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Preface

This thesis is the corpus of the study on a nitric acid oxidation method and its
application to poly-crystalline silicon thin film transistors, which I have worked at
the Institute of Science and Industrial Research, Osaka University, from 2010 to

2012 under the guidance of Dr. Hikaru Kobayashi and his group.

In Section I, I show the background and the object of this study as an
introduction. In Section II, a novel direct oxidation method of Si at low temperature,
the NAOS method, is described, and the properties of Si films and SiO2/Si interfaces
are also discussed in detail. In Section III, I demonstrate that the excellent
characteristics of MOS diodes with NAOS films are applicable to the gate insulators
of polycrystalline silicon thin film transistors. The electrical characteristics of the
poly-crystalline silicon thin film transistors are shown in Section IV, and I
demonstrate a vast decrease in power consumption of electrical circuits and LCD
panels as applications of the NAOS films in Section V. In Section VI, the conclusions

of this study are summarized.
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I. Introduction

I-1. Background

A silicon dioxide (SiOs2) layer and its interface with silicon (Si) have been studied
widely for several decades, because they greatly affect electrical properties of
semiconductor devices. Thermally grown SiO:z is proven to possess excellent
properties [1,2], and thus it is generally used for the gate insulator in
metal-oxide-semiconductor (MOS) transistors [3].

However, it is difficult to achieve both the excellent properties and the low
temperature formation at the same time. Figure 1-1 compares SiO:z layers formed
by a deposition method (a) and a direct oxidation method (b).

In the case of the deposition method such as chemical vapor deposition (CVD),
interfacial characteristics are poor due to incomplete chemical bond formation and
presence of metal contaminants before deposition, leading to a high interface state
density [4-6]. Moreover, an SiO: layer with a uniform thickness cannot be produced,
especially on rough surfaces such as poly-crystalline silicon (poly-Si) thin films with a
ridge structure [7]. A high-density leakage current flows through thin SiO: regions
(i.e., in the top regions of the ridge structure). The bulk properties are also poor due
to a low atomic density and incorporation of undesirable species such as water and
hydrocarbon [8-11].

In the case of the direct oxidation method, on the other hand, a uniform
thickness SiO:z layer can be formed even on rough Si surfaces. The SiO2/Si interface
1s formed in the Si bulk before the formation, and therefore the interface is much
cleaner. Formation of the interfacial chemical bonds is more complete, leading to
much less Si dangling bonds which act as interface states. An SiO: layer formed by
the direct oxidation method is denser with a much higher purity, resulting in better
bulk properties (e.g., low tunneling probability of charge carriers) [12-16]. Due to
these excellent properties, a leakage current flowing through SiO:2 can be suppressed,
which makes it possible to use a thinner gate oxide layer. The thinner gate oxide
layer, in turn, enables to miniaturize semiconductor devices such as thin film

transistors (TFTs), leading to high performance and low fabrication cost.

Recently, mobile equipments, such as cellular phones, tablet computers,
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Figure 1-1. Schematic cross-sections of thin SiOs/poly-Si thin film
structures fabricated by the following methods: (a) conventional CVD;

(b) direct oxidation.

notebook computers, portable music players, and mobile games shown in Figure 1-2,
have been widely popularized with the wireless internet environment, leading to

lifestyle changes.

Power consumption by these equipments tends to increase significantly when
they have high performance and additional functions. For these equipments, the

input/output interface plays the most important role, and most of the mobile
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Figure 1-2. Various mobile equipments operated by batteries are

widely used in the world.

equipments are furnished with display devices as the output interface. The
performance of the display device installed in the mobile equipments has been
improved year after year, e.g., larger display size, higher definition, higher brightness,
wider viewing angle, shorter response time, and narrower bezel size.

Among many kinds of display devices such as liquid crystal displays (LCDs),
organic light emitting diodes (OLEDs), and electronic papers, LCDs are utilized most
widely for various equipments because of their high cost performance. Especially,
LCDs based on the poly-Si TFTs are used widely for mobile equipments, because they
can realize small-size and high-resolution displays which are suitable for their
applications.

These mobile equipments are usually operated by batteries (primary cells or
rechargeable batteries), and the period of use is determined by the battery capacity
and the power consumption. Therefore, decreasing the power consumption, which
contributes to increase period of use and downsize the batteries, is very significant at
the point of the product concept. In this situation, low power consumption of the
mobile equipments is strongly required. Moreover, the trend of the low power

consumption is accelerated in every field because of the supply-demand of electric
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energy and the protection of the global environment.

The display devices, as the output interface, are required to show more
information and all the times. However, satisfying these requirements increase
power consumption. As describe above, a vast reduction of power consumption is

one of the most significant issues for display devices.

I-2. Object of Study

Consumed power of display devices is divided into two portions, i.e., the
backlight system and the electronic system (circuit and driving method). In this
study, I focus the electronic system, assuming the reflective display with no backlight
for ultimately low power consumption. As described above, low power consumption
is strongly required for electronic devices, especially for mobile equipments, and
LCDs are widely used for mobile application because of their power consumption
lower than those of other display devices. LCDs are usually fabricated on glass

substrates, and are often driven by peripheral circuits composed of poly-Si TFTs.

Ignoring a leakage current, consumed power, P, of the circuits is expressed as

[17]

P=fCcV?2 (1-1)

where f is a signal frequency, Cis a charging and discharging capacitance, and V
is a supply voltage. Therefore, consumed power can be decreased by a reduction of
f, C and/or V.

In order to achieve a decrease of the operation voltage of the circuits, the
threshold voltage should be decreased to less than about a half of the operation
voltage. On the other hand, the leakage current of TFTs becomes large when the
TFTs are in the depletion mode (normally-on). Therefore, the threshold voltage
should be controlled within a narrow range, which can be realized by a small
sub-threshold coefficient, for low voltage operation. Furthermore, a large on-current

(L) is also significant to function the circuits with desired performance at a low
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operation voltage, and L is related to the TFT dimension and the carrier mobility.
For improvement of electrical characteristics of TFTs, a decrease in the
thickness of a gate insulating layer is indispensable. The decrease in the gate
insulator thickness can reduce the operation voltage, leading to a vast decrease in the
power consumption because it is proportional to the square of the operation voltage
as described in Equation (1-1). Moreover, the decrease in the gate insulator
thickness makes it possible to miniaturize TFTs, which greatly improves electrical

characteristics of TFTs.

It is well known that the consumed power is inversely proportional to the
square of the scaling factor, K, referring to Dennerd’s scaling law [18]. This law
indicates that the device dimension (Iength, width, and thickness) is scaled by K.

Table 1-1 shows the relation between the device parameters and their scaling factors

Parameter Scaling Factor
Channel Length L 1/K
Channel Width W 1/K

Gate Insulator Thickness Tox 1/K
Impurity Concentration N K
Junction depth X; 1/K

Power Supply Voltage Vbp 1/K

<

Device Area S 1/K?
Electric Field E 1
Parasitic Capacitance C 1/K
Current I 1/K

Power Consumption P 1/K?
Delay Time t 1/K

Table 1-1. The scaling law for LSI proposed by Dennerd.
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suggested by Dennerd’s scaling law, and Figures 1-3 and 1-4 show the device
structures of a MOS transistor and a TFT. This law indicates that when device
dimension and supply voltage are scaled by K the delay time is inversely
proportional to K and the power consumption to A2. This scaling law suggests that
shrinkage of the TFTs, especially the channel length and the gate insulator thickness,
1s very important for a decrease in the power consumption. Consequently, one of the
key factors is to achieve an extremely thin gate insulator with high performance, i.e.,
low leakage current and low interface state density.

On the other hand, the carrier mobility is affected strongly by crystallinity of
poly-Si films, and also by interface properties between the gate insulator and the

poly-Si film [19-20].

In my thesis, I have focused on the fabrication process for poly-Si TFTs,
especially the formation method of an ultra-thin gate insulator, which possesses high
performance and process capability of fabricating at low temperature on a glass
substrate.

Direct oxidation methods such as thermal oxidation can form an SiO: film with
excellent electrical characteristics [1,2]. However, conventional thermal oxidation
needs high temperature above 800 °C, and therefore this method cannot be applied to
TFTs on glass substrates whose softening temperature is below 500 °C. On the
other hand, the nitric acid oxidation of Si (NAOS) method can oxidize Si at
temperatures below 120 °C to form an SiO: film. In my thesis, I have analyzed
properties of the NAOS oxide film and its interface. In addition, I have achieved
excellent electrical characteristics of poly-Si TFTs with the NAOS gate insulator and

the circuit performance composed of these TFTs.

The main object of this study is to fabricate a high quality SiO: layer at lower
temperature (below softening temperature of glass), to evaluate the oxidation
mechanism, and to investigate properties of the SiOz film and its interface, all of
which result in formation of an SiO:z film with extremely high quality on a glass

substrate.
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Figure 1-3. Structure of a silicon-based MOS transistor. L:
channel length, W : channel width, 7.x : gate insulator thickness, x; :

junction depth.
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Figure 1-4. Structure of a poly-Si-based TFT. L : channel length,

W' channel width, 7ox: gate insulator thickness.
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The other object is to demonstrate that the NAOS SiO: film can be utilized as
the gate insulator of poly-Si TF'Ts to achieve ultra-low power consumption. I would
like to aim to decrease the consumed power for driving LCDs to less than 1/100 than

that fabricated using the conventional technologies.

I-3. Previous Studies

According to the Dennerd’s scaling law, miniaturization is very effective for a
reduction of power consumption [18]. However, miniaturization is much more
difficult for TFTs than LSIs mainly because of a much thicker gate insulating layer in
the range of 80~150 nm and the use of poly-Si instead of single crystalline Si.

Since TFTs are usually produced on glass substrates whose softening
temperature is lower than 500 °C [20-22], high temperature processes such as
thermal oxidation of Si (=800 °C) are unavailable. Consequently, a gate insulating
layer is usually formed by deposition methods such as plasma-enhanced chemical
vapor deposition (PE-CVD) [23-28]. However, the deposition methods have
following demerits: i) incomplete interfacial bond formation and presence of
contaminants, both leading to poor interfacial characteristics such as high interface
state densities [4-6], i1) poor bulk characteristics due to porous structure and
inclusion of undesirable species such as hydrocarbon and hydroxyl species [8-11], iii)
difficulty in formation of a uniform thickness insulating layer, especially on rough
poly-Si surfaces arising from laser annealing of amorphous Si films to crystallize [4],
as shown in Figure 1-1 (a).

The demerit i) results from a phenomenon that an initial Si surface becomes an
Si02/Si interface after the SiO2 deposition. This disadvantage can be avoided by
direct oxidation methods because the SiOg/Si interface is formed in Si bulk before
oxidation. Concerning the demerit ii), it is well known that a thermally grown SiOs
layer possesses a higher density than a deposited oxide layer [1,2], leading to better
electrical characteristics. Concerning the demerit iii), the direct oxidation method

can form a uniform thickness SiO: layer even on rough surfaces such as poly-Si thin
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films [16] since the oxidation rate in the NAOS method is independent of Si surface
orientations.

Extensive studies have been performed for developing direct Si oxidation
methods at low temperatures including plasma oxidation [29-32], photo-oxidation

[33,34], ozone oxidation [35,36], metal-promoted oxidation [37-38], etc.

In order to solve the above problems for deposition methods, a low temperature
direct Si oxidation method, i.e., the NAOS method, has been developed in this study.
This method simply involves immersion of Si in high concentration (i.e., 68~98 wt%)
nitric acid (HNOs) aqueous solutions at temperatures below 120°C. By use of the
NAOS method using e.g., azeotropic HNOs aqueous solutions (cf. 68 wt% HNOs), an
ultra-thin (.e., 1.1~1.8 nm) SiO: layer with a leakage current density much lower

than that of a thermally grown SiO: layer with the same thickness can be formed.

14



1L Formation of Ultra-Thin SiOz Layer by the NAOS Method

IT-1. Mechanism of Oxidation

In order to form a thin SiO: film with excellent properties, I have adopted the
NAOS method in which Si substrates or poly-Si thin films are immersed in HNO3
aqueous solutions. The reaction of the SiO2 formation is described by the following

chemical equations;

4HNOs; @ 4H* + 4NOs (2-1)
4NO3~ — 4NO3 + 40- (2-2)
Si+ 20~ — SiO2 + 2e- (2-3)
4H* + 20~ + 2e- — 2H20 (2-4)

The oxidation equipment used for the NAOS method is shown in Figure 2-1.

Figure 2-1. Photograph of the equipment for the NAOS oxidation.
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I think that oxidation by the HNOs aqueous solutions can proceed smoothly

even at low temperatures below 120 °C for the following reasons.

1)

2)

Dissociated oxygen ions (O-) are produced by decomposition of HNOs and/or
NOs-, and they oxidize Si at low temperatures due to low activation energy for
the reaction.

Dissociated oxygen ions, which are smaller than oxygen molecules (O2), can
easily diffuse through SiO:2 and reach at the S102/S1 interface as shown in Figure

2-2.

...... HNO, Solution
N°3' : T

Gorrmnnnns
<
<€

9 ?Sioz

Figure 2-2. Mechanism of nitric acid oxidation of silicon (NAOS).
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Because of the above two reasons, an ultra-thin (i.e., 1.1~1.8 nm) SiOz layer can

be formed by the NAOS method at temperature below than 120 °C.

For the NAOS method, it is considered that there are other advantages as
explained below.

1) Since the NAOS method is the direct oxidation method, the SiO«/Si interface is
not exposed by atmosphere and/or solutions during the oxidation process, leading
to avoidance of contaminations at the interface, which results in clean interface.

2) Since the oxidation temperature is lower than the glass softening temperature,
the deformation of the glass substrate and contamination such as sodium (Na)

from the glass substrate can be avoided.

Figure 2-3 is the phase diagram of HNOs aqueous solutions. In the NAOS

method, azeotropic HNOs aqueous solutions, i.e. 68 wt% HNO3, is expected to form an

HNO, H,0

I
- azeotropy I .
vV "
190 b— —— — —— apour I |
I lAn |
— : I~

|
— 100 ‘ [
o ! |
3 | |

4] ! | N

8 g ' , T

5 ' | ]

@ i | l i
I

L I B A
I
60 M . X 1 N .| s 1 " P L . s . 1 + s :
100 80 60 40 20 0
HNO, Caoncentration (%)
Figure 2-3. Phase diagram of the HNOs aqueous solutions. The

concentration of azeotropic solution is 68 wt%.
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Si02 film with good uniformity and high properties. That is because the
concentration of the solution and that of the vapor are the same (point B and B, i.e.,
68 wt%, and the concentration of the HNOs solution is constant during the oxidation
process at boiling temperature.

On the other hand, when the HNO3s concentration is different from 68 wt%, e.g.,
40 wt% (point A), the concentration of the vapor is about 10 wt% (point A”) as is
evident from Figure 2-3. Due to evaporation of low-concentration HNOs, the
concentration of the HNOs solution increases with the times. In this case, the
properties of the SiOz are likely to be changed with the depth due to the change in the

concentration of the HNOs aqueous solutions.

Here, I compare the developed NAOS method with the conventional CVD
method [12-16]. The NAOS method possesses the following advantages over the
conventional CVD method for deposition of SiO: on glass substrates (cf. Figure 2-4
and Table 2-1).

Concerning the interface between the SiOz2 and Si, a NAOS SiOg film is expected
to possess much better properties than those for the CVD oxide film. This is because
the interface of the NAOS SiO: layer is formed in the Si bulk while that for the CVD
Si0: layer is formed at the surface before deposition.

Regarding the film thickness, the uniformity of a NAOS SiOz layer is excellent
because of the direct oxidation method, while that of the CVD oxide is not good,
especially on rough surfaces such as poly-Si thin films, where ridge structure arises
from laser annealing of amorphous Si for crystallization [7]. The SiO: film thickness
at the top part of the rough (a few tens nm) surfaces becomes much thinner than that
on flat regions for the CVD method. Moreover, with the NAOS method, the ridge
structure becomes smooth, and the electric field at sharp-edged portions is expected
to decrease. The density of the NAOS film is much higher than that of the CVD
oxide film [39,40], because of the direct oxidation mechanism. For these reasons, a
leakage current flowing through the oxide film is much lower for the NAOS method
than that for the CVD method.

Furthermore, the oxide formation temperature by the NAOS method is much

18
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Figure 2-4.  Comparison of the thin SiOs/poly-Si thin film structures by (a)
NAOS and (b) PE-CVD. TEOS (Tetraethyl orthosilicate) : Si(OC2Hs)4.
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NAQOS SiO, PE-CVD Si0O,
Uniform Thickness Uniformity Non-uniform
Good (high density) Bulk Property Poor
Good Interface property Poor
Low Leakage Current High

Low (RT~120 °C}) Forming Temperature

High (500-600 °C)

Practical
10-40 nm Total Thickness 80-150 nm
Table 2-1. Comparison of the thin SiO:z structures by NAOS and
PE-CVD.

lower (room temperature ~120 °C) than that of the CVD method of 500~600 °C, and
therefore diffusion of the contaminants (such as Na) from glass substrates can be

avoided.

II-2. Sample Preparation

Boron-doped p-type and phosphorus-doped n-type Si(100) wafers with
resistivity in the range 1~20 Qcm were cleaned using the RCA method [41] and
etched with dilute hydrofluoric acid (HF). Then, the Si wafers were immersed in
various concentrations (40, 68, and 98 wt%) of HNOs aqueous solutions at various
The boiling
temperature is 108, 121, and 83 °C for the HNOs concentration of 40, 68 (azeotropic

temperatures (room temperature and the boiling temperature).

HNOs; aqueous solutions), and 98 wt%, respectively.

I also fabricated NAOS SiO2/poly-Si/glass and PE-CVD SiO2/poly-Si/glass

specimens for comparison. Poly-Si thin films were formed by the metal-induced
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crystallization method using excimer laser annealing with metal catalysts.

At first, a silicon nitride (SiN) layer was deposited on Corning 1737 glass to
prevent diffusion of metal contaminants from glass substrates. Then, amorphous Si
was deposited by the PE-CVD method at 400 °C. After coating nickel (Ni) solutions
on the amorphous Si film, amorphous Si was crystallized by thermal annealing at
500 °C followed by excimer laser annealing [42-44]. This two-step crystallization is
very effective to form poly-Si thin films with large grains and excellent electric
characteristics.

Figure 2-5 shows the scanning electron microscope (SEM) photograph of the
poly-Si thin film after treated with a HF/H202/H20 solution. The grain boundaries
were easily recognized after chemical etching with the HF/H202/H20 solution [45].
It is found that the grain size of the poly-Si thin film was in the range of a few pm.

Figure 2-6 shows the cross-sectional transmission electron microscope (TEM)
image of the fabricated poly-Si thin film. The crystal orientations of the neighboring

grains are nearly the same, leading to low potential energy barrier between the

Figure 2-5. SEM micrograph of poly-Si thin film after
chemical etching by HF/H202/H:=0.
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Figure 2-6. TEM micrograph of poly-Si film. The index in the

parenthesis is Miller index indicating the Si crystal direction.

grains.

The oxide formation rate of the NAOS method is not high and long time is
required to realize the thickness necessary for the practical TFTs (i.e., >10 nm) [46].
In order to solve this problem, the NAOS SiO2/CVD SiO: stacked structure was
fabricated, where a 10~40 nm thick SiO: layer was deposited by PE-CVD method on

22
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* High deposition rate
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Glass substrate

Figure 2-7. Process flow and structure of the NAOS SiO/PE-CVD

S102 stacked insulator.

the ultra-thin NAOS SiO: layer (cf. Figure 2-7). The ultra-thin NAOS layer
possesses good interface properties such as a low interface state density and a low
leakage current, and the thicker CVD oxide improves the breakdown voltage of the

insulating film.

IT - 3. Microphotograph of NAOS Layer

Figure 2-8 shows the TEM micrograph of the SiO:2 layer formed on p-type
Si(100) substrate by the NAOS method with 68 wt% azeotropic HNOs aqueous
solutions at 120 °C for 10 min. It is clearly seen that the uniform thickness G.e., 1.39

nm) NAOS SiO: layer was formed on an Si substrate.
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Figure 2-9 shows the TEM micrograph of the cross-section of NAOS
Si02/PE-CVD Si0: stacked insulator formed on a poly-Si thin film. The 1.4 nm thick
NAOS layer was formed with 68 wt% HNOs3 solutions at 120 °C for 10 min, and the
thickness of the PE-CVD SiOz layer was 10 nm. The NAOS SiOz layer was observed

with the relatively darker color. The darkness indicates a higher atomic density

LN & ] B F
FEEEEEPENEE R EED A DR EREEEEE = -I--I-I-J--I--IIIII‘.
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Figure 2-8. TEM micrograph of the cross-section of the AI/NAOS
Si02/Si(100) structure. An ultra-thin SiO: layer of 1.39 nm was

formed on Si with high uniformity.

poly-Si

Figure 2-9. Cross-sectional TEM micrograph of the NAOS SiO2/PE-CVD
Si102 stacked oxide on a poly-Si thin film. The darker layer is due to NAOS
Si02.  The thicknesses of NAOS SiOz and PE-CVD SiO:z are estimated to be

1.4 and 10 nm, respectively.
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Figure 2-10. TEM image of the cross-section of the SiO2 layer formed
on Si(100) by the NAOS method at room temperature.

than that of the CVD Si0: layer, as explained in the following sections.

Figure 2-10 shows the TEM image of the cross-section of the SiO:z layer formed
on the Si(100) substrate by the NAOS method with 68 wt% azeotropic HNOs aqueous
solutions at room temperature. It is evident that an uniform and 1.8 nm thick SiOq

layer could be formed on Si(100) even at room temperature.

II - 4. XPS Core Level Spectra and Oxide Thickness

Figure 2-11 shows the principle of X-ray photoelectron spectroscopy (XPS).
When X-ray is irradiated on the specimen, electrons in core orbitals absorb the X-ray
energy and are ejected outside as photoelectrons. The photoelectron has a kinetic
energy (£p) equal to the difference between the energy of incident X-ray (4v) and the
binding energy of an electron (X3 in the core shell. Therefore, by measuring the
kinetic energy of photoelectrons, the binding energy can be determined, and the
element and its oxidation state can be identified. In addition, the concentration of
the material can be also evaluated from the photoelectron intensity. It is noted that
the detection depth is limited to a few nm from the surface, because of a short
photoelectron mean free path in the range of a few nm.

XPS spectra were measured using an ESCALAB 220i-XL spectrometer with a
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Figure 2-11. The principle of X-ray photoelectron spectroscopy. Fix :
kinetic energy of photoelectron, Av : incident X-ray energy, F» : binding

energy of a core level.

monochromatic Al Ka radiation source. Photoelectrons were collected in the surface

normal direction.

Figure 2-12 shows an XPS spectrum in the Si 2p region for the SiO2/Si structure
formed by immersion of Si(100) wafers in 68wt% HNOs aqueous solutions at room
temperature. The doublet peaks were attributable to Si 2pse2 and 2piz2 levels of the
Si substrate and the broad peak in the higher energy region was due to the SiOz layer
[47,48].

The thickness of the SiO: layer (d.x) can be calculated from the ratio in the area

intensity between these two peaks as using following equation [47],

Do A, |
ox~ox“"ox " Si _|_1] (2-5)

Dgiogidsi |

dOX = /IOX[In

0X

where Agy and Ag are the electron mean free paths in the SiOz layer and the Si
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Figure 2-12. XPS spectrum for the Si02/Si(100) structure formed

with 68 wt% HNOs aqueous solutions at room temperature.

substrate, respectively, D.x and Ds; are the atomic densities of SiOz and Si,
respectively, O,xand Os; are the ionization cross-sections of SiO2 and Si, respectively,
and lxand Is; are the XPS area intensities of the SiO2 and Si peaks , respectively
[30,31].

The thickness of the SiO2 layer formed by the NAOS method was estimated to
be 1.8 nm from Equation (2-5), adopting the values of 2.7 and 3.3 nm for the electron
mean free paths in SiO2 and Si, respectively [12]. The SiO: thickness of 1.8 nm was
also confirmed by TEM measurements as shown in Figure 2-10.

There are no peaks besides Si and SiO:z peaks in the spectra, indicating that the
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densities of sub-oxide species, Sit, Si2*, and Si13*, were negligibly low.

Figure 2-13 shows the HNOs concentration dependency of XPS spectra in the Si
2p region. The HNOs concentration was set at 40, 68, and 98 wt% for spectra b, c,
and d, respectively. The oxide layer was formed at room temperature for 2 min.
There is no difference in the intensity ratio for the three spectra, indicating that the

Si02 thickness did not depend on the HNOs concentrations.

N 98 wit° o HNO,

SiOz\_l at 25°C for 2 min
= vt — Thickness : L.1lnm
(c) f;
/| 68 wt®o HNO;
:/ | at 25°C for 2 min
~~../ | — Thickness : L.Inm

(d) Si substr’ate/1

40 wit°o HNO;
at 25°C for 2 min
_-/‘"“m--'/ . — Thickness : 1.lnm

Si 2p Intensity (Arb. Units)
G
T,

[ \ 0.5 wit®o HF treatment
| at 25°C for 2 min

' A — No oxide
106 104 102 100 98
Binding Energy (eV)

Figure 2-13. XPS spectra for the SiO2/Si structures formed with

various concentration HNOs aqueous solutions at room temperature.
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Figure 2-14. XPS spectra in the Si 2p region for the Si02/Si(100)
structures formed by the NAOS method with 68 wt% HNOs solutions at
120 °C for 3.5 h: (a) as-formed; (b) after POA in dry-oxygen at 400 °C; (c)
after POA in wet-oxygen at 400 °C. Deconvolution is shown by the dotted

lines.

I have investigated the effect of post-oxidation annealing (POA) on the
properties of the ultra-thin NAOS SiOsz films. Figure 2-14 shows the XPS spectra for
the Si02/Si structures formed by the NAOS method at 120 °C for 3.5 h. From the
intensity ratio between the SiOz Si 2p peak and the substrate Si 2ps2 and 2p12 peaks,

the SiOs thickness was estimated to be 5.7 nm for specimen a (.e., as-formed SiO2
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with the NAOS oxidation time of 3.5 h) and 6.0 nm for specimen b (after POA in

dry-oxygen at 400 °C) and specimen c (after POA in wet-oxygen at 400 °C).
Deconvolution of the XPS spectra is shown by the dotted lines in Figure 2-14,

and it is easily seen that the densities of sub-oxide species, Sit, Si2* and Si3*, are

negligibly low.

II - 5. FT-IR Spectra and Atomic Density

I measured Fourier transform infrared absorption (FT-IR) spectra in order to
estimate the atomic density of the SiOz layer formed by the NAOS method.

FT'IR spectroscopy is a useful tool for analysis of molecular vibration by
measuring infrared absorption of materials. The vibration energy is determined by
the atomic mass and the force constant of chemical bonds. Only vibrational modes
changing dipole moment are infrared active. As the asymmetric Si-O-Si stretching
vibration mode has a dipole moment change, FT-IR spectra of this mode are

observable.

FT-IR spectra were recorded at the incident angle of 65° using a Nicolet Nexus

370S spectrometer.

Figure 2-15 shows the FT-IR spectra for the SiOz/poly-Si structures with the
Si02 layer formed by the NAOS method at 25 °C with the HNOs concentrations of 40,
68, and 98 wt%. Peaks present at ~1050 and ~1200 cm-! are attributable to
transverse optical (TO) and longitudinal optical (LO) phonons of asymmetric Si-O-Si
stretching vibrational modes, respectively [49-51]. Figures 2-16 and 2-17 show the
schematic diagrams of LLO and TO vibrational modes, respectively.

Figure 2-18 shows the vibrational frequency of LLO and TO phonons vs. the
HNOs concentration. The vibrational frequency of the LO and TO modes are

changed, and the frequency separation increases with the HNOs concentrations.
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NAOS method with various HNOs3 concentrations at room temperature.

The atomic density of SiOz (p) can be estimated using the following equation in

which central and non-central force model is assumed [52],

(C=1.71x101" ¢m) (2-6)

Chv2 2
Cp=vio—Vio

where v gand v, are the oscillating frequencies of LO and TO phonons of
asymmetric Si-O-Si stretching vibrational modes, respectively, and C'is a constant
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Figure 2-16. Schematic diagram of the longitudinal optical (LO)

vibrational mode.

Figure 2-17. Schematic diagram of the transverse optical (TO)

vibrational mode.
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Figure 2-18.  Vibrational frequency of LO and TO modes vs. the HNO3
concentration. The NAOS SiO: layer was formed on poly-Si film at room

temperature for 2 min.

explained below.
The vibrational frequencies of LO and TO phonons of asymmetric Si-O-Si

stretching vibrational modes are expressed as

1/2

_ 1 2 . 29 20 )

Vo=~ mo{asm E+ﬂcos E+C pH (2-7)
1/2

~ 1) 2 asin?? peos?? 29

Vio=5- mo{asm 2+,6’cos ZH

2
Zgs

C'= 25 (2-9)

Eox €0 (2m0 +M )
where fis the bond angle of Si-O-Si, p is the atomic density of Si02, mois the mass
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of an oxygen atom, M is the mass of an Si atom, « and £ are the constant values

on mechanics, ZZps is the electric charge related to oxygen atom oscillation, & is the

permittivity in vacuum, and E€oxis the relative dielectric constant of SiOa.

The vibrational frequency of the LLO mode is a function of both the Si-O-Si bond
angle ( #) and the atomic density (0 ), while that of the TO mode is a function of
only the bond angle ( @). Therefore, the atomic density can be calculated from the
vibrational frequencies of the TO and LO modes using the above equations. C 1is

determined to be 1.71xX107!7 cm using the values for a thick thermally grown SiO:
layer (i.e., V;o=1090 cm™!, v,,=1256 cm™!, and ©=2.28x1022/cm? [1]).

The atomic density of the NAOS SiO:z layer was calculated to be 1.98x1022,
2.04%1022, and 2.07x10%2 atoms/cm3 for 40, 68, and 98 wt% of HNOs aqueous solutions,
respectively. The estimated atomic densities are displayed in Figure 2-15, which

indicates that the atomic density increases with the HNOs concentration.

Figure 2-19 shows the FT-IR spectra for the SiO2/poly-Si structure with the SiO2
layer formed by the NAOS method at the boiling point with the HNOs concentrations
of 40, 68, and 98 wt%. The calculated atomic densities are 2.16x1022, 2.20x1022, and
2.25%1022 atoms/cm3 for oxidation with 40, 68, and 98 wt% of HNOs aqueous solutions,
respectively. These densities are higher than those for the NAOS method at 25 °C
and very close to that of a thick thermally grown SiO: layer of 2.28%x10%2 atoms/cm?
[1].

The absence of sub-oxides is supposed to be one of the reasons for the high

atomic density of the NAOS SiO:z layer.

I have investigated the effect of POA on the FT-IR spectra. Figure 2-20 shows
the FT-IR spectra for the SiO2/Si(100) structures with the SiO2 layer formed by the
NAOS method at 120 °C. POA at 400 °C in dry-oxygen (spectrum b) did not change
the vibrational frequency of LO phonons at 1242 +2 ¢cm~! while that in wet-oxygen
increased it to 1244 +2 cm! (spectrum c¢). Both the POA treatments decreased the

vibrational frequency of TO phonons from 1074 +2 cm! to 1072 +2 cm™.
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Figure 2-19. FT-IR spectra for SiOs/poly-Si structures formed by
the NAOS method with various HNOs concentrations at the boiling

point.

Consequently, the frequency separation between TO and LO phonons became larger
by 2 cm! and 4 cm™!, by POA in dry-oxygen and wet-oxygen, respectively.

Figure 2-21 shows the calculated atomic density of the Si02 layer formed by the
NAOS method with and without POA. The as-formed SiO: layer possesses an
atomic density of 2.28x1022 £ 0.05xX1022 atoms/cm? which is the same as that of a thick
thermally grown SiO: layer. After POA in dry-oxygen at 400 °C, the POA in

wet-oxygen at the same temperature increased the atomic density to a large extent to

2.32x%10%2 £ 0.05%1022 atoms/cm3.
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Figure 2-20. FT-IR spectra for Si02/Si(100) structures formed by the

NAOS method with 68 wt% HNOs at 120 °C:  (a) as-formed; (b) after POA in
dry-oxygen at 400 °C; (c) after POA in wet-oxygen at 400 °C.
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Figure 2-21. Atomic density of the SiOz layers formed by the NAOS
method with and without POA: (a) without POA; (b) with POA in
dry-oxygen at 400 °C; (c) with POA in wet-oxygen at 400 °C.
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IT-6. XPS Valence-Band Spectra and Band Discontinuity Energy

I measured the valence-band XPS spectra for the NAOS Si10:zlayers formed on
the Si substrate and estimated the band discontinuity energy at the NAOS SiO2/Si
interface. The spectra give the energy difference between the SiOz and Si valence

bands, A Ev (cf. Figure 2-22).

The XPS spectra were measured using an ESCALAB 220i1-XL spectrometer
with a monochromatic Al Ka radiation source, and the photoelectrons were collected

in the surface-normal direction.

Figure 2-23 shows the valence-band XPS spectra for the Si substrate and the
NAOS Si0: layers formed with the various concentrations of HNOs solutions. The
spectra for NAOS SiO:2 were obtained after subtraction of the spectrum of Si
substrate from the measured spectra for the Si02/Si(100) structure.

In the case of the SiO:2 layer formed with 40 wt% HNOs, the valence band
maximum (VBM) of SiO: was located at 4.16 eV below the Si VBM. For the SiO:
layers formed with 68 and 98 wt% HNOs, on the other hand, the valence-band

discontinuity energy AFEyv between SiO2 and Si increased to 4.26 and 4.31 eV,

<€ SiO, conduction band minimum

< Si conduction band minimum
SiO, | 8i Si band-gap
< Si valence band maximum

AE,

<« SiO, valence band maximum
Figure 2-22. Band diagram of SiO2/Si structure.
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respectively. Namely, it was found that the valence-band discontinuity energy
increased with the concentration of HNOs solutions.
increase in the band discontinuity energy with the HNOs concentration is given as

below.

in HNO, at 25°C 2 min

Si0, VBMZ i 4.31eV — oo
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Figure 2-23. Valence-band XPS spectra for Si(100) and NAOS
Si02 layers formed with HNOs aqueous solutions having following
concentrations at room temperature: (a) Si substrate; (b) NAOS SiO:
with 40 wt% HNOs; (c) with 68 wt% HNOs; (d) with 98 wt% HNOs.

The atomic density of NAOS SiO:z increases with the HNOs concentration as is
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evident from the FT-IR spectra as described in Section II - 5. The Si02 layer with
the higher densities is likely to have shorter Si-O bonds, which in turn results in
stronger interaction between the atoms in the SiOz layer. The enhanced interaction
is thought to enlarge the SiO: band-gap by a increase in the energy difference
between the bonding states (i.e., SiO2 valence band) and the anti-bonding states (.e.
SiO2 conduction band). The large band-gap leads to a high wvalence-band

discontinuity energy AEv at the Si02/Si interface.

Figure 2-24 shows the valence-band XPS spectra of the NAOS SiO: layers

Si0y VBM

Intensity (Arb. Unit)

10 8 6 4 2 0
Binding Energy (eV)

Figure 2-24. Valence-band XPS spectra for the NAOS SiOz layers
formed with 68 wt% HNOs aqueous solutions at 120 °C:  (a) as-formed;
(b) PMA in hydrogen at 200 °C.
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formed with 68 wt% HNOs at 120 °C (spectrum a) and that with post-metallization
annealing (PMA) (spectrum b). The PMA treatment was performed in hydrogen at
200 °C after the formation of the Al electrode. Similar to Figure 2-23, the component
from the Si substrate was removed. Without PMA, there was a peak A in the
spectrum (a), which indicates the existence of high-density energy states in the SiOs
band-gap. Furthermore, the valence-band discontinuity energy at the SiO2/Si
interface increased by ~0.3 eV with PMA.

The presence of the high-density energy states in the band-gap causes the
hopping conduction mechanism [53,54], which may increase the leakage current.
The quantum-mechanical tunneling probability of charge carriers through an SiO:
layer is a strong function of the band discontinuity energy [55], and the density of a
current flowing with the Fowler-Nordheim mechanism also depends exponentially on
the band discontinuity energy [56]. Therefore, the leakage current through the SiO2
layer will exponentially decrease with the band discontinuity energy. In fact, the

leakage current densities decreased by PMA as discussed in the next section.

II-7. Summary

I have fabricated SiO2/Si(100) substrate and SiOs/poly-Si thin film structures by
the NAOS method at low temperature below 120 °C, and analyzed the properties of
ultra-thin SiO: layers in details by measuring the XPS and the FT'IR spectra. The

summaries of this section are as follows:

1)  An ultra-thin SiO2 layer can be formed by the NAOS method with various HNOs
concentrations and temperatures on Si(100) substrates and poly-Si thin films.

2) The NAOS SiO: thickness is estimated to be 1.1~1.8 nm by measurements of the
S1 2p XPS spectra.

3) The SiO: thickness does not depend on the HNOs concentration in the range
between 40 and 98 wt%.

4) The densities of sub-oxide species, Si*, Si2*, and Si3*, in the NAOS SiO: layer are
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5)

6)

7)

8)

negligibly low.

The FT-IR measurements indicate that the atomic density of the NAOS SiO2
layer formed with 68 wt% HNOs at 120 °C is 2.32x1022 atoms/cm3, which is higher
than that of thermally grown SiOz of 2.28%x10%2 atoms/cm?.

The atomic density of the NAOS SiO: increases with the HNOs concentration and
the temperature.

The valence-band discontinuity energy at the NAOS Si02/Si interface increases
with the HNOs concentration.

A low leakage current through the NAOS SiO: layer is expected by a decrease in
the tunneling probability of carriers caused by SiO2 band-gap widening.
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ITI.  Characteristics of MOS Diodes with NAOS SiO; Layer

IIT - 1. Sample Preparation

In order to evaluate the electrical characteristics of the NAOS Si0: layer, 1
fabricated metal-oxide-semiconductor (MOS) diodes on p-type (boron-doped) and
n-type (phosphorus-doped) Si(100) substrates. The structure of the Si-based MOS
diode is shown in Figure 3-1. After the formation of NAOS SiO: layer on Si
substrate, aluminum (Al) dots of 0.3 mm diameter were formed by the vacuum
evaporation method. For some specimens, the SiO2/Si structure was heated at 400
°C in wet-oxygen (H20) or dry-oxygen (O2) for 70 min before evaporating Al electrodes.
In this case, PMA was carried out at 200 °C in 5 vol% hydrogen atmosphere for 20
min after forming Al electrodes.

I also fabricated MOS diodes with poly-Si thin films on glass substrates in order
to measure a leakage current flowing though ultra-thin SiOz on the rough poly-Si
thin film. Figure 3-2 shows the cross-sectional TEM microphotograph of the
poly-Si-based MOS diode. The thickness of the poly-Si layer was ~50 nm and the
grain size was In the range between 200 and 800 nm. The thickness of the NAOS

Si0z layer was 1.8 nm.

Al

Figure 3-1. Structure of Si-based MOS diode. The diameter of Al

dots 1s 0.3 mm.
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Al

Figure 3-2. Cross-sectional TEM image of the <AI/NAOS
S102/poly-Si> MOS structure on the glass substrate.

IIT - 2. I-V Characteristics

Figure 3-3 shows the current-voltage (I-V) curves for the Al/1.3 nm NAOS SiO2
/n-type Si(100) MOS structure formed by 68 wt% HNOs at 120 °C for 10 min. The
leakage current density through the 1.3 nm-thick NAOS SiO: film was less than 1
A/cm? at the applied voltage of 1.0 V, and this value was approximately one order of

magnitude lower than that of the thermally grown SiO: film with the equivalent
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Figure 3-3. I-V characteristics of the <AI/NAOS SiO: (1.3nm)/n-type
Si(100)> MOS diode formed with 68 wt% HNOs solutions at 120 °C for 10

min.

thickness [2].

Table 3-1 shows the leakage current density of the <AI/NAOS SiO: (1.3
nm)/n-type Si(100)> MOS diodes with HNOs concentrations of 40, 68, 90, and 98 % at
various applied voltage in the range between 0.25 and 1.50 V. The NAOS SiO: layer
was formed at the boiling point for 10 min. The leakage currents of thermally grown
Si0O2 and SiON films were also listed in Table 3-1.

As seen in Table 3-1, the leakage current decreased with the HNOs
concentration. With the PMA in Hz at 200 °C for 20 min, the leakage current density
decreased to less than that for a SiOz layer thermally grown at 900 °C with the
equivalent oxide thickness [57-59].

The atomic density of the SiO: layer increases with the HNOs concentration
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Current Density (A/cmz)

HNO3 Applied voltage (V)
concentration 0.25 0.50 0.75 1.00 1.25 1.50
' 40% 2.1 94 21 35 48 70
I‘;"I\'ZZ 68% 0052 | 033 | 11 25 5.2 7
(200 °C) 90% 0.026 0.21 0.57 1.2 2.9 55
98% 0.0017 | 0.018 0.086 0.32 1 2.8
Thermal SiO, 5~10
Ref. -
SION 0.8~1.5
Table 3-1. Leakage current Density vs. applied voltage of the <Al/1.3

nm NAOS SiO9/Si(100)> MOS diode for various HNOs concentrations.

(cf. Section II-5), leading to the increase in the band discontinuity energy (cf. Section
I1-6). The Fowler-Nordheilm tunneling current (/) flowing through an SiO: layer is

given by

_42m(ag, )

30hE

(3-1)

J o Egy, 2 exp

where Fox 1is electric field in the SiO:z layer, m*is the effective mass of an electron
in SiO2, % is the Plank constant, g is the elementary electronic charge, and @ is

the barrier height (cf. Figure 3-4) [56]. From Equation (3-1), an increase of the
barrier height, i.e., the band discontinuity energy plus the energy difference between
the Si Fermi level and the valence band maximum, exponentially decreases the
tunneling probability of charge carriers through SiO2, leading to a vast decrease in

the leakage current density flowing with the Fowler-Nordheilm mechanism.

Another reason for the low leakage current density of the NAOS SiO:z is
attributable to negligibly low densities of SiOz gap-states originating from sub-oxides
in the SiOz layer as described in Section II-4. These states would cause that the
charge carriers can transfer through SiOz by gap-states hopping conduction as shown

in Figure 3-5, which increases the leakage current density.
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Figure 3-6 shows the current-electric field (I-E) curves for the <Al/Si02/Si(100)>
MOS diodes with the SiO:z layers formed by the NAOS method with and without POA.
The NAOS SiO:z layers were formed with 68 wt% HNOs solutions at 120 °C. Even
without POA (curve a), the leakage current density was considerably low (~106 A/cm?
at 8 MV/cm) in spite of the low temperature SiOs formation at 120 °C. With POA in
dry-oxygen at 400 °C (curve b), the leakage current density was nearly unchanged.
When POA was performed in wet-oxygen (curve c), on the other hand, the leakage
current density greatly decreased by 1~3 orders of magnitude (~10° A/cm? at 8

MV/cem).

(c)

Current Density (A/cm?)
S
|

._I]-é M -_l]-(-) 2 -_|8| 2 -_|6| g -_4- 2 -_2- PR 0
Eox (MV/cm)

Figure 3-6. Leakage current density of the <A1/SiO2/Si(100)> MOS diodes
with the SiO:z layers formed by the NAOS method at 120 °C vs. electric field:
(a) without POA; (b) with POA in dry-oxygen at 400 °C; (c) with POA in
wet-oxygen at 400 °C.
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As described above, contrary to conventional low temperature SiO2 fabrication
methods such as CVD methods, a uniform thickness Si02 layer can be formed using
the NAOS method, which leads to the lower leakage current density than that of an
Si0:2 layers formed by deposition methods. The formation of the uniform thickness
Si10:2 layer is due probably to isotropic supply of oxidizing species during the NAOS
oxidation.

I think that an increase in the atomic density is another important reason for
the decrease in the leakage current density, because the tunneling probability of
charge carrier remarkably decreases with increasing the atomic density as described

in Section II - 6.

IIT - 3. C-V Characteristics

Capacitance-voltage (C-V) curves were recorded at 1 MHz using a YHP 4192A
impedance analyzer to obtain information on interface states, slow states, fixed
charges, etc. It is generally difficult to measure C-V curves for an ultra-thin SiOs
layer because of a high density leakage current. The fabricated NAOS SiO: layer
possesses a high atomic density and a low leakage current density in spite of the

ultra-thin thickness, and hence, the C-V curves are measurable.

Figure 3-7 shows the C-V curves of the <AI/NAOS Si02/Si(100)> MOS diodes
formed by 68 wt% HNOs; at 120 °C with POA. Curves (a), (b), and (c) are for the
MOS diodes without POA, with POA in dry-oxygen, and with POA in wet-oxygen,
respectively.

Without POA (curve a), no hump was present in the C-V curve, while after POA
in dry-oxygen (curve b), a hump appeared at —1 V, probably due to generation of high
density interface states [60]. Moreover, there was a hysteresis with the magnitude
of 0.12V + 0.08 V after POA in dry-oxygen (curve b). When POA was performed in
wet-oxygen at 400 °C (curve c), on the other hand, neither a hump nor a hysteresis

appeared at all. In addition, the C-V curve shifted by ~0.8 V in the positive gate bias
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Figure 3-7. C-V curves of the <AI/NAOS SiOq/p-type Si(100)> MOS
diodes with the SiO2 layers formed by the NAOS method with 68 wt%
HNOs at 120 °C: (a) without POA; (b) with POA in dry-oxygen at 400 °C;
(c) with POA in wet-oxygen at 400 °C.

direction.

It is considered that this hysteresis was caused by slow states, i.e., energy
states near the interface, where electron injection and emission cannot respond to the
scanning time of the C-V measurement because of a high emission energy (i.e., deep
states) or of location slightly distant from the SiOs/Si interface [61]. As shown in

Figure 3-8, slow states above the Si02 Fermi level, Er, are vacant in the accumulation
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Figure 3-8. Schematics of the behavior of slow states at the SiO2/Si

interface. Black and white circles represent occupation and vacancy in
the slow states, respectively: (a) accumulation condition; (b) depletion
condition after accumulation condition; (c¢) inversion condition; (d)

depletion condition after inversion condition.
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condition (Figure 3-8 a), and they are still vacant when the energy level of the slow
states is slightly below Erin the depletion condition (Figure 3-8 b). By application of
a sufficiently high positive bias to the metal electrode (i.e., under inversion condition),
electrons occupy the slow states (Figure 3-8 c¢). When the positive voltage is
decreased and the slow state level is located above KF, they are still occupied by
electrons (Figure 3-8 d).

The slow state density (Nss) can be calculated from the hysteresis voltage (Vay)
and the SiOz capacitance (Cox) as the following equation [56].

Viy = Cg\ITiS (3-2)

From Equation (3-2), Nss for curve (b) in Figure 3-7 was estimated to be 4x101! +

3x101 /em?2.

The flat-band voltage (V) is defined as the applied voltage where there is no
band-bending of the semi-conductor, and the V» shift is a useful information to
estimate the fixed charges in the SiO:z layer.

The Vr 1is the gate voltage when the MOS capacitance is equal to the flat-band

capacitance. Here, the flat-band capacitance (Crp) is expressed as

(3-3)
Cs Cox &5

where Lpis the Debye length (i.e., depletion layer width at the flat-band condition)

[56], which is defined as
£ KT
L, = [sifot (3-4)
q°N,

and &s;is the relative dielectric constant of Si, & is the permittivity in vacuum, & is
the Boltzmann constant, 7" is the absolute temperature, and M4 is the impurity
(boron) concentration in the Si substrate, which is estimated to be 6x10'5 /cm? from

the minimum capacitance of the C-V curves in Figure 3-7 [56].
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The measured Vrof the MOS diodes without POA was present at —1.58 = 0.04 V.
POA in dry-oxygen slightly shifted Vrto —1.10 = 0.04 V, while that in wet-oxygen at
400 °C greatly changed it to —0.82 £ 0.04 V. The relation between Vrand the density

of oxide fixed charges (Nrc) is expressed as

V. = A¢+(—qN—FCJ (3-5)

OX

and

E kT N
AP =y —{Za +2_;+FIOQ(H_-AD (3-5)

where A¢ is the energy difference between the Fermi level of the Si substrate and
that of Al electrode under no applied bias, ¢ is work function of Al (4.20 V), xsi is
electron affinity of Si (4.15 V), K¢ is the band-gap energy of Si (1.12 V), n;is the
intrinsic carrier density of Si (1.45x101 /cm? at 27 °C) [56]. Adopting —0.85 V as an
ideal Vrestimated from A¢ in Equation (3-5), the density of the oxide fixed positive
charges is estimated to be +2.8x10!2 £+ 0.2x102 /cm? for the SiO:2 layer without POA,
+9.0x101 + 1x10™ /cm? and —1.0x1011+ 1x10" /cm?2, respectively, for those with POA
in dry-oxygen and wet-oxygen.

Oxide fixed charges may be dispersively located through the SiO: layer, and in

this case, the term for oxide fixed charges in Equation (3-5) is written as

ON e 1
= J-Xpox (x i (3-7)
Cox €ox€o0 0

where &ox 1is the relative dielectric constant of SiOs, 7ox 1is the thickness of SiOg,

and ,OOX(X) is the density of oxide fixed charges at the location of X. However, in

order to simplify the discussion, the density of oxide fixed charges was estimated

based on the assumption that they are located just at the Si02/Si interface.

POA in dry-oxygen generates interface states (curve b in Figure 3-7), probably

due to desorption of OH species included in the NAOS SiO:z layer, resulting in the
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formation of Si dangling bonds. A leakage current can flow via interface states with
increasing its density [53,54] by decreasing the barrier height from ®; to CDB*, as

shown in Figure 3-9. Due to the two competing effects, i.e., the increase in the SiOq
atomic density and the formation of interface states, the leakage current density is
nearly unchanged by POA in dry-oxygen (curve b in Figure 3-6). POA in wet-oxygen,
on the other hand, does not form interface states (curve c in Figure 3-7). In this case,
some of Si-OH bonds are likely to be replaced by Si-H bonds by the reaction of
hydrogen atoms generated by decomposition of water. It is also likely that hydrogen
atoms eliminate oxide fixed charges. In fact, the density of oxide fixed positive

charges decreases from +2.8x102 to —1.0x10 /cm? by POA in wet-oxygen.
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Figure 3-9. Mechanism of the tunneling current via interface states.
The barrier height ®, decreases to ®; with the existence of the interface

states.
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The threshold voltage (Vi) of TFTs corresponds to the bias voltage to achieve
strong inversion condition, and this is the sum of the flat-band voltage and the bias to
move to strong inversion condition from flat-band condition. This is because charges
at the metal electrode (@) necessary for the strong inversion condition is given by

Qu= G+ Gp+ @ (3-8)
where @ is the charges accumulated at the interface, ¢ is depletion layer charges,

and ¢ 1s oxide fixed charges as shown in Figure 3-10. Therefore, Vis is changed by

/Qu )

Qo

S
Q,,/’\

Qr

Si- i Si0; ; Meta Si | S0, | Metal

_\Q ’F/ixed charge _\Qi'
E, mermmmmeseeeed e £, mmrmeassee

(a) With fixed charges (b) Without fixed charges

Figure 3-10. Schematics of charge distribution and band diagram of
MOS diode: (a) with oxide fixed charges; (b) without oxide fixed charges.
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the flat-band shift increased by oxide fixed charges in SiO2. In the case of too low
| Vinl, an undesirable current flows at zero bias, leading to an increase in the power
consumption. On the other hand, when | V| becomes very high, a supply voltage to
operate TFTs should be higher, also leading to an increase in the power consumption.
From the above reasons, the decrease in the oxide fixed charge density ¢ is

effective for a reduction in TFT power consumption by achieving desirable Vi

Figures 3-11 (a) and (b) show the band diagrams of the <Al/SiOs/Si> MOS
structures with poor and good properties of SiO2 and its interface, respectively. For
the SiO2/Si structure with poor properties, high density interface states and SiO2
gap-states in the bulk SiO2 are present, and charge carrier flows through SiO2 via
interface states and gap-states, increasing a leakage current density. Furthermore,
the band discontinuity energy (y) at the SiO2/Si interface is low, also leading to an
increase in the leakage current density.

The conventional PE-CVD SiO: layer is supposed to have the band diagram
shown in Figure 3-11 (a). Thermally grown SiO2, on the other hand, has a band

/

SiO, gap states
Interface states

EF EREESEEEEEEER

L
Si Si0, Metal 8 SiOo, Metal
(a) Poor SiO,/ Interface (b) Good SiO,/ Interface

Figure 3-11. Band diagrams of <Al/SiO2/Si> MOS structures with (a)
poor and (b) good properties of SiO2 bulk and SiO2/Si interface.
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diagram similar to Figure 3-11 (b).

The properties of the NAOS SiO: layer are much better than those of the
conventional PE-CVD SiO:z layer. Although the properties of the as-formed NAOS
Si02 are not as good as those of thermally grown SiOg, thermal treatments such as
POA and PMA greatly improve the properties nearly to the same level as or above the
thermally grown SiOs.

III — 4. Summary

I have fabricated SiOs2/Si structures by use of the NAOS method, i.e., immersion
of Si in HNO3s aqueous solutions. Measurements of I-V and C-V curves lead to the
following results and conclusion:

1) The NAOS SiO: layer possesses a considerably low leakage current density even
without POA (e.g., 106 A/cm? at 8 MV/cm) and it is greatly decreased (e.g., 10-°
Alem? at 8 MV/em) by POA at 400 °C in wet-oxygen.

2) Interface states are generated by POA in dry-oxygen at 400 °C, while no
generation occurs in the case of POA in wet-oxygen.

3) The density of oxide fixed charges decreases from +2.8x1012 to —1.0x10! /cm?2 by
POA at 400 °C in wet-oxygen.

4) The NAOS SiO: layer formed at 120 °C possesses excellent characteristics, such
as low leakage current density, low interface state density, and low slow state

density.

The decrease in the leakage current density by POA in wet-oxygen is
attributable to i) an increase in the band discontinuity energy at the SiO2/Si interface
caused by an increase in the SiO2 atomic density, ii) passivation of interface states,

and iii) elimination of unfavorable species such as oxide fixed charges.
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IV.  Characteristics of Poly-Si TFTs with NAOS SiO; Layer

IV -1. TFT Structure and Fabrication Process

Figure 4-1 shows the cross-sectional schematic of the fabricated poly-Si TFT on
a glass substrate. The TFT has a top-gate structure with NAOS SiO2/PE-CVD SiOq

stacked gate insulator. Figure 4-2 shows the cross-sectional TEM micrograph of the

Source Electrode

Gate Electrode-|

PECVD-SiO,
poly-Si
NAOS-Si0, SiNx

Glass substrate

Figure 4-1. Schematic of cross-sectional structure of a poly-Si TFT
with NAOS Si02/CVD SiOs stacked gate insulator.

Source

Figure 4-2. Cross-sectional TEM micrograph of the fabricated
poly-Si TFT on a glass substrate.
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poly-Si TFT.

The fabrication process flow of the poly-Si TFTs is shown in Figure 4-3 and it is
described below. TFTs were fabricated on non-alkali metal glass substrates of 32x40
cm?.  After deposition of a 100 nm-thick silicon nitride (SiN) layer to prevent
diffusion of undesirable species from the glass substrates, a 50 nm-thick amorphous
Si thin film was deposited by use of the PE-CVD method. The amorphous Si films
were thermally annealed and irradiated using an excimer laser in order to crystallize
and form a poly-Si thin film. On the poly-Si thin film, an ultra-thin SiO2 layer was
formed by immersion in 68wt% HNOs aqueous solutions (i.e., azeotropic mixture of
HNOs; and water), followed by annealing at 400 °C. On the NAOS SiO: layer, an
Si0s layer was deposited using the PE-CVD method. Tungsten (W) gate electrodes
were formed by the sputtering method, and source and drain regions were defined by
ion implantation with phosphorous ions (P-) and boron ions (B*) for n-channel (N-ch)
and p-channel (P-ch) transistors, respectively, followed by activation annealing at 500
°C for 1 h in nitrogen atmosphere. Then, a dielectric interlayer was deposited by
PE-CVD, and contact holes and wires of aluminum (Al) were fabricated for forming
the electrodes. After that, the TFTs were annealed in hydrogen atmosphere at 200
°C as the PMA.

The TFTs with the gate insulator without a NAOS SiO: layer were also
fabricated in order to compare the TFT characteristics and to confirm the

effectiveness of the NAOS SiO: layer.

Electrical characteristics of the fabricated TFTs were measured using an
Agilent B1500A semiconductor device analyzer. The threshold voltage (Vi») was
defined as the gate-source voltage (Vi) where the drain current (/o) at | Vis| (the
drain-source voltage)=0.1 V was (W L)x107 A (W: gate width, L: gate length). The
field-effect mobility (u7r) was calculated from the maximum transconductance at
| Vas|=0.1 V, and the effective mobility (ues) was estimated from linear extrapolation
of the Ir Vs curves in the region between the threshold voltage and the supply
voltage to the voltage axis. Sub-threshold coefficient (S'value) is defined as a

change of Vs when Iz was increased by one order of magnitude in the sub-threshold
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Figure 4-3. Process flow of TFT fabrication with a NAOS SiO2/PE-CVD

Si0:z stacked gate insulator.
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Figure 4-4. Definition of sub-threshold coefficient (S-value) of

transistors.

region, and it was calculated from the gradient of log(Za)- Ves curve (cf. Figure 4-4).

IV -2. Characteristics of Poly-Si TFTs and Interface State Density

The drain current (/) of the MOS transistor is expressed as

E & w V
Id :.CIJ_X—Olueff T( gs _Vth _% ds ( I/dsSI/gs—I/th) (4'1)
le,¢e W 2
Iy =35 % * U T(Vgs —Vin (Vas2Ves V)  (4-2)
0oX

under the gradual channel approximation [62]. Equation (4-1) indicates that Iz is
proportional to Visin the linear region (.e., Vis<Vee—Vin ), and Izis not dependent on

Vas and saturated in the saturation region G.e., Vis>Ves— Vi ).
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Figures 4-5 to 4-12 show the characteristics of the TFTs with a 1.4 nm NAOS
Si02/10 nm CVD SiO: stacked gate insulator structure and the NAOS SiO:z layer
formed with 68 wt% HNOs at 120 °C.

Drain current vs. drain-source voltage (/7 Va) curves for the TFTs with the
above stacked gate insulator structure are shown in Figure 4-5. The gate length
and the gate width are 0.9 and 10.0 pm, respectively. Due to the excellent leakage
characteristics of the NAOS SiOz layer, the thickness of the gate oxide layer in the
TFTs could be decreased to ~10 nm. The shrinkage of the gate oxide layer enables
miniaturization of TFTs, and I have succeeded in the fabrication of sub-micrometer
TFTs. It is noted that the sub-micrometer poly-Si TF'Ts could be operated correctly.
In spite of the low driving voltage below 3.0 V, the Ir Vi curves possessed ideal

features with high saturation currents. This result demonstrates that the TFTs can

L=0.9 pm
1
5&[] | I I I V?ga {V}.
" P-chTFT NchTFT 3.9

vds {V}
Figure 4-5. 1 Vas curves for the TFTs with the 1.4 nm NAOS SiO2/10

nm CVD SiOs stacked gate insulator structure. ZLis 0.9 pm and Wis 10.0

am.
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be operated even at 1.0 V.

Figures 4-6 and 4-7 show the drain current vs. gate-source voltage (Jr V)
curves at | Va|=0.1 V for TFTs with and without a NAOS SiO: layer, respectively.
The drain current largely changed with the gate voltages in the region between 0 and
1 V for the N-ch TFTs and between —1 and O V for the P-ch TFTs. The sharp
features of the Ir Ves curves indicated low Svalues.

Figures 4-8 and 4-9 show the scatter diagram of on-current (Z,») vs. off-current
(Lg i.e., current at | Ves|>~1.5 V) for N-ch and P-ch TFTs, respectively. . was
measured at | Vas|=3.0 V and | Vg |=3.0V, while L# at | Vas|=3.0Vand | Ves|=1.0 V.
Lotz for the N-ch and P-ch TFTs with the NAOS SiOz layer was lower by ~2 orders of
magnitude than those without it. The ZL# for the TFTs with the 1.4 nm NAOS
Si02/10nm CVD SiO: stacked layer was nearly the same as that for the TFTs with the
20 nm CVD SiO: layer. Similar low Lz was obtained from the TFTs with the 3.6
pm gate length.

With the NAOS SiO: layer, lo# became much lower than that without it, which
demonstrated that the 1.4 nm NAOS interfacial SiOz layer could effectively block the

gate leakage current.

Figure 4-10 shows the Svalues of the TFTs with and without a NAOS SiO2
layer at | Vas|=3.0 V. The Svalues were between 65~80 mV/dec, and were almost
the same for the TFTs with the gate length of 0.9 and 3.6 pm. These S'values were
significantly low and close to the ideal value (.e., theoretical limit) of 60 mV/dec at
room temperature [63,64], which corresponded to the situation where the whole gate
bias was applied to Si for the band bending. This situation is satisfied when the net
bias voltage across gate oxide should be negligibly low, which is, in turn, satisfied by

thin gate oxide and low interface state density [56].

The interface state density can be calculated from the S'values which represent
the behavior of the sub-threshold current of TFTs. The sub-threshold current is

expressed as

|l =u w ESinA_(kT) exp—q(vgs V) (1—exp—_qusj (4-3)
©OT LY 4w, \q nkT kT
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Figure 4-7. I Vs curves for the TFTs with the 10 nm CVD
SiOgz gate insulator structure.

63



N-ch TFT (L=0.9 ym)

107
Vd,—3 \'

> 1048 L :
T 10 10nm CVD
“3,1 0 | .‘ I
®© 1019  20nm CVD -
E A1) +#—IFF’:& oﬁ g
310 i 1.4nm NAOS/
<1012} +ﬁ 10nm CVD I
- 30 nm CVD

10.13 . A L .

60 80 100 120 140 180
lon (HA/pm) at V, =3 V
Figure 4-8. Scatter diagram of Ion vs. L# for the N-ch TFTs

with and without a NAOS layer.
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TFTs with and without a NAOS layer.
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Figure 4-10. Svalue of the TFTs having the 10 nm CVD SiOq
gate insulator with (w/) and without (w/o) a NAOS SiO: layer.
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where &s;is a relative dielectric constant of Si, ¢ is the elementary electric charge, Na

is the donor (or accepter) density, W5 is the surface potential, k& is the Boltzmann

constant, 7" 1is the absolute temperature, and n1is given by

Ne Cox +C4+C,

(4-4)
COX

where Coxis the gate insulator capacitance, Cysis the Si depletion capacitance, and Ci
is the capacitance due to interface states [65]. Using these equations, the S-value at

room temperature (300 K) is given by

-1
5| 000gle) | _ kT4 o6n V] (4-5)
OV g gloge

Using Equations (4-3) to (4-5) and assuming that Czis much lower than Ci
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because of the non-doped poly-Si layer, the interface state densities ( Dj) for the N-ch
and P-ch TFTs were calculated to be 5.5X101 and 3.3X 10 /emZ2eV, respectively.
These interface state densities are considerably low for the poly-Si TFTs fabricated
with the low temperature process below 500 °C, considering that those for thermal
oxide/Si(111) and Si(100) are 1.5X 10! and 2.0 X 10 /cm2eV, respectively (cf. Figure
4-13) [66]. The higher D for the N-ch TFT than that for the P-ch TFT indicates that
Dit 1s higher near the conduction band than near the valence band. These low D
and S'values were ascribed to the thin gate insulator and the high quality NAOS
S109/S1 interface.

The field-effect mobilities (uzr) were 100-200 cm?/Vs for the N-ch TFTs and
80-120 ¢cm?/Vs for the P-ch TFTs as shown in Figure 4-11. These mobilities were

L=3.6 pm L=0.9 pm
N-ch P-ch N-ch P-ch

Vel =0.1V

i ]

250

200

—
&
=

—

]

=
T

iee [cMVs]

wio w/ wio w/ wio w/ wio wl

NAQOS layer

Figure 4-11. Field-effect mobility of the TFTs having the 10 nm CVD
SiO: gate insulator with (w/) and without (w/0) a NAOS SiO: layer.
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higher than those of poly-Si TFTs reported in previous literature [20,67], which is
attributable to the lower scattering effect by high quality NAOS SiO2/Si interfaces.
The difference in the mobility for the N-ch and P-ch TFTs is most probably due to the
difference in the hole (450 cm2/Vs) and electron (1500 cm?/Vs) intrinsic mobility of
bulk Si [56].

The Vi, was 0.2~0.4 V for the N-ch TFTs and —0.4~—0.5 V for the P-ch TFTs as
shown in Figure 4-12. For achieving such low threshold voltages, the following
requirements should be satisfied: 1) capacitance of an SiO:2 layer much higher than
that of the poly-Si layer, 2) low interface state density, and 3) low oxide fixed charge
density. When requirements 1) and 2) are satisfied, most of the bias voltage is

applied to poly-Si, but not to SiO2, leading to a change in the Si band-bending with

L=3.6 pm L=0.9 pm
N-ch P-ch N-ch P-ch

[Vgs|=3V

0.8
0.8
04r o 8 -
0.2 B | :
u_ o
= 0.2t -
0.4} | -
0.6} [} i i J
0.8

th (V)

wio w/ wio w/ wio wi wio w/
NAOS layer

Figure 4-12. Threshold voltage of the TFTs having the 10 nm CVD
SiO: gate insulator with (w/) and without (w/o0) a NAOS layer.
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Figure 4-13. The interface state density in thermal SiO:z on Si

substrate [65].

nearly the same magnitude as the gate bias voltage.

The low Vi and the low L#were achieved due to the small Svalues, leading to
the sharp switching characteristics of the TFTs.

As the low gate leakage current for the TFTs with the NAOS SiO: layer formed
at 120 °C is ascribed to (i) a low interface states densities by direct oxidation of
poly-Si surfaces, (ii) a uniform thickness NAOS SiO: layer, and (iii) a high atomic
density of the NAOS SiOz layer resulting in a high band discontinuity energy at the
Si02/Si interface.

Figures 4-14 to 4-18 show the characteristics of the TFTs with a 1.8 nm NAOS
S102/20 nm CVD SiO: stacked gate insulator structure with the NAOS SiO: layer
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formed with 68 wt% HNOs at room temperature.

Figure 4-14 shows the I+ Vis curves for the TFTs with the above stacked gate
insulator structure. The Ir Vus curves possessed ideal features with high saturation
currents. The gate lengths for Figures 4-14 a, b, ¢, and d are 4, 2, 0.9, and 0.6 pm,
respectively. The saturation current increased with a decrease in the gate length,
and for the TFTs with sub-micrometer gate length, the saturation current was
sufficiency high even at the supply voltage of 1.5V, indicating that the TFTs could be
operated at 1.5 V.

Figure 4-15 shows the threshold voltage, Vi, of the TFTs with the 1.8 nm NAOS
Si02/20 nm CVD SiOs stacked gate insulator structure. Vi for both the P-ch (Figure
4-15 a) and N-ch (Figure 4-15 b) TFTs didn’t strongly depend on the gate length and
it was approximately —0.6 and 0.6 V, respectively. These low threshold voltages
made it possible to operate the TFTs at the low voltage. No short-channeling effect
[68,69] was observed even in the sub-micrometer gate length region by use of the thin
gate insulator [70].

Figure 4-16 shows the Ir Vg curves for the TFTs with the stacked gate insulator
structure. The drain-source voltage was 0.1 V for each curve. The drain current
largely changed with the gate voltages in the regions between —1 and 0 V for the P-ch
TFT and between 0 and 1 V for the N-ch TFT. The sharp features of the Is Ves
curves indicated low Svalues as shown below. /;in the positive gate voltage region
for the P-ch TFT and the negative gate voltage region for the N-ch TFT, i.e., L% was
10713~10" A, i.e., as low as the noise level, demonstrating that the 1.8 nm NAOS
Si02 layer effectively blocked the gate leakage current. The on/off current ratios for
the P-ch and N-ch TFTs were both ~10° (cf. the on/off ratio for conventional poly-Si
TFTs: ~107).

Figure 4-17 shows the S'value for the TFTs with the stacked gate insulator
structure. The Svalues for both the P-ch and N-ch TFTs were ~80 mV/dec in cases
where the gate length was larger than 1.0 pm.

Figure 4-18 shows the field-effect mobility vs. the gate length for the TFTs with
the stacked gate insulator structure. The mobilities of the P-ch and N-ch TFTs were
approximately 100 and 200 cm?/Vs, respectively, which could be considered to be
sufficiently high for poly-Si-based TFTs. The slight decrease of mobility for the

sub-micrometer TFTs with ~0.8 pm gate length is most probably due to dispersion
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Figure 4-14. I Vas curves for the P-ch (left) and N-ch (right) TFTs

with the 1.8 nm NAOS SiO2/20 nm CVD SiO: stacked gate insulator

structure having following gate length:

(d) 0.6pm.

because the size of a single grain in poly-Si is close to the channel length.

(@) 4 pm; (b) 2 um; () 0.9 pm;

Figures 4-19 and 4-20 and Table 4-1 show the characteristics of the TFTs with a

1.8 nm NAOS Si02/40 nm CVD SiOs stacked gate insulator structure with the NAOS

Si02 formed with 68 wt% HNOs at room temperature.

The 40 nm-thick CVD SiOsg

layer was used in these TFTs in order to secure a large margin for proper operation of

the large-scale circuits (cf. Section V).

70



——
2

Vin [V]

at 1, = (W/L)*107 [V]

(b)

Vin [V]

atl, = (W/L)*107 [V]

Figure 4-15.

0 P-ch TFT
w-m um, Vy.=-0.1V
0.5
[ 000 0
1.0t
S~ 23
L [pm]
15 N-ch TFT

—
o

L ]
on
L L I L L

w-1u um, V,.=0.1V

| -

a ]

L [pm]

Threshold voltage vs. the gate length for the TFTs with
the 1.8 nm NAOS Si02/20 nm CVD Si0:2 stacked gate insulator structure:

(a) P-ch TFT; (b) N-ch TFT.

71



(a) 10- P-ch TET
103 LLW=3.6 ym/10 pm, V,,=-0.1 \L
104 - -

1[}-'5— —

54321012 3
Vg V]

{h} 1u_= - ; ”rc-thFlT 1 i
10-2 HLW=3.6 pm/10 pm, V=01V -
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Figure 4-19 shows the /s Vs curves for the TFTs with the above stacked gate
insulator structure. The gate lengths for Figures 4-19 a, b, and ¢ are 3.5, 8, and 12
um, respectively. The drain-source voltage was 0.1 V for each curve. Figure 4-20
shows the /Ir Vs curves for the TFTs with the above stacked gate insulator structure.
The gate length for Figures 4-20 a, b, and c, is 3.5, 8, and 12 pm, respectively. The
I Vis curves were measured for various gate-source voltages between 0.5 and 5.0 V.

Table 1 shows the obtained electrical characteristics for the fabricated TFTs, 1.e.,
threshold voltage (Vi), effective mobility (zze#), sub-threshold coefficient (S, and
on/off ratio. Table 1 displays electrical characteristics of the fabricated TFTs
obtained from averaging the values for 25 TFTs. The pes estimated from linear
extrapolation of the I+ Vs curves were 170~208 cm?2/Vs for the N-ch TFTs and 70~78
cm?/Vs for the P-ch TFTs both with Z=3.5 um. The threshold voltage was 0.55~0.81
V for the N-ch TFTs and —1.23~-1.46 V for the P-ch TFTs both with 7=3.5 pm. The
S-values were 90~110 mV/dec. and 75~90 mV/dec. for the N-ch and P-ch TFTs both
with Z=3.5 um, respectively. Using Equations (4-3) to (4-5), the interface state
densities (Dj) for the N-ch and P-ch TFTs are calculated to be 3.2 X 10! and 1.8 X 101
/lecm2eV, respectively. The dispersion was found to be sufficient small to enable 1.5 V

operation of the circuits.

Since a leakage current flows through the gate SiOz layer in thin regions and/or
via defect states such as interface states and foreign species in SiOg, a thick gate
oxide layer in the range between 80 and 150 nm is needed to achieve a sufficiently
low leakage current for commercial TFTs. The thick gate oxide layer seriously
increases the threshold voltage and the TFT operation voltage. Since TFT power
consumption, P, is proportional to the square of the operation voltage, V,
(conventional TFT operation voltage: 12~15 V vs. commercial LSI operation voltage:
1.2~1.5 V), the thick gate oxide layer drastically increases TFT power consumption.
Moreover, the thick gate oxide layer makes it difficult to miniaturize TFTs.

The above argument indicates that a decrease in the gate oxide thickness is
indispensable for a vast decrease in the TFT power consumption and also for

miniaturization [8]. Since the ultra-thin NAOS SiO: layer with a low leakage
current is intervened between the poly-Si thin film and the CVD SiO: layer, the total
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Figure 4-19. I Vgs curves for the P-ch and N-ch TFTs with the 1.8
nm NAOS SiO2/40 nm PE-CVD SiO: stacked gate insulator structure.
The gate lengths of the TFTs are (a) 3.5, (b) 8, and (¢) 12 pm.
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Figure 4-20.

NAOS Si02/40 nm PE-CVD SiO: stacked gate insulator structure.

Drain Current [10%A] =

s

Drain Current [107A]

()

Drain Current [107A]

L=3.5 pm, W=10 pm
5.0 - P

4.0
3.0
2.0
1.0

L=8.0 pm, W=10 pm
3.0 H ¥

2.0

1.0

0.0

L [Vs|=0.5 to 5V
- step0.5V

 —

54321012345
Drain-Source Voltage [V]

[Vys|=0.5 to 5V
I step0.5V

Nch-TFT

54321012345

Drain-Source Voltage [V]

L=12.0 pm, W=10
20 H pm

1.0

0.0

[Vgs/=0.5 to 5V
step0.5V
Nch-TFT

Pch-TFT

54321012345

Drain-Source Voltage [V]

Ir Vis curves for the P-ch and N-ch TFTs with the 1.8 nm

lengths of the TFTs are (a) 3.5, (b) 8, and (c) 12 pm.
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n-ch

LIum] | s [cmgws] vth [V] (S [mVidec] ohfoff
35 186 0.64 106 3.7x10°
8 213 0.74 93 3.2x10°
12 200 0.79 95 2.8x10°
p-ch
LIum] | s [cmzNS] vth [V] (S [mVidec] ohfoff
35 75 1.37 88 4.4x10°
8 99 0.98 77 1.6x10°
12 99 0.97 82 3.0x10°
Table 4-1. Electrical characteristics of the N-ch and P-ch TFTs

fabricated with the NAOS SiO/PE-CVD SiO: stacked gate insulator

structure and various channel lengths ().

oxide thickness could be reduced due to blocking the leakage current by the
interfacial oxide layer.
the stacked gate insulator enable low voltage and high frequency operation of the

electrical circuits, and the small Svalue and the large on/off ratio make stable

operation possible (cf. Section V).

As shown in Equation (1-1), the power consumed by TFTs is proportional to the
square of the operation voltage, and therefore, the consumed power is expected to
decrease to (1.5/15)2 =1/100 of currently commercially available TFTs with the
operation voltage of 15 V. The consumed power can be further decreased by

miniaturization of TFTs, which leads to a reduction in capacitive load.

IV — 3. Summary
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I have fabricated poly-Si TFTs with the NAOS SiO2/CVD SiO: stacked gate

insulator structure on glass substrates. Measurements of I+ Ves and Ir Vs curves

lead to the following results and conclusion:

1)

2)

3)

4)
5)

6)

7)

For the poly-Si TFTs with 1.4 nm NAOS SiO2/10 nm CVD SiO: stacked gate
isulator, the /s Vascurves show saturated behavior, and the saturation current is
high enough for switching function even at the low operation voltage of 1.0 V.

The threshold voltages are lower than 0.5 V for both of the N-ch and P-ch TFTs.
The off-current is as low as the noise level (i.e., 10-13~10-14 A), leading to the high
on/off ratio of 10°.

The Svalues for both the N-ch and P-ch TFTs are as low as 65~80 mV/dec.

The interface state densities estimated from the Svalues are 5.5X 10! /cm2eV for
the N-ch TFTs and 3.3 X 10" /cm2eV for the P-ch TFTs.

The field-effect mobility is ~200 cm?/Vs for the N-ch TFTs and ~100 cm?/Vs for the
P-ch TFTs.

A short channel effect does not occur even for the TFTs with sub-micrometer gate

length.

The excellent TFT characteristics, such as the high carrier mobility, low Vi, and

small S-value, are attributable to 1) thin gate oxide thickness, 2) low interface state

density, and 3) low oxide fixed charge density, all resulting from excellent electrical

characteristics of the ultra-thin NAOS SiOz layer intervened between the poly-Si thin

film and the CVD SiO: layer. These poly-Si TFTs are expected to operate electrical

circuits at 1.5 V, leading to decreasing the power consumption to ~1/100 of that of

conventional TFTs operated at 15 V.

79



V. Performance of Poly-Si TFT Circuits

V - 1. Ring Oscillators

A ring oscillator is composed of plural stages of CMOS inverters connected in
series (cf. Figure 5-1), and is useful for evaluating dynamic characteristics of
transistors. I have fabricated several ring oscillators composed of the poly-Si TFTs
described in Figures 4-19 and 4-20, and the fundamental circuit performance was
evaluated. = The performance of the ring oscillators was characterized by
measurements of their oscillating frequency and consumed current at various supply

voltages.

The fabricated ring oscillators were composed of 19 and 37 stages of CMOS

inverters, accompanied with additional buffering inverters with which the operating

Popo- o

IN ouT

_c”:'!' VDD A
—

— GND
\ InverterGircuit/

Figure 5-1. Schematic of the ring oscillator composed of 19
or 37 stages of CMOS inverters.
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signal could be measured. The gate length () and the gate width () of the TFTs
composing the ring oscillators were 3.5 and 10.0 pm, respectively.

Figure 5-2 shows the waveform of the ring oscillator with 37 stages of inverters
at 3.0 V supply voltage. The waveform was observed at the output of the buffering
circuit with a negligibly small load which did not influence the behavior of the ring

oscillator. The period of the signal wave was 290 ns, corresponding to the oscillating
frequency of 3.45 MHz.

Figure 5-3 shows the measured oscillating frequency vs. the supply voltage
(Vpp) for the ring oscillators composed of (a) 19 and (b) 37 inverters with the TFTs of
[=3.5 pm. It was found that the oscillating frequency was almost linearly
dependent on the supply voltage with the offset of ~1 V. The delay time per one
inverter is calculated to be 16.2~17.4 and 3.9~4.0 ns at Vpp=1.5 and 3.0 V,

respectively. Here, the delay time is defined as the average value of the rise time

J7-stages ring oscillator

T T I T T T I T T T T I T T

3.0/l pud H H Pl -

Vout [V]
en
|
|

LR T T 7o N VO R T I Y | N
-500 0 500
Time [ns]
Figure 5-2. Waveform of the ring oscillator with 37 stages of
inverters. The period of the waveform corresponds to the inverter

delay time multiplied by twice of the number of the inverter stages.
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L=3.5 ym, W=10

16.0
14.0
12.0
10.0
8.0
6.0
4.0
2.0
0.0

Frequency [MHz]

1.0 3.0 5.0
Supply Voltage [V]
Figure 5-3. Oscillating frequency of the ring oscillators of (a) 19
stages and (b) 37 stages of inverters vs. the supply voltage. L and

W are 3.5 and 10.0 um, respectively, and the thickness of the CVD
Si10:2 layer is 40 nm.

and the fall time, which correspond to the delay time of P-ch TFT and N-ch TFT,
respectively.
The delay time ¢ of an inverter can be theoretically calculated using the

following equation [71,72],

Vol Voo +a 1 CV
t=| = Skt (5-1)
lta 2|7 2y
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where

tT — C:LVDD %‘i‘ VDO In 1OVDO:| (5_2)
loo | 0.8 0.8Vy, €eVpp
Voo =Voo _Nth‘ (5-3)
1W ¢ 2
loo = ET%ﬂeﬁ (VDD _Ivth |) (5-4)
C, =2Lw 2o (5-5)
ox

where e is the base of natural logarithm (.e., 2.71¢++), a takes 2.0 under the
Shockley model, &« is the dielectric constant of SiO2, 7oxis the thickness of the gate
insulating layer, and per is the effective mobility of TFTs, and (. is the load
capacitance of each inverter. In this case, Cr is almost the same as the sum of the
gate capacitance of the N-ch and P-ch TFTs of the next stage inverter, because of a
negligibly low parasitic capacitance for the wiring on the glass substrate. From
Equations (5-1) to (5-5), the oscillating frequency, f, which is inversely proportional

to the delay time of the inverter, is expressed as

. 1
m (5-6)

where s 1s the number of the inverter stages in a ring oscillator, #, is the falling
delay time by N-ch TFT, and # is the rising delay time by P-ch TFT. Using Equation
(5-6), the oscillating frequency was calculated to be 3.10 MHz for 37 stage ring
oscillator at 3.0 V supply voltage, in good agreement with the measured value of 3.45

MHz as shown in Figure 5-3.

Figure 5-4 shows the consumed current vs. Vpp for the ring oscillators composed
of (a) 19 and (b) 37 inverters with the TFTs of Z=3.5 um. It was found that the
consumed current monotonically increased with the supply voltage. Since the
frequency increased with the supply voltage as described above, the consumed
current increased as a parabolic function of the supply voltage. The current
increase resulted from 1) an increase of the supply voltage, and 2) an increase of the

oscillation frequency which was caused by the increase in the supply voltage.
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Figure 5-4. Consumed current of the ring oscillators of (a) 19 stages
and (b) 37 stages of inverters vs. the supply voltage. L and W are 3.5
and 10.0 um, respectively, and the thickness of the CVD SiO: layer is 40

nm.

V - 2. LCD Driver Circuits

I also designed and fabricated LCDs having monolithic driver circuits with the
poly-Si TFTs described in Figures 4-19 and 4-20, and measured their consumed
power and the highest frequency at which the circuits could be properly operated.

Figure 5-5 shows the schematic diagram of the LCD manufactured with the
NAOS process. Table 5-1 shows the specification of the fabricated LCD. Figure 5-6
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shows the photograph of the LCD taken from the backside, and the inset depicts the
enlarged photograph of the gate driver circuit implemented in the LCD. The display
format is QVGA (320xRGBx240 pixels), and the display size is 2.0 inch diagonal,
which have been widely adopted for mobile digital equipments such as cellular
phones and digital still cameras. As shown in Figures 5-5 and 5-6, the LCD was
composed of three components: 1) a pixel array (active area), 2) a binary data driver
located on the bottom side of the pixel array, which outputs the image data to the
pixel array, and 3) a gate driver located on the left side of the pixel array, which

writes and stores the image data in each pixel of the arrays.

GL239H—9—o—» J
PIX|[|PIX|[|P1X| - PIX
! Pixel Array
g | L | || ! 320xRGBx240| |
L
£ GL2{{|s—le1e o
© M M — PIX
GL1 (8= —18 ,
N — *Pix
GLO 1 #—ro—19 e
M — PIX
4 y
» DLO DL1 DL2 -~ DL959
bt Binary Data Driver
3
P i it it S B i
: 1~ Terminal
\32 2 %5 % %% %,
T
mx¥ QoM X
= -
205860
00 a n ..g
(]
Figure 5°5. Block diagram of the LCD with the monolithic driver

circuits. The display is composed of a pixel array, a gate driver, and a

binary data driver.
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Display Size 2 inch diagonal
Pixel Size 43 ym x 129 um (200 dpi)
Number of Pixels 320 x RGB x 240
Active Area 41.28 mm (W) x 30.96 mm (H)
Outline Dimension 46.50 mm (W) x 45.00mm (H)
Design Rule 3 Hm
Display Mode Transmissive
Supply Voltage 156V
Operation Frequency |3.0 MHz (Binary Data Driver)
Frame Rate 60 Hz
Power Consumption |100 pW
Table 5-1. Specification of the 2.0 inch-diagonal LCD fabricated by the
NAOS process.

Active Area
( 2 inch diagonal )

Binary Data Driver

Figure 5-6. Photograph of the fabricated LCD with the monolithic driver
circuits on the glass substrate. The inset depicts the enlarged photograph of

the gate driver circuit.
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The detailed schematic structure of the developed binary data driver is shown
in Figure 5-7. The binary data driver was composed of plural sets of the clocked
RS-flipflop (RS-FF), the D-latch (LAT), and the buffer circuit (BUF). Each of the
serially-connected clocked RS-flipflops, which constructs a shift register, periodically
generates the timing signals from the strobe signal (D-STB) and the clock signal
(D-CLK). The timing signal samples the image datum (Data [0:2]) at each of the
D-latches, and the buffer circuit outputs the image datum to each of the data lines
(DL). The image data were written to the pixels (PIX) synchronously with the gate
line (GL) signals which were controlled by the gate driver [73,74].

It is noted that the binary data driver includes no analog amplifiers which
consume a high current. Therefore, the binary data driver for an LCD enables to
reduce the power consumption greatly, which realizes displaying some information
anytime on the mobile equipments, although the number of displaying colors is

restricted to two or eight.

For general operation at 60 Hz frame frequency, the operation frequency of the
binary driver was 3.0 MHz, and the gate driver was operated at 7.5 kHz at that time.
I measured the maximum operation frequency of the binary data driver for various

supply voltages, and its shmoo-plot is shown in Figure 5-8. The sign “P” in the

B o i A e 2 e 2 A 2 I
5 R s R s R 5 R 5 R s R s R
RS-FF RS-FF RS-FF --- | RS-FF RS-FF RS-FF RS-FF
CK_Q CK_Q CK_Q CK_Q CK_Q CK_Q CK__Q
pcLk—e F ¢ - . . iy
*— *—
Data[0:2] ---
20 1 3 A 3 3
A 4 A 4 h 4 h 4 h 4 A 4
D ckK D CK D CK D cK D CK D CK
LAT LAT LAT - LAT LAT LAT
Q Q Q ! a Q
N T R T I
in in in in in in
BUF BUF BUF -—— | BUF BUF BUF
out out out out out out
T T
DL[0:2] DL[3:5] DL[6:8] DL[951:953] DL[964:956]  DL[957:969]
Figure 5-7. Schematic diagram of the binary data driver integrated on

the LCD shown in Figures 5-5 and 5-6.
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Figure 5-8. Shmoo-plot of the binary data driver circuit of the

fabricated LCD. “P” indicates successful operation at each of the

operation frequency and the supply voltage.

shmoo-plot indicates that the driver could be successfully operated under each
condition of the operation frequency and the supply voltage. The plot demonstrates
that this driver could be operated at 3.0 MHz with the supply voltage of 1.5 V, which
was considerably low compared to 12~15 V for conventional poly-Si TFT-based L.CDs
[74].

Table 5-2 shows the consumed current measured for both the gate driver and
the binary data driver circuits at various supply voltages and operation frequencies.
The gray cells in Table 5-2 indicate the frequency region where the driver could not
operate successfully at the given supply voltage. The power consumption at 1.5 V

supply voltage for the typical operation frequency (3.0 MHz) was 100 pW which was
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(a) Gate Driver [pA]

06 |10 |20 |30 |40 |50 |60 |70 | 80 | 9.0 |[MHZ]
1.1 | 0.20

1.5 | 0.25 | 0.34 | 0.58 | 0.84

20 |0.31 |047 | 0.82 | 1.20 | 1.65 | 2.10 | 2.50

25 | 039 | 061 [1.07 | 1.59 | 217 | 2.74 | 3.27 |3.79 | 4.32 | 5.00
3.0 /048 |0.75 | 1.33 | 2.00 | 2.70 | 3.40 1 4.07 | 4.73 | 5.33 | 6.20
(vl

(b) Binary Data Driver [uA]
(MHz]
1.5 | 14.8
2.0 |20.9 |33.9 | 658 | 96.2
25 |29.1 [46.0 | 88.3 |129.3
3.0 |374 | 591 [112.4 |164.6 |215.4 |265.5 399.4 |431.9
(vl
Table 5-2. Consumed current by (a) the gate driver and (b) the binary

data driver at each of the operation frequencies and the supply voltages.
Gray cells mean that the driver could not operate successfully under the

condition.

lower by approximately two orders of magnitude than those of conventional LCDs.

Figure 5-9 shows the display image of the checker pattern on the 2.0
inch-diagonal LCD fabricated by the NAOS process. It was found that both of the
binary data driver and the gate driver could operate successfully and the LCD could

also function properly.

V-3. Summary

I have fabricated ring oscillators and driver-monolithic LCDs with the poly-Si
TFTs which have 1.8 nm NAOS Si02/40 nm CVD SiO:2 stacked gate insulator
structure on glass substrates. Measurements of the operation frequency and the
consumed power lead to the following results and conclusion:

1) The fabricated ring oscillators oscillated even at 1.5 V supply voltage.
2) The oscillation frequency of the ring oscillator with 37 stages was 3.45 MHz at 3.0
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Figure 5-9. Photograph of the display image of the ultra-low power
LCD fabricated with the NAOS process.

V supply voltage in good agreement with the theoretical calculation, indicating

that the circuits operated ideally.
3) The driver circuits for 2.0 inch-diagonal LCD were operated successfully even at
1.5 V supply voltage, and the ultra-low power consumption of approximately 100

W, which was about 1/100 compared to that of conventional ones, was achieved.

These performances of circuit operation were due to excellent performance of

the poly-Si TFTs with the ultra-thin NAOS interfacial SiOz layer having excellent
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properties as described in the previous sections. As a conclusion, it was proven that

the ultra-low power consumption for LCDs can be achieved with the NAOS method.
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VI. Conclusions and Future Work

In this thesis, I have described the NAOS method as a direct oxide method at
low temperatures below 120 °C, and evaluation of properties of fabricated SiO2/Si
structure by spectroscopic analyses and electrical measurements. I have focused,
especially, on an ultra-thin NAOS Si0: film on a poly-Si rough surface and confirmed
that the NAOS method can achieve excellent SiO2/Si interface properties as well as
good bulk properties. I have also confirmed that poly-Si TFTs with the NAOS
Si02/CVD Si0:2 stacked layer as a gate insulator can operate even at 1.0~1.5 V supply
voltage, and thus, the consumed power can be decreased to ~1/100 of conventional
TFTs with CVD SiO2 operated at 15 V. The bulk and interfacial properties have
been analyzed properly using XPS, FT-IR, and electrical measurements such as I-V
and C-V characteristics. From these observations, the following conclusions are

obtained:

Concerning the formation of the NAOS SiO:z layer and their properties;

1) An ultra-thin SiO2 layer can be formed by the NAOS method with various HNOs
concentrations and temperatures on Si(100) substrates and poly-Si thin films.

2) Measurements of the Si 2p XPS spectra indicate that the NAOS oxide thickness is
in the range between 1.1 and 1.8 nm and it does not depend on the HNOs
concentration when it is higher than 40 wt%.

3) The densities of sub-oxide species, Si*, Si2*, and Si3*, in the NAOS oxide layer are
negligibly low.

4) FT-IR measurements indicate that the atomic density of the NAOS SiO: increases
with the HNOs concentration and the temperature, 1.e., 2.32X10%2 atoms/cm? for
oxidation with 68 wt% azeotropic HNOs at 120 °C, which is higher than that of
thermally grown SiOz of 2.28%x10%2 atoms/cm3.

5) The valence-band discontinuity energy at the NAOS SiO2/Si interface increases
with the HNOs concentration, which is caused by an increase of the SiO2 atomic

density.
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Concerning the electrical characteristics of the MOS diodes with an ultra-thin

NAOS SiO: layer;

6) I-V measurements indicate that the NAOS SiO: layer possesses a considerably
low leakage current density (e.g., 100 A/cm2 at 8 MV/cm), which is nearly the
same as that of thermally grown SiO:z layer

7) The leakage current is greatly decreased with the HNOs concentration and by
POA at 400 °C in wet-oxygen, which is due to the large valence-band discontinuity
energy, low interface state densities, and negligibly low densities of sub-oxide
species.

8) C-V measurements show that the POA at 400 °C in wet-oxygen decreases the
density of oxide fixed charges from +2.8x10!2 to —1.0x10" /cm?

9) C-V measurements indicate that Si02/Si interface states are not generated by the
POA at 400 °C in wet-oxygen.

10) These excellent characteristics are due to a uniform thickness and high atomic

densities of the NAOS SiO: layer and passivation of the SiO2/Si interface states.

Concerning the electrical characteristics of the poly-Si TFTs with an ultra-thin

NAOS Si02/CVD SiO2 stacked layer;

11) I Vas measurements show that the Vi are lower than 0.5 V and the Svalues are
as low as 65~80 mV/dec for both of the N-ch and the P-ch TFTs, leading to the
high saturation current enough for switching function even at the low operation
voltage of 1.0 V.

12) The off-current is as low as the noise level (i.e., 10-13~10-14 A), leading to the high
on/off ratio of 10°.

13) The interface state densities estimated from the S-values are 5.5x101! /cm2eV for

the N-ch TFTs and 3.3x10 /cm2eV for the P-ch TFTs.
14) These excellent electrical characteristics are due to the ultra-thin NAOS SiOs
layer intervened between the poly-Si thin film and the CVD SiOz layer.

Concerning the electrical performance of the poly-Si TFT circuits;

15) The ring oscillator with 37 stages is oscillated at 3.45 MHz and 3.0 V, in good
agreement with the theoretical calculation, indicating that the TFTs with the
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NAOS SiO: layer can be operated ideally.

16) The driver circuits for 2.0 inch-diagonal LCD can be operated successfully even at
1.5 V supply voltage, and the ultra-low power consumption of approximately 100
W, which is about 1/100 of that of conventional LCDs, is achieved.

Concerning the analyses method for SiOz films and SiO2/Si interfaces;

17) XPS core level spectra in the Si 2p region are useful to estimate the thickness of
ultra-thin SiO: films and the concentration of sub-oxides species.

18) FT-IR spectra of asymmetric Si-O-Si stretching vibrational modes are available to
estimate the atomic densities of SiOz films.

19) XPS valence-band spectra can be used for estimating the valence-band
discontinuity energy at the SiO2/Si interfaces.

20) Measurements of C-V characteristics give the densities of oxide fixed charges and
slow states at the SiO2/Si interfaces.

21) Si02/Si interface state densities can be estimated by sub-threshold coefficients

derived from Is Ves measurements of TFTs.

As described above, it has been found that the NAOS method can form an
ultra-thin SiO:z layer with excellent bulk and interfacial properties on a rough surface
at low temperatures, and hence, the NAOS SiO:z layer enables high performance of

poly-Si TFTs and a vast power reduction of electrical circuits and systems.

It has been also found, in my study, that annealing processes such as POA and
PMA treatments are effective to improve the properties of SiO2 bulk and SiO2/Si
interface. Optimization of annealing conditions such as atmosphere, temperature,

time will further improve the characteristics of the NAOS Si102/S1 structure.

In this study, application of the ultra-thin NAOS SiO: to the gate insulator in
TFTs has been found to greatly decrease power consumption to ~1/100, which is
attributable to decrease in V and C (cf. Equation (1-1)). In order to further
decrease power consumption, a decrease in frequency, f , 1.e., the third factor, is
necessary. For this approach, I have a promising candidate, which is called as
Memory-in-Pixel (MIP) LCDs [75-77]. In the MIP LCD, each pixel has a static RAM

which stores the image datum. Therefore, it is not necessary to rewrite image data
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periodically, e.g., 60Hz. As a result, the MIP LCD can be operated at a much lower
frequency, e.g., 1 Hz, and it enables a further vast reduction of power consumption.
I believe that the combination of the NAOS process and the MIP technology is the

most promising candidate to achieve ultra-low power LCDs.

95



Acknowledgement

I am indebted to many people for directly and indirectly helping me with this
thesis.

I would like to thank my advisor, Dr. Hikaru Kobayashi of the Institute of
Science and Industrial Research, Osaka University, for his advice and support
throughout. I have learned a lot work with him for the past few years.

I would like to thank the staff of the Institute of Science and Industrial Research,
Osaka University, for their advice, encouragement, and knowledge transfer.
Especially, I am grateful to Dr. Taketoshi Matsumoto for his generous support and
advice throughout this study.

I would also like to thank Dr. Shigeki Imai of Corporate R&D Group, Sharp
Corporation, for his hearty encouragement and giving me the opportunity and
motivation to this study. I want to also acknowledge Prof. Kenji Taniguchi of
Division of Electrical, Electronic, and Information Engineering, Osaka University,
and Prof. Sumio Terakawa of the Institute of Science and Industrial Research, Osaka
University, for their useful discussion and advice on the device fabrication and
evaluation.

I am also grateful to Prof. Yasuhiro Nakazawa and Prof. Satoshi Tsukahara,
Faculty of Science, Osaka University, for their instructive advice and suggestions to
complete this thesis.

I want to thank Mr. Yasuhiro Hirayama of Corporate R&D Group, Sharp
Corporation, for his constant and wide support to this study. I also acknowledge Dr.
Hiroshi Tsuji of Division of Electrical, Electronic, and Information Engineering,
Osaka University, for helping measurement and evaluation of the poly-Si TFTs. 1
would like to thank Mr. Nobuhiko Suzuki and Mr. Kiyohito Itoh of HOYA Corporation,
for their support to measure the circuit performance. I want to also acknowledge Mr.
Jun Koyama and his staff of Semiconductor Energy Laboratories, for helping to
fabricate poly-Si TFTs. I am grateful to Mr. Hajime Washio, Mr. Kazuhiro Maeda,
Mr. Yasuyoshi Kaise, and Mr. Shuji Nishi, Display Device Business Group, Sharp

Corporation, for their cooperation to design the poly-Si TFT circuits.

96



Last but not least, I want to express my heartfelt gratitude to my wife, Ms.
Yasuko Kubota, my daughter, Ms. Kozue Kubota, and my son, Mr. Itsuki Kubota for

their love and support, without which this work could have not been done.

97



References

[1]

M. Creatore, S. M. Rieter, Y. Barrell, M. C. M. van de Sanden, R. Vernhes, and L.
Martinu, “Optical and chemical characterization of expanding thermal
plasma-deposited carbon-containing silicon dioxide-like films,” Thin Solid Films,
516 (23), 8547-8553 (2008).

C. Martinet, and R. A. B. Devine, J. Appl Phys, 77, 4343 (1995).

B. Bar, G. D. Wilk, and A. C. Seabaugh, Appl Phis. Lett., 69, 2727 (1996).

O. Maida, H. Yamamoto, N. Okada, T. Kanashima, and M. Okuyama,
“Electronic characterization of Si/SiO: structure using photo-CVD SiO:z thin
film on atomically flat Si substrate,” Appl Surf Sci., 130-132, 214-220 (1998).
D.-G. Park, and T.-K. Kim, 7hin Solid Films, 483, 232 (2005).

S. V. Nguyen, D. Dobuzinsky, D. Dopp, R. Gleason, M. Gibson, and S. Fridmann,
“Plasma-assisted chemical vapor deposition and characterization of high
quality silicon oxide films,” 7Thin Solid Films, 193/194 (2), 595-609 (1990).

S. Uchikoga and N. Ibaraki, “Low temperature poly-Si TFT-LCD by excimer
laser anneal, ” Thin Solid Films, 383 (1-2), 19-24 (2001).

L. Zajickova, V. Bursikova, Z. Kucerova, J. Franclova, P. Stahel, V. Perina, and
A. Mackova, J. Phys. Chem. Solids, 68, 1255 (2007).

D. Rieger, and F. Bachmann, Appl Surf. Sci., 54, 99 (1992).

H. Kinoshita, T. Murakami, and F. Fukushima, “Chemical vapor deposition of
SiO: films by TEOS/O: supermagnetron plasma,” Vacuum, 76 (1), 19-22 (2004).
V. E. Vamvakas and D. Davazoglou, “Thermodynamic study, compositional and
electrical characterization of LPCVD SiO:2 films grown from TEOS/N:20
mixtures,” Microelectron. Reliab., 38 (2), 265-269 (1998).

Asuha, T. Kobayashi, O. Maida, M. Inoue, M. Takahashi, Y. Todokoro, and H.
Kobayashi, Appl. Phys. Lett., 81 (18), 3410-3412 (1996).

Asuha, T. Kobayashi, M. Takahashi, and H. Kobayashi, “Spectroscopic and
electrical properties of ultrathin SiO: layers formed with nitric acid,” Surf. Sci.,
547 (3), 275-283 (2003).

H. Kobayashi, Asuha, O. Maida, M. Takahashi, and H. Iwasa, “Nitiric acid
oxidation of Si to form ultrathin of Si to form ultrathin silicon dioxide layers
with a low leakage current density,” J. Appl Phys., 94 (11), 7328-7335 (2003).
Asuha, S. Imai, M. Takahashi, and H. Kobayashi, “Nitric acid oxidation of
silicon at ~120 °C to form 3.5 nm SiO2/Si structure with good electrical
characteristics,” Appl Phys. Lett., 85 (17), 3783-3785 (2004).

98



S. Mizushima, S. Imai, Asuha, M. Tanaka, H. Kobayashi, “Nitric acid method
for fabrication of gate oxides in TFT”, Appl Surf Sci, 254 (12), 3685-3689
(2008).

G. Palumbo, and M. Pennisi, “AMOLED pixel driver circuits based on poly-Si
TFTs: A comparison,” Integration, VLSI J., 41 (3), 439-446 (2008).

R. H. Dennard, F. H. Gaensslen, H. N. Yu, V. L. Rideout, E. Bassous and A. R.
Le Blanc, “Design of Ion-Implanted MOSFET’s with Very Small Physical
Dimensions,” IEEFE J. Solid State Circuit, SC-9, 256 (1974).

S. Chen, I. C. Hsleh, “Polysilicon TFT technology will solve problems of mobility,
pixel size, cost, and yield,” Solid State Technol., 39 (1), 113-120 (1996).

S.D. Brotherton, C. Glasse, C. Glaister, P. Green, F. Rohlfing, J.R. Ayres,
“High-speed, short-channel polycrystalline silicon thin-film transistors,” Appl.
Phys. Lett., 84 (2), 293-295 (2004).

Harry G Walton, Mike Brownlow, Takuya Matsuo, Yasushi Kubota, Tetsuroh
Muramatsu, and Akihiko Imaya, “The System Integrated LCD,” 2005 Proc.
Euro Display (2005).

Y. Hirakata, M. Sakakura, S. Eguchi, Y. Shionoiri, S. Yamazaki, H. Washio, Y.
Kubota, N. Makita and M. Hijikigawa, “4-in. VGA Reflection-Type Poly-Si1 TFT
LCD with Integrated Digital Driver Using Seven-Mask CG Silicon CMOS
Process,” Society of Information Display Digest, 1014-1017 (2000).

Y. Nishi, T. Funai, H. Izawa, T. Fujimoto, H. Morimoto, M. Ishi,
“Characteristics of plasma-enhanced-chemical-vapor-deposition
tetraethlorthosilicate oxide and thin-film-transistor application,” Jpn. J. Appl.
Phys., 31 (1-12B), 4570-4573 (1992).

C. H. Kao, and C. S. Lai, “Performance and reliability improvements in
thin-film transistors with rapid thermal N20 annealing,” Semicond. Sci.
Technol., 23 (2), 025020-1 (2008).

Y. Z. Wang, O. O. Awadelkarim, J. G. Couillard, and D. G. Ast, “The effects of
substrates on the characteristics of polycrystalline silicon thin film transistors,”
Solid-State Electron., 42 (9), 1689-1696 (1998).

B. Stannowski, J. K. Rath, and R. E. I. Schropp, “Thin-film transistors
deposited by hot-wire chemical vapor deposition,” 7hin Solid Films, 430 (1-2),
220-225 (2003).

Y. Chen, K. Pangal, J. C. Sturm, and S. Wagner, “p-channel thin film transistor

and complementary metal-oxide-silicon inverter made of microcrystalline

99



[33]

silicon directly deposited at 320 °C,” JJ. Non-Crystal. Solids, 266-269, 1274-1278
(2000).

A. Saboundji, N. Coulon, A. Gorin, H. Lhermite, T. Mohammed-Brahim, M.
Fonrodona, J. Bertomeu, and J. Andreu, “Top-gate microcrystalline silicon
TFTs processed at low temperature (<200 °C) ,” Thin Solid Films, 487 (1-2),
227-231 (2005).

G. Lucovsky, T. Yasuda, Y. Ma, S. Hattangady, V. Misra, X. -L. Xu, B. Hornung,
and J. J. Wortman, JJ. Non-Crystal Solids, 179, 354 (1994).

P. C. Joshi, Y. Ono, and A. T. Voutsas, J. W. Hartzell, Electrochem. Solid-State
Lett., 7, G62 (2004).

H. Niimi, K. Koh, and G. Lucovsky, “Ultra-thin gate dielectrics prepared by
low-temperature remote plasma-assisted oxidation,” Nucl Instrum. Methods
Phys. Res. B, 127/128, 364-368 (1997).

H. Kakiuchi, H. Ohmi, M Harada, H. Watanabe, and K. Yasutake, “Formation
of silicon dioxide layers at low temperatures (150-400 °C) by atmospheric
pressure plasma oxidation of silicon,” Sci. Technol Adv. Mater., 8 (1-2), 137-141
(2007).

N. Kaliwoh, J.-Y. Zhang, and I. W. Boyd, “Ultrathin silicon dioxide films grown
by photo-oxidation of silicon using 172 nm excimer lamps,” Appl. Surf. Sci., 168
(1-4) 288-291 (2000).

J.-Y. Zhang, and I. W. Boyd, “Rapid photo-oxidation of silicon at room
temperature using 126 nm vacuum ultraviolet radiation,” Appl. Surf. Sci., 186
(1-4) 64-68 (2002).

K. Koike, K. Izumi, S. Nakamura, G. Inoue, A. Kurokawa, and S. Ichimura,
“Synthesis of silicon dioxide film using high-concentration ozone and evaluation
of the film quality,” /. Electron. Mater., 34 (3), 240-247 (2005).

S. Ichimura, A. Kurokawa, K. Nakamura, H. Itoh, H. Nonaka, and K. Koike,
“Ultrathin SiO2 film growth on Si by highly concentrated ozone,” Thin Solid
Films, 8377-378, 518-524 (2000).

H. Kobayashi, T. Yuasa, Y. Nakato, K. Yoneda, and Y. Todokoro, “Low
temperature catalytic formation of Si-based metal-oxide-semiconductor
structure,” J. Appl. Phys., 80 (7), 4124-4128 (1996).

H. Kobayashi, T. Yuasa, K. Yamanaka, K. Yoneda, and Y. Todokoro,
“Mechanism of platinum-enhanced oxidation of silicon at low temperatures,” /.
Chem. Phys., 109 (12), 4997-5001 (1998).

C. Voulgaris, A. Panou, E. Amanatides, D. Mataras, RF power effect on

100



[47]

TEOS/O2 PECVD of silicon oxide thin films, Surf Coat. Technol., 200 (1-4),
351-354 (2005).

E. A. Pecora, L. Maiolo, G. Fortunato, C. Caligiore, “A comparative analysis of
silicon dioxide films deposited by ECR-PECVD, TEOS-PECVD and
Vapox-APCVD”, J. Non-Crystal. Solids, 352 (9-20), 1430-1433 (2006).

W. Ken, and D. A. Puotinen, Z. C. A. Rev,, 187 (1970).

H. Ohtani, Y. Ogata, T. Mitsuki, M. Hiroki, S. Yamazaki, and M. Hijikigawa,
Society of Information Display Digest, 467 (1998).

J. Koyama, Y. Shionoiri, M. Azami, S. Yamazaki, and M. Higikigawa, AM-LCD
Digest, 29 (1999).

M. Azami, M. Osame, J. Koyama, H. Ohtani, S. Yamazaki, and Y. Kubota, S.
Naka, and M. Hijikigawa, Society of Information Display Digest, 6 (1999).

N. Makita, H. Sakamoto, S. Nakajima, M. Osame, and S. Yamazaki, AM-LCD
Digest, 6 (1999).

Asuha, Y. Yuasa, O. Maida, and H. Kobayashi, “Effect of postmetallization
annealing on ultrathin SiO: layer properties,” Appl Phys. Lett., 80 (22),
4175-4177 (2002).

F. J. Himpsel, F. R. McFeely, A. Taleb-Ibahimi, J. A. Yarmoff, and G. Hollinger,
“Microscopic structure of the SiOs/Si interface,” Phys. Rev. B, 38 (9), 6084-6096
(1988).

H. Kobayashi, T. Ishida, Y. Nakato, and H. Tsubomura, “Mechanism of carrier
transport in highly efficient solar cells having indium tin oxide/Si junctions,” /.
Appl. Phys., 69 (3), 1736-1743 (1991).

F. L. Galeener, A. J. Leadbetter, and M. W. Stringfellow, Phys. Rev., B-27, 1052
(1983).

C. T. Kirk, Phys. Rev., B-38, 1255 (1988).

P. Lange, J. Appl. Phys., 66, 201 (1989).

A. Lehman, L. Schuman, and K. Hiibner, Phys. Status Solidi, B-117, 689 (1983).
A. Asano, Asuha, O. Maida, Y. Todokoro, and H. Kobayashi, Appl Phys. Lett.,
80, 4552 (2002).

T. Sakoda, M Matsumura, and Y. Nishioka, Appl Surf. Seci., 117/118, 241 (1997).
H. C. Card, and E. H. Rhoderick, . Phys., D-4, 1589 (1971).

S.M. Sze, Physics of Semiconductor Devices, 2nd ed., Wiley, New York (1981).
H. S. Momose, M. Ono, Y. Yoshitomi, T. Ohguro, S. Nakamura, M. Saito, and H.
Iwai, “1.5 nm direct-tunneling gate oxide Si MOSFET’s,” IEFEFE Trans. Flectron
Devices, 43 (8), 1233-1242 (1996).

101



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,” IEEFE Electron Device Lett., 18 (5), 209-211
(1997).

J. Joseph, Y. Z. Hu, and E. A. Irene, “A Kinetics study of the electron cyclotron
resonance plasma oxidation of silicon,” JJ. Vac. Seci. Technol. B, 10 (2), 611-617
(1992).

M. Depas, R. L. Van Meirhaeghe, W. H. Laflére, and F. Cardon, Solid-State
Electron., 37, 433 (1994).

E. H. Nicollian, and J. R. Brews, MOS (Metal Oxide Semiconductor) Physics
and technology, Chapter 15, Willey, New York (1982).

C. Kittel, Introduction to Solid State Physics, John Wiley & Sons, Inc. (1956).
H.-C. Lin, C.-H. Kuo, G.-d. Li, C.-J. Su, and T.-Y. Huang, “Operation of a novel
device with suspended nanowire channels,” IEEE Electron Device Lett., 31 (5),
384-386 (2010).

D. K. Shroder, Semiconductor Material and Device Characterization, 3rd ed.,
Wiley, New Jersey (2006).

Y. Taur and T. H. Ning, Fundamentals of Modern VLSI Devices, 2nd ed.,
Cambridge University Press, New York (1998).

M. H. White, and J. R. Cricchi, “Characterization of Thin-Oxide NMOS Memory
Transistors,” IEEFE Trans. Electron Devices, ED-19, 1280 (1972).

K.-M. Chang, W.-C. Yang, C.-P. Tsai, “Electrical characteristics of low
temperature polysilicon TFT with a novel TEOS/oxynitride stack gate
dielectric,” IEEE Electron Device Lett., 24 (8) 512-514 (2003).

J. T. Lin, and Y. —C. Ehg, “Novel blocking technology for improving the
short-channel effects in polycrystalline silicon TFT devices,” IEEE Trans.
Electron Devices. 54 (12), 3238-3244 (2007).

G. Fortunato, A. Valletta, P. Gaucci, L. Mariucci, and S. D. Brotherton, “Short
channel effects in polysilicon thin film transistors,” 7hin Solid Films, 487 (1-2),
221-226 (2005).

G. W. Taylor, “The effects of two-dimensional charge sharing on the
above-threshold characteristics of short channel IGFETS,” Solid-State
Electronics, 22 (8), 701- 717 (1979).

T. Sakurai, "CMOS Inverter Delay and Other Analytical Formulas Using
a-Power Law MOS Model," International Conference on Computer Aided
Design, 74-77 (1988).

102



[73]

T. Sakurai, and A. R. Newton, “Alpha Power Law MOSFET Model and its
Applications to CMOS Inverter Delay and Other Formulas,” IEEE J. Solid
State Circuit, 25 (2), 584-594 (1990).

G. Cairns, C. Dachs, M. Brownlow, Y. Kubota, H. Washio, and M. Hijjikigawa,
“Multi-Format Digital Display with Content Driven Display Format,” Society of
Information Display Digest, 102-105 (2001).

H. Washio, K. Maeda, Y. Kaise, Y. Kubota, M. Higikigawa, M.J.Brownlow, and
G.A.Cairns, “TFT-LCDs with Monolithic Multi-Drivers for High Performance
Video and Low-Power text Modes,” Society of Information Display Digest,
276-279 (2001).

K. Minoura, Y. Asaoka, E. Satoh, K. Deguchi, T. Satoh, I. Ihara, S. Fujiwara, A.
Miyata, Y. Itoh, S. Gyoten, N. Matsuda, and Y. Kubota, “Making a Mobile
Display Using Polarizer-Free Reflective LCDs and Ultra-Low-Power Driving
Technology,” Journal of the Society of Information Display, 25, 10 ( 2009).

Y. Asaoka, E. Satoh, K. Deguchi, T. Satoh, K. Minoura, I. Thara, S. Fujiwara, A.
Miyata, Y. Itoh, S. Gyoten, N. Matsuda, and Y. Kubota, “Polarizer-free
Reflective LCD Combined with Ultra Low-power Driving Technology,” Society
of Information Display Digest, 395-398 (2009).

N. Matsuda, I. Takahashi, T. Yamaguchi, Y. Moriya, S. Nishi, S. Gyouten, Y.
Kubota, S. Fujiwara, A. Miyata, and Y. Itoh, “Ultra-Low Power System-LCDs
with Pixel-Memory Circuit,” in International Display Workshop, AMD1-2,
243-246 (2009).

103



List of Publications

The main papers on this study are as follows.

1)

2)

3)

4)

5)

Y. Kubota, T. Matsumoto, H. Tsuji, N. Suzuki, S. Imai and H. Kobayashi, “1.5
V-Operation Ultra-Low Power Circuit of Poly-Si TFTs Fabricated Using Nitric
Acid Oxidation of Silicon (NAOS) Method,” IEEE Trans. Electron Devices, 59 (2),
385-392 (2012).

Y. Kubota, T. Matsumoto, S. Imai, M. Yamada, H. Tsuji, K. Taniguchi, S.
Terakawa and H. Kobayashi, “Sub-micrometer Ultralow Power TFT with 1.8 nm
NAOS Si102/20 nm CVD SiO2 Gate Stack Structure,” IEEE Trans. Electron
Devices, 58 (4), 1134-1140 (2011).

T. Matsumoto, M. Yamada, H. Tsuji, K. Taniguchi, Y. Kubota, S. Imai, S.
Terakawa and H. Kobayashi, “Ultralow power TFTs with 10 nm stacked gate
insulator fabricated by nitric acid oxidation of Si (NAOS) method,” in 2010 IEDM
Tech. Dig., 21.2.1-21.2.4 (2010).

T. Matsumoto, Y. Kubota, M. Yamada, H. Tsuji, T. Shimatani, Y. Hirayama, S.
Terakawa, S. Imai and H. Kobayashi, “Ultra-low power TFT with gate oxide
fabricated by nitric acid oxidation method,” IEEE Electron Device Lett., 31 (8),
821-823 (2010).

Y. Fukaya, T. Yanase, Y. Kubota, S. Imai, T. Matsumoto and H. Kobayashi, “Low
temperature fabrication of 5-10 nm SiOs2/Si structure using advanced nitric acid
oxidation of silicon (NAOS) method,” Applied Surface Science, 256, 5610-5613
(2010).

The relevant publications are as follows.

1)

K. Edamoto, Y. Kubota, M. Onchi, and M. Nishijima, “Obserbation of the
Methoxy Species on the Si(111)(7x7) Surface - A Vibrational Study,” Surface

104



2)

3)

4)

5)

6)

7)

8)

9)

10)

11)

Science, 146, L533-L539 (1984).

M. Nishijima, K. Edamoto, Y. Kubota, H. Kobayashi, and M. Onchi, “Absorbates
on the Si(111)(7x7) Surface - EELS/LEED/AES Studies,” Surface Science, 158,
422-437 (1985).

Y. Kubota, K. Edamoto, M. Onchi, and M. Nishijima, “Adsorbed States of Ha2S on
the Si(111)(7x7) Surface - A Vibrational Study,” Solid State Communications, 56
(1), 145-148 (1985).

K. Edamoto, Y. Kubota, H. Kobayashi, M. Onchi, and M. Nishijima, “Oxidation of
the Si(7x7) surface : Electron energy loss spectroscopy, low-energy diffraction,
and Auger electronspectroscopy studies,” Journal of Chemical Physics, 83 (1),
428-436 (1985).

M. Nishijima, K. Edamoto, Y. Kubota, S. Tanaka, and M. Onchi, “Vibrational
electron energy loss spectroscopy of the Si(111)(7x7)-H20(D20) System,” Journal
of Chemical Physics, 84 (11), 6458-6465 (1986).

A. Kawamura, J. Kudo, K. Iguchi, Y. Kubota, H, Sato, M.Koba, and K. Awane,
“The Effects of Ions on the Formation of Polysilicon Films,” 18% Conference on
Solid State Devices and Materials, B-9-3 (1986).

M. Nishijima, Y. Kubota, K. Kondo, J. Yoshinobu, and M. Onchi, “Double-Pass
High-Resolution Vibrational Electron Energy Loss Spectrometer,” Review of
Scientific Instruments, 58 (2), 307-308 (1987).

A. Kawamura, J. Kudo, Y. Kubota, H, Sato, T. Doi, and M.Koba, “Solid Phase
Grain Growth of ICB Poly Si,” 17t Symposium on Ion Sources and lon-Assisted
Technology, 321 (1987).

Y. Kubota, Y. Iwase, K. Iguchi, J. Takagi, T. Watanabe, and K. Sakiyama,
“Alternately-Activated Open Bitline Technique for High Density DRAMs,” IEICE
Transactions on Electronics, E75-A (10), 1259-1266 (1992).

Y. Kubota, S. Toyoyama, Y. Kanie, and S. Tsuchimoto, “A Proposal of New
Multiple-Valued Mask-ROM Design,” IEICE Transactions on Electronics, KE77-C,
(4), 601-607 (1994).

Y. Kanie, Y. Kubota, S. Toyoyama, Y. Iwase, and S. Tsuchimoto, “4-2 Compressor

with Complementary Pass-Transistor Logic,” IEICE Transactions on Electronics,

105



12)

13)

14)

15)

16)

17)

18)

19)

20)

E77-C (4), 647-649 (1994).

Y. Kubota, Y. Yamane, Y. Ishii, S. Tsuchimoto, F. Funada, and K. Awane, “Power
Reduction of Driver-Integrated p-Si TFT-LCDs with Divided Shift-Registers,”
AM-LCD/IDW Digest, TFT1-2, 9-12 (1996).

M. Amazi, M. Osame, J. Koyama, H. Ohtani, S. Yamazaki, Y. Kubota, S. Naka,
and M. Hijikigawa, “A 2.6-in DTV TFT-. LCD with Area-Reduced Integrated 8-bit
Digital Data Drivers Using 400-Mobility CGS Technology,” Society of
Information Display Digest, 6-9 (1999).

Y. Kubota, H. Washio, K. Maeda, M. Hijikigawa, and S. Yamazaki, “Low-Voltage
Interface technology for CGS TFT-LCD with Low Power Consumption,” Society
of Information Display Digest, 1116-1119 (1999).

G. Cairns, M. Vrownlow, H. Yamashita, C. Dachs, Y. Kubota, H. Wasio, and M.
Hijikigawa, “High Performance Circuitry for Poly-Silicon Integrated Drivers,”
Euro Display Digest (1999).

Y. Hirakata, M. Sakakura, S. Eguchi, Y. Shionoiri, S. Yamazaki, H. Washio, Y.
Kubota, N. Makita, and M. Hijikigawa, “4-in. VGA Reflection-Type Poly-Si TFT
LCD with Integrated Digital Driver Using Seven-Mask CG Silicon CMOS
Process,” Society of Information Display Digest, 1014-1017 (2000).

G. Cairns, C. Dachs, M. Brownlow, Y. Kubota, H. Washio, and M. Hijikigawa,
“Multi-Format Digital Display with Content Driven Display Format,” Society of
Information Display Digest, 102-105 (2001).

H. Washio, K. Maeda, Y. Kaise, Y. Kubota, M. Higikigawa, M. J. Brownlow, and G.
A. Cairns, “TFT-LCDs with Monolithic Multi-Drivers for High Performance
Video and Low-Power text Modes,” Society of Information Display Digest,
276-279 (2001).

K. Maeda, S. Tsujino, K. Takahashi, Y. Kubota, S. Imai, H. Nakagawa, and M.
Katayama, “Multi-Resolution for Low Power Mobile AMLCD,” Society of
Information Display Digest, 794-797 (2002).

S. Tani, Y. Uchida, M. Furuie, S. Tsukiyama, B. Lee, S. Nishi, Y. Kubota, I.
Shirakawa, and S. Imai, “Parasitic Capacitance Modeling for Multilevel

Interconnects,” Proc. IEEE Proceedings of Asia-Pacific Conference on Circuits

106



21)

22)

23)

24)

25)

26)

27)

28)

29)

and Systems 2002, 1, 59-64 (2002).

B. Lee, Y. Hirayama, Y. Kubota, S. Imai, A. Imaya, M. Katayama, K. Kato, A.
Ishikawa, T. Ikeda, Y. Kurokawa, T. Ozaki, K. Mutaguchi, and S. Yamazaki, “A
CPU on a Glass Substrate Using CG Silicon TFT,” 2003 IEEE International
Solid-State Circuits Conference, 9.4 (2003).

S. Tani, Y. Uchida, M. Furuie, S. Tsukiyama, B. Lee, S. Nishi, Y. Kubota, I.
Shirakawa, and S. Imai, “A Parasitic Capacitance Modeling Method for
Non-Planar Interconnects,” Proceeding of International Workshop on Synthesis
and System Integration of Mixed Information Technologies, 294-299 (2003).

S. Tani, Y. Uchida, M. Furuie, S. Tsukiyama, B. Lee, S. Nishi, Y. Kubota, I.
Shirakawa, and S. Imai, “Parasitic Capacitance Modeling for Non-Planar
Interconnects in Liquid Crystal Displays,” IEICE Trans. on Fundamentals, 86-A
(12), 2923-2932 (2003).

P. Zebedee, M. Brownlow, J. Lock, H. Walton Y. Kubota, K. Maeda, N. Matsuda,
and H. Washio, “A 2.1-in. QCIF+ CG-Silicon LCD with a Low Power Non-Linear
DAC,” Society of Information Display Digest, 296-299 (2004).

T. Ikeda, Y. Shionoiri, T. Atsumi, A. Ishikawa, H. Miyake, Y. Kurokawa, K. Kato,
J. Koyama, S. Yamazaki, K. Miyata, T. Matsuo, T. Nagai, Y. Hirayama, Y. Kubota,
T. Muramatsu, and M. Katayama, “Full-Functional System LCD Using
CG-Silicon Technology,” Society of Information Display Digest, 860-863 (2004).
K. Tada, T. Matsuoka, K. Taniguchi, K. Maeda, T. Sakai, Y. Kubota, and S. Imai,
“Novel Method of Intrinsic Characteristic Extraction in Lightly Doped Drain
Metal Oxide Semiconductor Field Effect Transistors for Accurate Device
Modeling,” Japanese Journal of Applied Physics, 43 (3), 918-924 (2004).

T. Matsuo, S. Kamiya, H. Katoh, M. Ohue, Y. Kubota, H. Komiya, T. Muramatsu,
and M. Katayama,” The System-LCD with Monolithic Ambient-Light Sensor
System,” Society of Information Display Digest, 356-359 (2005).

H. G. Walton, M. Brownlow, T. Matsuo, Y. Kubota, T. Muramatsu, and A. Imaya,
“The System Integrated LCD,” Proceeding of Euro Display (2005).

P. Zebedee, J. Lock, M. Brownlow, T. Sakai, K. Maeda, and Y. Kubota, “A 2.4-inch
CG-Silicon QVGA LCD with Integrated, Auto-calibrating Degital-to-Analogue

107



30)

31)

32)

33)

34)

35)

36)

37)

Converter,” Proceeding of Euro Display, 455 (2005).

Y. Asaoka, E. Satoh, K. Deguchi, T. Satoh, K. Minoura, I. Ihara, S. Fujiwara, A.
Miyata, Y. Itoh, S. Gyoten, N. Matsuda, and Y. Kubota, “Polarizer-free Reflective
LCD Combined with Ultra Low-power Driving Technology,” Society of
Information Display Digest, 395-398 (2009).

M. Otsu, S. Tsukiyama, I. Shirakawa, S. Nishi, T. Nagai and Y. Kubota,
“Performance Evaluations of nMOS Level Shifter Circuits,” IEICE technical
Report, 164, 225-230 (2009).

N. Matsuda, I. Takahashi, T. Yamaguchi, Y. Moriya, S. Nishi, S. Gyouten, Y.
Kubota, S. Fujiwara, A. Miyata, and Y. Itoh, “Ultra-Low Power System-LCDs
with Pixel-Memory Circuit,” International Display Workshop Technical Digest,
243-246 (2009).

K. Minoura, Y. Asaoka, E. Satoh, K. Deguchi, T. Satoh, I. Ihara, S. Fujiwara, A.
Miyata, Y. Itoh, S. Gyoten, N. Matsuda, and Y. Kubota, “Making a Mobile
Display Using Polarizer-Free Reflective LCDs and Ultra-Low-Power Driving
Technology,” Journal of the Society of Information Display, 25 (10), 13-16 (2010).
K. Tanaka, Y. Sugita, H. Kato, N. Usukura, K. Maeda, and Y. Kubota, “A System
LCD with Optical Input Function using Infra-Red Backlight Subtraction
Scheme,” Society of Information Display Digest, 680-683 (2010).

T. Matsumoto, M. Yamada, H. Tsuji, K. Taniguchi, Y. Kubota, S. Imai, S.
Terakawa, and H. Kobayashi, “Characterization of ultra-low power thin film
transisto r s (TFTs) with SiO: layer formed by the nitric acid oxidation of Si
(NAOS) method,” 7th Solid State Surface and Interface, 22-25 (2010).

S. Asakawa, S. Tsukiyama, I. Shirakawa, S. Nishi, T. Takeda, T. Nagai, and Y.
Kubota, “An Automatic Layout Method for Timing Pulse Generator of Small LCD
Driver,” 20th European conference on circuit theory and design, 717-720 (2010).
T. Matsumoto, Y. Kubota, S. Imai, and H. Kobayashi, “Nitric Acid Oxidation to
Form a gate Oxide Layer in Sub-Micrometer TF'T,” Electrochem. Soc. Trans. 35,
217-227 (2011).

108



