, T. Schram, J. W. Maes, S. D. Gendt, and S. Biesemans, “Effects of Al,O;
dielectric cap and nitridation on device performance, scalability, and reliability
for advanced high-x/metal gate pMOSFET applications,” IEEE Trans.
Electron Devices, vol. 54, n0.10, pp. 1258-1263, Oct. 2007.

N. Mise, T. Morooka, T. Eimori, S. Kamiyama, K. Murayama, M. Sato, T.
Ono, Y. Nara, and Y. Ohji, “Single metal/dual high-k gate stack with low Vg,
and precise gate profile control for highly manufacturable aggressively scaled
CMISFETs,” in [EDM Tech. Dig., 2007, pp. 527-530.

D. S. Kim, J. Lee, and K. Chara, “Electrical characteristics of SiO«F, gate
oxides formed by a plasma fluorination technique,” Appl. Phy. Lett., vol. 87,

no. 4, p. 042107, Jul. 2005.

87



[5.16]

[5.17]

[5.18]

[5.19]

[5.20]

[5.21]

[5.22]

[5.23]

X.-W. Wang, A. Balasinski, T. P. Ma, and Y. Nishioka, ‘“Pre-oxidation
fluorine 1implantation into Si process-related MOS characteristics,” J.
Electrochem. Soc., vol. 139, no. 1, pp. 238-241, Jan. 1992.

M. Inoue, S. Tsujikawa, M. Mizutani, K. Nomura, T. Hayashi, K. Shiga, J.
Yugami, J. Tsuchimoto, Y. Ohno, and M. Yoneda, “Fluorine incorporation
into HfSiON dielectric for Vi, control and its impact on reliability for poly-Si
gate pFET,” in IEDM Tech. Dig., 2005, pp. 413-416.

S. Tsujikawa, H. Umeda, T. Kawahara, Y. Kawasaki, K. Shiga,T. Yamashita,
T. Hayashi, J. Yugami, Y. Ohno, and M. Yoneda, “A simple approach to
optimizing ultra-thin SiON gate dielectrics independently for n- and
p-MOSFETSs,” in IEDM Tech. Dig., 2005, pp. 824-827.

T. Hayashi, M. Mizutani, M. Inoue, J: Yugami, J. Tsuchimoto, M. Anma, S.
Komori, K. Tsukamoto, Y. Tsukamoto,K. Nii, Y. Nishida, H. Sayama, T.
Yamashita, H. Oda, T. Eimori, and Y. Ohji, “Vth-tunable CMIS platform with
high-k gate dielectrics and variability effect for 45nm node,” in /JEDM Tech.
Dig., 2005, pp. 906-909.

J. Hauser, CVC NCSU Software, Version 5.0, 2000, Raleigh, NC: Dept. Elect.
Computer Eng., North Carolina State Univ.

A. E.-J. Lim, R. T. P. Lee, G. S. Samudra, D.-L. Kwong, and Y.-C. Yeo,
“Modification of molybdenum gate electrode work Function via (La-,
Al-induced) dipole effect at high-k/SiO; interface,” IEEE Electron Device Lett.,
vol. 29, no. 8, pp. 848-851, Aug. 2008.

J. F. Moulder, Handbook of X-ray Photoelectron Spectroscopy, 2nd ed.,
Physical Electronics, Eden Prairie, 1992.

T. M. Klein, D. Niu, W. S. Epling, W. Li, D. M. Maher, C. C. Hobbs, R. L.

Hegde, I. J. R. Baumvol, and G. N. Parsons, “Evidence of aluminum silicate

88



[5.24]

[5.25]

[5.26]

[5.27]

formation during chemical vapor deposition of amorphous Al,Os thin films on
Si(100),” Appl. Phy. Lett., vol. 75, no .25, pp. 4001-4003, Dec. 1999.

S. Heo, M. Chang, Y. Ju, S. Jung, and H. Hwang, “The effect of KrF laser
annealing within an ultrashort time on
metal-alumina-nitride-oxide-silicon-type flash memory devices,” Appl. Phy.
Lett., vol. 93, no. 17, p. 172115, Oct. 2008.

J. Robertson, O. Sharia, and A. A. Demkov, “Fermi level pinning by defects in
HfO,-metal gate stack,” Appl. Phy. Lett., vol. 91, no. 13, p. 132912, Sep. 2007.
L. R. C. Fonseca, D. Liu, and J. Robertson, “P-type Fermi level pinning at a
Si:Al,03 model interface,” Appl. Phy. Lett., vol. 93, no. 12, p. 122905, Sep.
2008.

S.-1. Saito, K. Torii, Y. Shimamoto, O.. Tonomura, D. Hisamoto, T. Onai, M.
Hiratani, Shin’ichiro Kimura, Y. Manabe, M. Caymax, and J. W. Maes,
“Remote-charge-scattering limited mobility in field-effect transistors with SiO,
and Al,Os3/S10, gate stacks,” J. Appl. Phys., vol. 98, no. 11, p. 113706, Dec.

2005.

89



Publication Lists:

(A) International Journal:

[1]

2]

[3]

[4]

[5]

[6]

H.-L. Cheng, J.-W. Lin, M. F. Jang, F.-C. Wu, W.-Y. Chou, M.-H. Chang, and
C.-H. Chao, “Long-Term Operations of Polymeric Thin-Film Transistors:
Electric-Field-Induced Intrachain Order and Charge Transport Enhancements of
Conjugated Poly(3-hexylthiophene),” Macromolecules vol. 42, no. 21, pp.
8251-8259, Nov. 20009.

M. F. Chang, P. T. Lee, and A. Chin, “Low Threshold Voltage

MoN/HfAIO/SiON p-MOSFETs with 0.85-nm EOT,” IEEE Electron Device
Lett. vol. 30, no. 8, pp. 861-863, Aug. 20009.

M. F. Chang, P. T. Lee, S. P. McAlister, and A. Chin, “Small

Sub-threshold-Swing and Low-Voltage, Flexible Organic Thin Film Transistors
which use HfLaO as the Gate Dielectric,” I[EEE Electron Device Lett. vol. 30,
no. 2, pp. 133-135, Feb. 2009.

A. Chin, M. F. Chang, S. H. Lin, W. B. Chen, P. T. Lee, F. S. Yeh, C. C. Liao,
M.-F. Li, N. C. Su and S. J. Wang, “Flat Band Voltage Control on Low V;
Metal-Gate/High-x ~ CMOSFETs with small EOT,” Microelectronics
Engineering, vol. 86, pp. 17281732, Jul. 2009

M. F. Chang, P. T. Lee, S. P. McAlister, and A. Chin, “A Flexible Organic
Pentacene Non-volatile Memory Based on High-k Dielectric Layers,” Appl. Phy.
Lett. Vol. 93, no. 23, p.233302, Dec. 2008.

M. F. Chang, P. T. Lee, S. P. McAlister, and A. Chin, “Low Subthreshold
Swing HfLaO/Pentacene Organic Thin-Film Transistors,” [EEE Electron

Device Lett., vol. 29, no. 3, pp. 333-335, Mar. 2008.

90



(B) Conferences & Proceeding

[1]

[2]

[3]

[4]

[5]

A. Chin, M. F. Chang, P. T. Lee and C. H. Wu, “High Performance Organic
TFT and Nonvolatile Memory Using High-k Dielectric Layers,” Progress In
Electromagnetics Research Symposium (PIERS), Xi'an, China, March 22-26,
2010 (Invited).

A. Chin, M. E. Chang, S. H. Lin, W. B. Chen, P. T. Lee, F. S. Yeh, C. C. Liao,
M.-FE. L, N. C. Su and S. J. Wang “Flat Band Voltage Control on Low V;
Metal-Gate/High-k CMOSFETs with small EOT,” 16" Bi-Annual Conference
on Insulating Films on Semiconductors (INFOS), Cambridge University, UK,
Jun. 29-Jul. 1, 2009 (Invited).

A. Chin, M. F. Chang, C. C. Liao, N. C. Su, P. T. Lee, and S. J. Wang, “Low Vt
Metal-Gate/High-x CMOS Using 'Laset-Irradiation Annealing and Reflection,”
International Symp. on Advanced Gate Stack Technology (ISAGST), (IEEE),
Sep.29-Oct. 1, Austin, Texas USA. 2008 (Invited).

M. F. Chang, P. T. Lee and A. Chin, “Low Voltage and Small Subthreshold
Swing HfLaO/Pentacene Organic TFTs,” Int’l Solid-State Devices & Materials
Conf. (SSDM), (IEEFE), pp. 1138-1139, Japan, Sep. 2008.

N. C. Su, C. H. Wu, M. F. Chang, J. Z. Huang, S. J. Wang, W. C. Lee, P. T.
Lee, H. L. Kao and A. Chin, “Gate-First Low Vt Al/TaN/Ir/HfLaO p-MOSFET
Using Simple Laser Annealing,” 66th Device Research Conference (DRC)

(IEEE), pp. 71-72., Santa Barbara, CA, Jun. 2008.

91




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


