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Abstract

Comprehensive studies on the defect properties in low-temperature-grown SiO»
thin film have been carried out experimentally and theoretically.

SiO; thin films were grown by photo-induced chemical vapor deposition (photo-
CVD) at low temperature (RT-300 °C). Source gases are SioHg and Oy, and excita-
tion light source is deuterium (D) lamp which emits vacuum ultraviolet light, These
films show very good electrical properties in SiO2/Si structure. Photoluminescence
and absorption properties of photo-CVD produced SiOg thin films have been studied
to identify the defects more precisely. Two kinds of distinct absorption peaks have
been found, which are at 6.3 eV for low temperature deposition (around 30 °C), and

‘at 7.6 eV for high temperature deposition (around 300 °C). It is considered from
the Oy and Ny atmosphere treatment effects that the absorption peak at 7.6 eV is
attributable to oxygen-vacancy, but the absorption peak at 6.3 eV relates to oxygen-
excess defects. The photoluminescence have been studied by using excitation of D2
lamp, ArF excimer laser, Fy excimer lasers or N2 laser. Photoluminescence peaks at
2.4, 3.4-3.5 ¢V and 4.3-4.4 eV are found in the SiOg film. Intensity changes of the
photoluminescence and absorption peaks have been obtained in various films which
were deposited at different gas-flow-rate-ratios of SizHg/O2 and were annealed in Og
and Ny atmosphere. These peaks are classified to oxygen-deficient defect (4.4 eV)
and oxygen-excess defect (2.4 and 3.5 eV). Moreover, the intensity of the photolu-
minescencé peak at around 2.4 eV initially increases with increase of shot number
of ArF excimer laser irradiation but decreases after about 2000 shots. On the other

- hand, it decreases monotonously with Fz excimer laser irradiation. The other peaks

at 3.5 and 4.4 €V are decreased monotonously with exposure of ArF and Fy excimer
lasers. ’

Energy states of various defects in SiOg such as (=8i-O-O-8i=, =Si-0~0-H,
=Si-Si=) have been studied theoretically by using molecular orbital (MO) calcula-
tion and discussed on the basis of comparison with optical absorption and photolu-
minescence of SiO4 thin films. Theoretical analyses have been carried out using both
the semi-empirical and ab-initio methods. The ab-initio calculation of oxygen-excess
defect of =Si-O-0-Si= shows that the transition energy from the excited singlet
~ state to the ground state is 2.32 eV with the STO-3G basis set and 2.40 eV with the
3-21G basis set, which are very close to the 2.4 eV photoluminescence peak measured
in the photo-CVD deposition SiO; thin film. Moreover, the ab-initio calculation of
hydrogen-related defect of =Si~0O-O-H shows that the transition energy from the
excited singlet state to the ground state is 3.9 eV with the STO-3G basis set and
the excitation energy from ground state to excited singlet is 6.4 eV, which are close
to the 3.5 eV photoluminescence peak and 6.3 eV absorption peak measured in the
photo-CVD SiO; thin film, respectively.
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Chapter 1

Introduction

1.1 Backgrbund {

Recently, integration of semiconductor devices such as dynamic random access
memory (DRAM) and read only memory (ROM) is markedly high and the size of
one element on a single chip is minute [1]. For example, the storage capacity in a
DRAM becomes 4 times by 2-3 years [2]. Especially, rapid development of large
capacity mernory is required for multimedia, and many researchers are working to
~ realize a 1 Gbit DRAM. Table 1.1 shows CMOS scaling guidelines for the next 10
years. This figure shows that a film thickness of insulator is 1/3 in 2003 [3,4].
However, conventional technique leads to problems for making very thin insulator
film, and new fabrication method must be developed to break through the problem.
SiOs thin film is very important in large scale integrated circuit (LSI) devices.

¢ Insulator among elements and wiring.

e Passivation of elements and wiring.

» MOS gate insulator. |

* Mask for dopant diffusion and ion implantation.

So, the quality of SiO thin film affects LSI reliance, and it is necessary to prepare
a high quality SiOg thin film for a high performance. Addition to this, SiOs film
must be very thin to reduce an element size, and its dielectric constant must be small
to operate high frequency. At present, thermally grown SiO; film is generally used
because of its high reliability, but this oxidation process requires a high temperature
(nearly 1000 °C). Here, this high temperature process has some problems.

e Deterioration of the impurity profile by thermal diffusion.

¢ Accumulation of stress by different thermal expanysion coefficient between the
layers. ' :
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Table 1.1. CMOS scaling guidelines for the next 10 years.

Late 1980’s 1992 1995 1998 2001 2004
Supply Voltage (V) ’ . " . :
" High Performance o 5. - 5/3.3 3.3/2.5 2.5/1.8 1.5 ) B
~ Low Power , -— 3.3/2.5 2.5/1.5 1.5/1.2 1.0 10
Lithography Resolution (um} .
General . 1.25 - 0.8 0.5 - 0.35 0.25 0.18
© Gate Level for Short L — 06 . 035 0.25 0.18 0.13
Channel Length (um) 0.9 -0.6/045 0.35/0.28  0.2/0.15 0.1 0.07
Gate Insulator Thickness {nm) .23 15/12 8/7 . 6/5 3.5 2.5
Relative Density . 1.0 2.5 6.3 - 12.8 25 48 -
Relative Speed : ‘ . :
High Performance o 100 1.4/2.0 2.7/3.4 4.2/5.1 7.2 9.6
Low Power , — 1.0/1.6  2.0/2.4 32/35 45 . 712
Relative Power/Function - o ‘ : -
. High Performance - o ‘1.0 . 0.9/0.55  0.47/0.34 0.29/0.18 012  0.077
Low Power.- . | - 0.27/025  0.20/0.00 0.08/0.056 0.036 0.041
 Relative Power/Unit Area .
High Performance : 1.0 2.25/1.38 3.0/2.1 3.7/2.34 3.12 3.70 -
Low Power e 0.7/0.63 1.25/0.6 1.02/0.72 0.90 1.97

. D1ﬁ'icultzes of therma,l oxidation techmque to prepare SiO; thin ﬁim on the
ﬁmshed layer for making three-d;mensmn (3D) structure.

Therefore, direct photo—induced chemicai vapor deposition (photo-CVD) — a
new fabrication method is being studied to solve these problems. Because, photo-
CVD has some advanﬁage of depcsition [5~10] in thin film fabrication methods.

» Low temperature process (room temperature to 300 °C). Thus, Al-Si metal-
ization and changing of dopant proﬁle do not occur.

» Possibility of deposition on not only Si substrate but also metal, glass, etc. It

can be prepared on finished pattern, and it is able to create a 3D-structural
LSI. t :

o Damage-free by high energy charged particle in plasma—CVD It can keep both
surface and mterface clean and safe.

® Needless sensitization material used in indirect ishothVD. Thus, impurity
“doesn’t come in a film.

Photo-CVD has these merits on fabrication process. Quality of the SiOs thin film
prepared by photo-CVD is good, but not fully enough to use LSI. We must clarify
various properties of the film precisely to improve the film quality and utilize the
photo-CVD SiOj thin film for practical use. :
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1.2 Purpose of This Work

In order to develop good quality SiOs thin film for practical use, it is very im-
portant to clarify the cause of deterioration — defect — of the quality of SiOg thin
film and its generation mechanism. If generation mechanism of this defect is elear,
we can know a deposition condition of photo-CVD and the way to suppress the de-
fects. Fundamental properties of these films have been studied by means of various
analyses such as 1) electrical property analyses : capacitance-voltage (C-V) analysis,.
~ deep-level transient spectroscopy (DLTS), photo-current-voltage (photo-IV) analy-
sis, 2) composition analyses : secondary ion mass spectroscopy (SIMS), 3) binding
(vibration) energy analyses : X-ray photoelectron spectroscopy (XPS), infrared ab-
sorption {IR) spectroscopy. Among these methods, optical properties relate directly
to electron energy level, and these yield good information about peroxy linkage and
other defects [11-14], many of which are related closely to electrical characteristics
{15]. In addition, this method has some advantages.

~ » No electrode on the sample,
» Non-destructive, no-contact and highly sensitive.

» Potentiality to estimate a small area to focus a light and to measure defect’s
distribution. ' ’

The SiO; is an insulator and its band gap is about 9 eV, and then it must be
studied in the optical properties in the vacuum ultraviolet (VUV), and ultravio-
let (UV) region. Fused quartz (silica glass) has been characterized using optical
absorption and photoluminescence in VUV and UV region by many workers. In
addition to this, it is reported that the photoluminescence and optical absorption
due to the oxygen-vacancy defect O3=8i-Si=03 on the various silica glasses were
- analyzed theoretically [16-18]. However, photoluminescence of SiOs thin films have
not been characterized yet, because the film thickness is too small for photolumines-
cence measurement. Moreover, the theoretical analyses of photoluminescence about
the oxygen-excess defects such as O3=Si~-0-0-8i=03, 03=Si-O-H, 03=5i-0-0 - -

and O3=8i-0 - [19-22] have not been reported yet. (The symbols = and - represent
“three bonds and an unpaired electron.) So, I have tried to characterize the defects

theoretically, too. Molecular orbital (MO) analysis is known as a powerful method
. to obtain not only energies of the ground and excited states but also bonding orbital
and electron density. Therefore, the oxygen-excess defect structure existing in the

Si0, thin film should be identified by comparison between calculated energy and
photoluminescence peak energy.

First, I have attempted to measure photoluminescence and optical absorption of
the photo-CVD 8iOg thin film using a high-sensitivity spectroscopic measurement
system including laser, monochromator and photo-multiplier tube in VUV region.
This experimental result gives various kinds of propertiés of defects, but it may be
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difficult to determine the defect structure only by optical properties. Therefore,

I have analyzed theoretically defect state by MO method. In this analysis, the
cluster model of defects was constructed, and he energy levels of these clusters were
calculated. Finally, the photoluminescence peak energies of the photo-CVD SiOg
thin film have been compared with the calculated energy levels and the structure of
the defects, and was identified. '

This thesis includes 7 chapters. Figure 1.1 shows the schematic diagra,m of con-
~ tents of this thesxs Chapter 1 is introduction, and clarify background and motivation
of this work. . : :

In chapter 2, the sampie preparatmn procedure and its basic properties are de-
scribed. The photo-CVD have some advantage over coming conventional thermally
. oxidation technique. The SiOs thin film is prepared by photo-CVD using VUV light
at room temperature (RT) to 300 °C in this thesis. Source gases are SigHg and Oa.
Deposition rate, refractive index, fixed charge density and IR absorption spectrum
in the film are measured, and it is found that VUV light irradiation is effective to
deposit at low temperature. However, IR spectra show that the concentration of Si
- — H and 8i ~ OH in photo-CVD SiOs thin film is larger than thermally grewn oxide

film. It is shown how these defects could be reduced.

“In chapter 3, optical absorption of SiOg thin films deposited by using phot;o -CVD
is described. Optical measurement is non-destructive, no-contact and high sensitive.
SiO¢ is an insulator and its band gap is about 9 eV, then it must be measured in
vacuum ultfaviolet (VUV) and ultraviolet (UV) region. It is found that the photo-
CVD SiO; thin films have two absorption peaks. Film thickness dependence, growth
condition dependence and annealing effects are studied to clarify the origins of the
peaks. As a result, one is caused by oXygen-excess defect, and the other is caused
by oxygen-deficient defect.

In chapter 4, photoluminescence of SiO2 thin film is described. The photolumi-
nescence in silica glass is reported, but that in SiOg thin film has not yet. Thus,
photoluminescence of SiOg thin film prepared by photo-CVD is studied. The ul-
traviolet light source such as deuterium lamp, ArF and Fp excimer laser and Ng
laser are used to excite samples for photoluminescence. These excitation light en-
ergies are lower than the band gap of SiOz, and so the photoluminescence relates
to the energy levels in the band gap which are originated from defects in SiOz thin
film. Its growth condition dependence, annealing effects, film thickness dependence
and measurement temperature dependence are measured, too. As a result, defects
in SiOs thin film are classified into oxygen-excess and oxygen-deficient type. It is
shown that the oxygen-deficient defect distributes in the film uniformly.

In chapter 5, excimer laser irradiation effect is described. Irradiation effects
to optical absorption, photoluminescence and electron spin resonance (ESR) are
measured to find the origins and stability of the defects. Recently, the element size
of LSI becomes very minute, the ultraviolet light sources such as KrF excimer laser
are examined to use for photo-lithography. Thus, it needs to study the changes of.
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the film properties under irradiation of high energy photon. As a result, it is shown
that the oxygen-excess defect is unstable and its bond is broken into dangling bond
by ArF and Fg excimer laser irradiation. On the other hand, the oxygen-deficient. .
defect is more stable than oxygen-excess one and its bond is broken into danghng
bond only by Fy excimer laser irradiation.

In chapter 6, energy levels, charge density and binding states are analyzed by

MO method. Optical properties such as photoluminescence and absorption yield the

characteristics of defects, but these physical structures and microscopic information
such as charge density belonging to each atom are not clarified. So, I try to construct
the SiO; cluster and some defect clusters such as oxygen-excess defects {=Si~-O-O~
Siz, =S5i~-0-0-H, =Si-0-H) and oxygen-deficient defects (=5i-Si=), and calculate
their energy levels, charge densities and IR absorption by semi-empirical and/or
ab-initio MO method. In addition to this, the energy to remove hydrogen atom
is obtained about 03MS1~O~—H and O3=8i-H by MO method a.nd the stability of
defects is discussed.

In chapter 7, conclusion of this thesis is"presented.
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Chapter 2

rPreparatlon of Photo-CVD
8102 Thln Film

2.1 Introduction

SiOz thin film is very important material in LSI and is used as MOS gate in-
sulator, insulating layer for wiring, passivation of devices and lithography mass for
ion-implantation and diffusion, etc. SiO thin film grown at low temperature by
various methods has been studied from the demands for avoiding the process tem-
peratures. Comparing conventional fabrication methods such as plasma-CVD and
thermally oxidation, photo-CVD is low temperature process, and has some advan-
tage. Because the source gases are decomposed by high energy photon, not by
thermal, and generated radicals are neutral, not charged. Therefore, it is studied by
many workers to prepare SiOz, a-Si, Si and Si3N4 by using photo-CVD [1-5]. We
have tried to prepare low defect and low interface state density SiO2 thin film by
photo-CVD with VUV light [6-10].

In this chapter, lowering of the SiO; deposition temperature and reductlon of the
defects by direct-excitation photo-CVD are described. It is shown that SiOz thin
films can be deposited at RT to 300 °C from source gases of O, and SizHg (disilane)
by using the VUV light of a deuterium (D2) lamp and reduction of the defects by
photo-excitation. :

2.2 Preparation Method of SiO, Thin Film

In direct-excitation photo-CVD, it is very important to match the radiation spec-
tra of excitation light to the absorption spectra of source gases for decomposition
source gases effectively. The family of silane gases such as SiHy (monosilane) and
SizHg (disilane) have been used to grow SiOg thin film. Figure 2.1 shows the radia-
tion spectra of the various ultraviolet (UV) and VUV light sources such as deuterium

9
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Resonance  Excimer laser

i L 1
: Kr XeF, ArfF KrF
1{) " ‘ ‘ li % T 'i' T . 103
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[ o ‘ :
NE' 1 T g
9 - =
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3 L (sow) ‘ E
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- : N
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100 200
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Figure 2.1. Radiation spectra of various VUV and UV light sources.

lamp, ArF excimer laser and mercury lamp. Figure 2.2 shows that the absorption
spectra of source gases such as SigHg, Oz and O3. Recently, SigHg which is more
radical than SiHy has become commercially available, and has been used as a reac-
tant gas for preparation of a good quality SiO; films [6-10]. SizHg gas has strong
absorption in the wavelength region below about 180 nm. O has strong absorption
in the VUV region from 130 to 175 nm wavelength. Thus, these source gases can -
be excited and decomposed by the Dy (broad, 110 -~ 200 nm), Xe (monochrome,
- 147 nm), Kr (monochrome, 123.6 nm) lamp, ArF (monochrome pulse, 193 nm),
F2 (monochrome pulse, 157 nm) excimer laser and synchrotron radiation (SR; very
broad, spreading from soft-X-ray to IR). The D2 lamp has strong radiation in the
VUV region around 160 nm which matches as well with those of the source gases,
and is a very convenient light source. F excimer laser is also strong VUV light
- source which wavelength is 157 nm, but the cost of maintenance comes high since
F9 gas is expensive and gas life-time is short. Moreover, it is reported that a good
quality 8iO2 thin film was grown by using the light from SR, because SR is very
strong light source spreads from infrared to soft X-ray, and can excite core electron
[11]. However, SR facility is run on a very extensive scale. Moreover, there is no
window glass (material) to translate VUV to soft X-ray, then we cannot irradiate
wide area on a sample. Therefore, the Dy lamp is very suitable for excitation of
source gases, and this is used to prepare SiOg thin film.

Figure 2.3 shows the schematic diagram of photo-CVD apparatus. Table 2.1
shows deposition conditions of SiO; thin film. The reaction chamber is consisting
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Figure 2.2. Absorption spectra of source gases such as SigHﬁ,‘ O¢ and O3.
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Figure 2.3. Schematic diagram of photo-CVD apparatus.
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Table 2.1. Deposition conditions of SiOg thin films.

Light source D; lamp

Working pressure 27 Pa

Back pressure 1.0x1073 Pa
Substrate temp.  RT - 300 °C
SigHs/Oz 0.103 - 0.241
Substrate MgF3 or n-Si(100)

made of outside silica glass cylinder 240 mm high and 90 mm diameter, inner silica
cylinder 30 mm diameter, and Dy lamp supporter. This chamber is evacuated by
turbo molecular (Shimadzu, VTMP280) and rotary pumps. The light to decompose
source gases is the Dy lamp (Hamamatsu Photonics, L1835). The window between
lamp and chamber is made from MgFs which transmits VUV light more than 115 nm
wavelength, the space between window and lamp is evacuated by rotary pump. The
window is blown by Os, one of the source gases, to prevent to deposit SiO;. Because,
SiOz film cannot transmit less than about 160 nm wavelength light. The heater is
set under the sample stage, and the sample can be heated upper to 300 °C. The
substrates are used Si(100) for photoluminescence and ESR measurement, or MgFs
for optical -absorption measurement. The electronic conductivity of Si substrates is
1 Q-cm for photoluminescence or 1000 -cm for ESR.

2.3 Basic Properties of SiO, Thin Film

Figure 2.4 show the growth rate of SiO5 thin films deposited from SizHg and O3
by thermal-CVD and photo-CVD with Dy lamp as a function of substrate tempera-
ture. This figure shows that the SiO, thin film can be grown even at RT by photo-
CVD. Moreover, the growth rate in photo-CVD is larger than thermal-CVD at RT
to 300 °C. This dependence indicates that the VUV light irradiation is effective. The
growth rate in photo-CVD decreases with increasing substrate temperature. This
behavior indicates that as increasing substrate temperature, more adsorbed atom
and radical leave away from substrate. So, adsorption of the species decomposed by
VUV light irradiation is rate-determining process, and the deposition of SiOs thin
film is caused by high energy photon rather than heat. The refractive index and the
film thickness were measured by the ellipsometer using He-Ne laser light (Mizojiri,
DVA-36). The refractive index is nearly 1.45 in the samples deposited at above 50
°C, and the refractive index is independent of the substrate temperature (from 50
to 300 °C). This value almost agrees with 1.457 of thermal oxide.

Figure 2.5 shows the relative concentrations of Si-H and Si~OH bonds as a func-
tion of substrate temperature for the films deposited by thermal-CVD and photo-
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Figure 2.4. Growth rate of SiO2 thin films deposited from SipHg and Oz by thermal-
CVD and photo-CVD as a function of substrate temperature. ‘

CVD. Thisconcentration is determined by IR absorption spectrum. IR measurement
was done by Fourier transform infrared absorption spectrometer (FT-IR; Jasco, FT-
IR3). This figure shows that the Si-H and Si~OH remains in the film. Measurement
of quadruple mass spectroscopy shows that both the SioHg and Og may be decom-
posed into various radials and in this photo-CVD and the species such as SipgHs0 and
SigHgO become adsorption species, it is thought. However, this figure shows that
the Si-H and Si~OH concentrations in photo-CVD SiOy thin film are larger than
ones in thermal-CVD. This indicates that the VUV light is effective to decrease the
defects (Si-H, Si-OH).

Figure 2.6 shows the oxide charge density in the MOS diodes made of SiO; film
deposited by photo-CVD as a function of substrate temperature. This figure shows
~ that the oxide charge density is not very small, and increases with decreasing growth
~ temperature.
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Chapter 3

Optical Absorption of SiO,
Film

3.1 Introduction

It is shown that the SiO2 thin films can be deposited even at RT by using photo-
CVD, but various defects such as Si—-H and Si—-OH exists in these films. Thus, these
properties must be revealed to reduce these concentrations. In addition to this, the
defects besides Si-H and Si-OH in the photo-CVD SiO2 films are also characterized.
As described in chapter 1, optical measurement has some merits. It needs electrode
to measure electrical properties such as I-V, C-V, but no electrode to measure optical
properties, and not only Si but also insulated materials can be used as a substrate.
Then, optical properties were studied to estimate the defects in the SiO; films.

Optical properties such as absorption and photoluminescence relate to energy
transfer between energy levels directly. The SiO; is an insulator and its band gap
is very wide (about 9 eV [1,2]), and there are no levels in band gap in various
quartz [3]. Thus, the photon which energy is less than the band gap is not absorbed
principally. It is thought that if there are defects in the SiOj thin film, these defects
may cause the peculiar energy levels. Especially, some of such levels may be placed
into band gap. So, it is thought that defects in SiO7 thin film can be estimated by
using optical properties. ; '

Optical properties of silica glass (bulk SiOj), especially absorption in the VUV
region and photoluminescence in UV to visible region have been studied so much
[4-12]. No-electrode and non-destructive optical characterization has been adopted
to SiO thin films which were deposited on MgF, substrate by using photo-CVD at
low temperature. ‘

In this chapter, UV and VUV absorption of SiO films deposited by photo-CVD
using a deuterium lamp [13] is described. It is shown two kinds of optical absorption
peaks exist, and these peaks are classified into oxygen-deficient and oxygen-excess

17
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Figure 3.1. Schematic diagram of the VUV and UV absorption measurement system
using Dy lamp. ‘

defects.

3.2 Measurement Method of Absorption Spectra

The SiO; films were prepared from SioHg and O, gases by‘ photo-CVD using

VUV light from D3 lamp, and were deposited on MgF3 at room temperature to 300
°C. Si substrate can not be used to measure the transmittance in VUV region, as
silicon cannot transmit VUV rays. So, the crystalline MgF; plate of 7x7x1 mm? was
used as a substrate and is polished both sides for optical use, since MgF'; transmits in
light from 110 nm VUV to 7.5 um IR the wide range wavelength. Typical SiO5 film
thicknesses are in the range of 300-1000 nm. Figure 3.1 shows schematic diagram
- of absorption measurement system. Optical transmission spectra of the SiO; films
deposited on MgF; substrates were measured by using the Dy lamp (Hamamatsu
‘Photonics, L1835), the VUV monochromator (Acton Research, VM502) and the
photo-multiplier tube (EMI 9781BS5 with sodium-salitilate scintillator). The inside
of the monochromator was evacuated by a turbo molecular pump (Shimadzu, TMP-
50) and a rotary pump. The sample was set in the sample chamber that was attached
directly to the monochromator in vacuum. This system is under computer control
to measure automatically. The transmittance is decided to divide transmission of
the SiO2 film on MgFs by one of MgF, substrate without SiOs film.
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Figure 3.2. Absorption coefficient spectra of the films deposited on MgFy at 60~240
°C, and fused quartz. ‘ _

3.3 Growth Condition Dependence

: Figure 3.2 shows the absorption spectra of the photo-CVD-produced SiO2 films
deposited on MgF3 at 60, 100, 170 and 240 °C. The absorption spectrum of fused
quartz [2] is also shown for a comparison in this figure. The absorption band edge
shifts to low energy with decreasing substrate temperature. As mentioned in chap-
ter 2, the SiO; film deposited by photo-CVD at low temperature has considerable
absorption peaks of Si-H and Si~-OH, and these peaks decrease with increasing sub-
strate temperature. So, the shifts of the absorption edge toward low energy may have
relation to such impurities, incomplete Si-O network and dangling bonds. Moreover,
an absorption peak at around 7.6 eV exists in the films deposited at higher temper-
atures (240 and 170 °C), and increases with increasing substrate temperature. On
the other hand, the film deposited at low temperature (60 °C) has a peak at around
6.3 eV. These peaks are considered to arise from defects or imperfections, because
there are no peaks in the spectrum of stoichometric and pure fused quartz and the
energies of these peaks are smaller than the band gap of the SiO; (about 9 eV).
First, the absorption peak at 7.6 eV in the film deposited at high temperature is
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Figure 3.3. Absorptlon coefficient spectra of the films deposited at high temperature
(300 °C) as a parameter of Si0g/0O2 gas-flow-rate-ratio.

discussed. Figure 3.3 shows dependence of the absorption coefficients on SioHg/O2
gas-flow-rate-ratio. The SiO; films were deposited on MgF3 at comparatively high
temperature (300 °C). SigHg flow-rate and working pressure were fixed during the
deposition. The absorption peak at 7.6 eV decreases with increasing O flow-rate.
This suggests that this peak originates from an oxygen-deficient defect. Moreover,
the origin of this peak is not Si-H or Si-OH, because the peak increases with in-
creasing growth temperature, but the concentrations of Si~OH and Si-H in the film
decrease. It is reported that the silica glass has 7.6 eV absorption peak and its origin
is S8i~Si [12]. It has been shown in energy calculations using ab-initio MO methods
that the cluster (HO)3Si-Si(OH)3 may have absorption peaks at 7.6 eV and 5.0 eV
[4,5]. Simultaneously, this calculation suggests that a photoluminescence peak at
2.7 €V can occur by excitation of 5.0 eV light. Then, the 7.6 eV peak in photo-CVD
SiO2 film is thought to result from an oxygen-vacancy such as Si-Si, and may be
the same defect as in silica glass. ,
Next, the absorption peak at 6.3 eV in the film deposited at low temperature
(around 60 °C) is discussed. Figure 3.4 shows the dependence of the absorption
coefficient spectra on SigHg/O2 flow-rate-ratio. The SiOy films were deposited on
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Figure 3.4. Absorption coefficients of the films deposited at low temperature (30
°C) as a parameter of SiaOg/O2 gas-flow-rate-ratio.

MgF; at low temperature (30 °C). These films have a peak at around 6.3 eV, and this
peak increases with increasing Oy flow-rate. This suggests that this peak originates
from oxygen-excess defect. This peak has not been reported in silica glass, and this
is peculiar to the photo-CVD 8iOs film. '

Figure 3.5 shows film thickness dependence of absorptivity spectra of SiOq films.
The samples were grown on MgF2 at high temperature (280 °C) by using photo-
CVD. Film thicknesses are 100, 500 and 1500 nm. A prominent absorption peak is
observed at 7.6 eV, and measurements on 100, 500 and 1500 nm thick SiOs films
indicate that the this peak increases with increasing film thickness. This shows that
the origin of the 7.6 eV peak exists in bulk SiOg, rather than near SiOj/substrate
interface (localized near interface). ,

Figure 3.6 shows the dependence of absorptivity spectra of SiOz films on the
film thickness. The samples were grown on MgF at high temperature (47 °C) by
using photo-CVD. Film thicknesses are 100, 500 and 1500 nm. In contrast, this
figure shows that the absorption magnitude of the 6.3 eV peak is independent of
film thickness. This thickness independence suggests that the 6.3 eV peak is due
to a defect localized near the SiO,/MgF, interface, or is formed during the initial
stage of the deposition. Figure 3.5 and 3.6 show that the absorption band edge shifts
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Figure 3.7. Absorption spectra of the SiO; film deposited at high temperature (300
°C) and the film annealed in Oz atmosphere for one hour. ‘

to lower energy with increasing film thickness at both low and high temperatures
grown SiOg films. If this shift may be caused by the Si-OH amd Jor waH defect, it
is considered that these defects dzstnbute in the film. ,

3.4 Annealing Effect

Effects of annealing to the absorption peaks were investigated in order to confirm
the origin of the absorption peaks at 7.6 and 6.3 eV. Figure 3.7 shows absorption
spectra of the film before and after annealing in Oy atmosphere at 400 °C for one .
hour. The film was deposited on MgF; at high temperature (300 °C). The peak at
7.6 eV was decreased by annealing in Oz atmosphere at 400 °C for an hour, but -
does not change by annealing in N2 atmosphere. This behavior also supports that
the peak at 7.6 eV may be attributed to oxygen-vacancy. Here, diffusion coefficient -
of oxygen in silica glass is small at 400 °C, but that of HyO is not so small. So, there
remain a possibility that H20 included in the film initially or formed by oxidation of
‘Si~OH or Si-H may decrease oxygen-vacancy. Moreover, the annealing temperature
is higher than the deposition, and then the species imperfectly decomposed may be
react to reduce defects in the film.

Figure 3.8 shows absorption spectra of the film before and after anneahng in O2
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Figure 3.8. Absorption spectra of the SiO» film deposited at low temperature (22
°C) and the film annealed in Oy atmosphere for one hour.

atmosphere at 400 °C for one hour. The film was deposited at low temperature (22
°C). The absorption peak at 6.3 eV was increased by the annealing in O atmosphere,
but decreased by the annealing in Ar atmosphere. This behavior also supports that
this peak may be due to oxygen-excess defects. It is reported that oxygen-excess or
oxygen-related defects such as Si-O-0-8i, Si-O~0 - exists in silica glass, and it is
thought that the origin of the 6.3 eV peak relates such defects or Oz molecule. The
6.3 eV absorption may still arise from the other imperfections such as Si-O-H or
Si~H, because SigHg was broken into SiH3 and SiHs radicals by high energy photon,
but these radicals may not break perfectly at low temperature, it is possible that
-8i-0O-H and Sl—-H may remain in the ﬁlm

3.5 High Pressure Oxygen Treatment

The SiO; films were annealed in O atmosphere at high pressure. The sample was
placed in a portable reactor (Taiatsu Techno, TVS-2N). The annealing temperature
is from 50 to 250 °C, annealing time is 1 hour, and the Os pressures are 1.52 MPa
(15 atm at RT) and 10.1 MPa (100 atm at RT). The sample was grown on MgF;
substrate by using photo-CVD at high temperature (300 °C). The film thickness is
about 500 nm. It is considered oxygen atom or molecule is diffused into inside of
the SiO2 film.
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Before annealing, the sample has absorption peak at 7.6 eV which is caused by
oxygen-vacancy. After the annealing on this condition, this peak does not change.
1t is considered that the Si~Si bond in this oxygen-deficient defect is very tight, and
the temperature below 250 °C which is the upper limit of our portable reactor, is
not enough to break this bond. In addition to this, any other peak was produced
by high pressure (10 MPa) Oz annealing.
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Chapter 4

Photoluminescence of 8102
Thin Film

4.1 Introduction

It is reported in the photoluminescence (PL) of various silica glasses, that some
defects are proposed as origines of photoluminescence peaks {1-7], but SiO2 thin film
~is not yet. In optical properties, photoluminescence gives useful information about '
the defect energy levels that are participated in electronic transitions [8]. In addition
to the same merits as the optical absorption on measurement, the photoluminescence
of any materials on any substrates such as silicon and MgF, can be measured, and
it can give much information about the energy relaxation process by studing various
characteristics such as excitation-energy dependence and life-time [9, 10].

In this chapter, the photoluminescence of the SiO thin film deposited by photo-

CVD has been investigated. The UV light needs to be used as excitation of photo- -

~ luminescence, since the band gap of SiO; is very wide. D3 lamp (110-200 nm), ArF
excimer laser (193 nm), Fy excimer laser (157 nm) and Ny laser (337.1 nm) were
used as excitation UV light source of the SiO2 thin film. As mentioned in chapter 3,
the SiO4 film has 7.6 and 6.3 eV absorption peak. Thus, the photon energies from
ArF excimer laser (6.4 eV) and F2 excimer laser (7.9 eV) match well with these
absorption peaks, and these lasers are suitable for the characterization of defects.
It is shown that the three peaks are found, and these peaks are strong depend on
growth condition.

4.2 Measurement Method of Photoluminescence
The SiO3 thin films were prepared from SioHg and O3 gases by photo-CVD using
VUV light of a Dy lamp, and were deposited on Si substrate at room temperature

to 300 °C. Typical film thicknesses are in the range of 300-1000 nm.

27
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Figure 4.1. Schematic diagram of photoluminescence measurement system using Dz .
lamp.

D lamp, ArF and F3 excimer lasers and Ny laser are used as an excitation light
source for photoluminescence measurement. Figure 4.1 shows schematic diagram
of photoluminescence measurement system using Dz lamp (Hamamatsu Photonics,
L1835). The light of 7.7 eV dispersed by VUV monochromator (Acton Research,
VM502) was applied to the sample through an Al mirror, and the photoluminescence
of the sample was chopped and detected by another monochromator (Nikon, G-250)
and the photomultiplier tube (Hamamatsu Photonics, R1508). The sample was set
in the VUV monochromator which is kept in vacuum at pressures around 10~3 Pa
(107° Torr) to prevent absorption of atmosphere.

Photoluminescence spectra excited by ArF and Fj excimer laser (Lambda Physik,
LPX105i) were measured as shown in the schematic diagram given in Fig. 4.2. The
sample in the optical dewar was irradiated by the light from the excimer laser, and
the photoluminescence was detected by monochromator (Nikon, G250) and photo-
multiplier (Hamamatsu Photonics, R1508). The optical dewar was evacuated by
the rotary pump, and the pressure is around some Pa (some ten mTorr) in it. The
MgF; was used as the window to transmit a VUV light. The Fy excimer laser light
was guided in a No-purged metal tube from the laser output to the optical dewar to
prevent attenuation via the Oy absorption. Puse width of the excimer laser pulse
width was about 20 ns and the fluence was about 1 mJ/cm?. This laser power may
be small to cause multi-photon process. Figure 4.3 shows that the ArF excimer laser
pulse output measured by bi-plane photo-tube (Hamamatsu Photonics, R1193U-04)
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Figure 4.2. Schematic diagram of photolummescence measurement system using -
excimer laser.

and storage oscilloscope (Philips, PM3302A).

4.3 Photoluminescence Excited by Deuterium Lamp

4.3.1 Growth Condition Dependence

The excitation light has a peak at around 7.7 eV, and spread from 7.47 to 8.05 eV.
The emitted photon energy is smaller than the band gap of the SiOy (about 9 eV),
and then the origin of the photoluminescence is radiative transition via defect energy
- levels instead of recombination through direct inter-band excitation. Moreover, the
absorption peak at 6.3 eV is broad, and its full width at half maximum (FWHM)
is about 1 eV. So, the defects corresponding to absorption peaks at 7.6 eV and
6.3 eV would be excited simultaneously under this excitation. Figure 4.4 shows
the photoluminescence spectra of the photo-CVD SiOg thin films deposited on Si
substrate at low (30 °C) and high (300 °C) temperatures. The photoluminescence
peaks at 2.7, 3.6-3.8 and 4.4 eV were found in the SiOy film deposited at high -
temperature (300 °C), but the peak at 4.4 eV was not obtained in that deposited
at low temperature (30 °C). It is reported that the photoluminescence peaks at
around 2.7 and 4.3 eV exist in silica glass, and are caused by oxygen-deficient defect.
However, 3.6-3.8 eV peak is not found in silica glass.
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Figure 4.5. Intensity of photoluminescence peak at 2.7 eV in the film deposited at
high temperature (300 °C) as a function of measurement temperature, and the film
annealed in O atmosphere at 400 °C for one hour. '

4.3.2 Annealing Effect

The spectral change of the SiO; thin film deposited at high temperature is dis-
cussed to reveal the origins of a photoluminescence. Figure 4.5 shows the intensities
of the photoluminescence peak at 2.7 eV as a function of the measurement temper-
ature. The SiO; film was deposited at high temperature (300 °C), and this figure
shows spectra before and after annealing in Oy atmosphere for 1 hour. This figure
‘shows that the 2.7 eV peak was decreased by the annealing in Oz atmosphere. This
suggests that this peak is closely related to oxygen-deficient defect. Another peak
at 4.4 eV decreases with increasing Og flow-rate, but doesn’t change by annealing
in O atmosphere. The result of the O flow-rate dependence suggests that this 4.4
eV peak is closely related to oxygen-deficient defect. The reason why the intensity
of this 4.4 eV peak doesn’t decrease by the annealing is due to the fact that the
annealing temperature is too low to activate the origin of this peak.

The spectral change of the film deposited at low temperature (30 °C) is discussed.
Figure 4.6 shows the intensities of the photoluminescence peak at 2.7 eV as a function
of the measurement temperature. The SiO2 films were prepared at various gas-flow-
rate-ratios (SigHg/O2 = 0.144, 0.181, and 0.241). It is shown that the intensities of
all the photoluminescence peaks decrease with increasing measurement temperature,
and can be interpolated by one line. This indicates that the photoluminescence peak
at 2.7 eV in the film deposited at low temperature (30 °C) has little relation to
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Figuie 4.6. Intensities of photoluminescence peak at 2.7 eV as a function of the
measurement temperature in the films deposited at various gas-flow-rate-ratio at
low temperature (30 °C).

gas-flow-rate-ratio. Figure 4.7 shows the change of peak at 2.7 eV in the films
deposited at low temperature (30 °C) and annealed in Oy and No atmosphere.
Little change is found in the peak intensifies of the films annealed in O; and N3 in
comparison with that of the film deposited at high temperature (300 °C). Then this
peak is thermally stable in both the Oz and Ny atmosphere and may be independent
on oxygen amount during the deposition. This result may be attributable to a
defect made from imperfectly broken species of SioHg unresolved at low growth
temperature. Figure 4.8 shows the intensity changes of the photoluminescence peak
at 3.6-3.8 eV as a function of measurement temperature. The film was deposited
at low temperature (30 °C) and annealed in O2 and N atmosphere. In contrast to
the peak at 2.7 eV shown in Fig. 4.7, the intensity of the peak at 3.6-3.8 eV was
decreased by the annealing in Oy or Ny atmosphere, and the change is independent
on the atmosphere. So, this peak is unstable thermally.

4.3.3 Summary

Table 4.1 and 4.2 summarize the substrate temperature, Oy flow-rate dependence
and annealing effects of various absorption and photoluminescence peaks excited by
D3 lamp. The changes of the absorption and photoluminescence peaks in the film
deposited at high temperature (nearly 300 °C) are shown in Table 4.1. It is shown
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Figure 4.7. Intensity of photoluminescence peak at 2.7 eV in the films deposited at
low temperature (30 °C) as a function of measurement temperature, and the films
annealed in Oy and Nj atmosphere at 400 °C for 2 hours.
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Figure 4.8. Intensity of photoluminescence peak at 3.6-3.8 eV in the film deposited
at low temperature (30 °C) as a function of measurement temperature, and the film
annealed in O9 and Ny atmosphere at 400 °C for 2 hours.
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Table 4.1. Intensity change of the absorption peak at 7.6 eV and photoluminescence
peaks at 2.7 eV and 4.4 eV in the SiO; film deposited at high temperature (nearly .
300 °C) as parameters of substrate temperature (Ts) and Oz flow-rate dependence
and annealing in O and Ng(Ar).

Absorption | Photoluminescence:
7.6 eV 2.7 eV 4.4 eV

Ts s N /

O, flow rate Ny Ny N

O9 anneal N N —
.._.)

N7 (Ar) anneal

Table 4.2. Intensity change of the absorption peak at 6.3 ¢V and photoluminescence
peaks at 2.7 eV and 3.6-3.8 eV in the SiO3 film deposited at low temperature (nearly
30 °C) as parameters of substrate temperature {(Ts) and Oy flow-rate dependence
and annealing in O and Na(Ar). ‘

Absorption | Photoluminescence
7.6 eV 27eV | 3.6-3.8¢eV
Ts < Y
0, flow rate Ve -y
O3 anneal e — N
N3 (Ar) anneal Ny - Ny
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in this table that the change of the absorption peak at 7.6 eV is similar to thatof
the photoluminescence peak at 4.4 eV except for Oy annealing effect. The reason
that the 4.4 eV photoluminescence peak is insensitive to annealing may be that the
temperature (400 °C) is not high enough to react O atom and/or Oy with the defect
giving rise to this peak, and the excited electron energy cannot be transferred to the
radiative recombination center in incomplete Si-O network. Then, such difference
of the behavior between 7.6 eV absorption and 4.4 eV photoluminescence occurs.
So, the origin of the absorption peak at 7.6 eV may relate to the photoluminescence
peak at 4.4 eV in the film deposited at high temperature, and this origin is an
oxygen vacancy. Moreover, the change of the photoluminescence peak at 2.7 eV in
the film deposited at high temperature is also similar to the peak at 7.6 ¢V, and
the intensities of these peaks are reduced by Oy annealing. This suggests that these
absorption and photoluminescence peaks in the film deposited at high temperature
are caused by the same oxygen-vacancy. '

The changes of the absorption and photoluminescence peaks in the film deposited
at low temperature (nearly 30 °C) are shown in Table 4.2. The changes of the pho-
toluminescence peaks at 2.7 eV and 3.6-3.8 eV are different for annealing in Oz and
Na. This suggests that these peaks originate from different defects. Furthermore,
the change of the absorption peak at 6.3 eV is different from that of the photolumi-
nescence peaks at 2.7 eV and 3.6-3.8 eV in the filim deposited at low temperature.
It seems that these photoluminescence peaks and this absorption peak originate in
different defects. That is, the absorption peak at 6.3 eV relates to oxygen-excess
defect, and the photoluminescence peak at 2.7 eV is independent on oxygen and is
stable thermally. o :

‘Next, comparing Table 4.1 and 4.2, the photoluminescence peak at 2.7 eV in the
film deposited at high temperature does not show the same behavior as that of the
film deposited at low temperature. This suggests that the origin and/or thermal
stability of the peak at 2.7 eV in the film deposited at high temperature (nearly 300
°C) is different from that in the film deposited at low temperature (nearly 30 °C), or
electron energy transfers are different in both the films, although the peak energies
are agree with each other.

It has been shown that the behaviors of the absorption and photoluminescence
are different in the films deposited at low and high temperature. This may be
because that the reaction processes between SipHg and O3 are quite different at low
‘and high temperature during the deposition. Si2Hg is broken thermally and photo-
chemically at high temperature, but at low temperature this is broken only by high
energy photon. So, the amounts of Si~O-H and Si~H may increase with decreasing
growth temperature, and imperfectly broken silicon hydrides such as H,-Si-Si-H,,
may remain in films made at low growth temperature. Moreover, insufficient reaction
on the surface of substrate causes defects or deteriorates film quality. On the other
hand, oxygen may adsorb on the surface of substrate during the deposition, but
these may leave the substrate easily at high substrate temperature. Then the oxygen
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Figure 4.9. Photoluminescence spectra under 6.4 eV excitation. SiO2 films of various
thicknesses were deposited at high temperature (280 °C) by photo-CVD.

vacancy may be formed in the film deposited at high temperature.

4.4 Photoluminescence Excited by ArF Excimer Laser |

4.4.1 Growth Condition Dependence

In this section, photoluminescence excited by excimer lasers were discussed. An
excimer laser is a strong UV light source, for example the maximum output power
of LPX105i is 200 mJ/cm? / 20 ns = 10 MW. Moreover, as used lasers emit a
short pulse, photoluminescence life-time can be studied by inspecting energy trans-
fer mechanism. Figure 4.9 shows the photoluminescence spectra under 6.4 eV exci-
tation on photo-CVD SiO; films deposited at high temperature (280 °C). The film
thicknesses are 10, 100, 600, and 1000 nm. Photoluminescence peaks are observed
at around 2.4, 3.5 and 4.4 eV. The magnitude of the 4.4 eV peak increases with
increasing film thickness, but the 2.4 eV peak is nearly independent of film thick-
ness. The thickness independence suggests that the photoluminescence peak at 2.4
eV results from a defect localized near the interface. The strong thickness depen-
dence of the 4.4 eV peak suggests that its origin distributes in a bulk. Figure 4.10
shows the photoluminescence spectra from SiOz thin films. The SiO2 thin films were
deposited at low temperature (47 °C). This figure shows that the peaks appear at
around 2.7, 3.4 and 4.3 eV in all films. The peaks at 2.7 and 4.3 eV increase with
increasing film thickness. This incrase indicates that the photoluminescence peaks
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~ Figure 4.10. Photoluminescence spectra under 6.4 eV excitation. SiO2 films of
various thicknesses were deposited at low temperature (47 °C) by photo-CVD.

at 2.7 eV and 4.4 eV in the photo-CVD SiOy thin film deposited at low tempera~
ture (47 °C) result from a defect distributed wholly in the bulk. Although the peak
energies are not very different between high (280 °C) and low (47 °C) temperature,
the thickness dependence of the 2.4-2.7 eV and 3.4-3.5 eV peaks are quite different,
and hence their origins may be different or generation mechanism of these defects
may be different. , ' .

The 4.4 eV peak was not found on photoluminescence using Dy lamp for excita-
tion in the SiOs thin film deposited at low temperature (around 30 °C), but found
on ArF excimer laser excitation. The light intensity of the excimer laser is much
larger than Dy lamp. Therefore, energy transfer mechanisms may by different each
other, or the absorption cross section may be small. The light intensity of Dz lamp
may be insufficient to measure with this system. '

The gas-flow-rate-ratio dependence was also measured. The gas-flow-rate-ratio is
changed from 0.18 to 0.36 (SizHg/O2). Photoluminescence peak at 2.4 eV increased
with increasing O, flow-rate rate in the sample deposited at high temperature (280
°C). '

4.4.2 Measurement Temperature Dependence

Figure 4.11 shows the intensities at 2.4 and 4.4 eV of the photoluminescence
peaks as a function of measurement temperature. The SiOz thin film was deposited
at high temperature (280 °C). Figure 4.12 shows the intensities at 2.7, 3.4 and 4.4
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Figure 4.11. Photoluminescence peak intensities excited by ArF excimer laser as a
function of measurement temperature. The SiO5 thin film was deposited on silicon
at high temperature (280 °C) by photo-CVD.

eV of the photoluminescence peaks as a function of measurement temperature. The
SiO¢ thin film was deposited at low temperature (47 °C). The 4.4 eV peak intensity
increases with decreasing measurement temperature in the samples grown at both
high and low substrate temperatures, but the dependence of the peak intensity at
about 2.4 (2.7) eV is different: the high-growth-temperature film is almost constant
in the whole temperature, but low-growth-temperature film is decreased with in-
creasing measurement temperature. These dependence suggests that 4.4 eV peak in
the photo-CVD SiO; thin films deposited at both low and high substrate tempera-
tures is cased by same defect, but about 2.4 eV is not. These results agree with the
dependence of photoluminescence peak intensity on film thickness. '

4.4.3 Decay

Transient intensity of he photoluminescence was measured, as the excimer laser
emits a short pulse light of about 20 ns. The transient of photoluminescence, that is
decay, is related to the mechanism of absorption, electron energy transfer and radia-
tive recombination. Figure 4.13 shows the transient signal of the photoluminescence
peak intensity at 4.4 eV measured at room temperature. This spectrum was taken
with the digital storage oscilloscope (Philips PM3320A) and photo-multiplier tube
(Hamamatsu Photonics, R1508). The measured transient is very fast and is compa-~
rable with the response of the laser or measurement system. In addition, the other
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Figure 4.12. Photoluminescence peak intensities excited by ArF excimer laser as a
function of measurement temperature. The SiO; thin film was deposited on silicon

at low temperature (47 °C).
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Figure 4.13. Transient signal of the peak inteﬁsity at 4.4 eV under 6.4 eV excitation.
The sample was deposited on silicon at high temperature (280 °C).
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Figure 4.14. Photoluminescence spectra before and after annealing in N3 atmosphere

- at 400 °C for 1 hour. The SiO; thin films were deposited at high temperature (280
°C) by photo-CVD.

peaks are similar to this transient, and the transient does not change even at 77
K. This indicates that the emission relates little to slow decay corresponding to a

forbidden transition such as a triplet-singlet transition [1,2] or fast non-radiative
recombinations.

4.4.4 Annealing Effect

The effects of annealing in Oz and N, gas atmosphere are measured to clar-
ify the origin of the photoluminescence peaks. The annealing was done in N2 or -
O2 gas at 1 atm at 400 °C for 1 hour. Figure 4.14 shows the annealing effect of
photoluminescence of SiO2 thin film deposited at high temperature (280 °C) in Nj
atmosphere. Figure 4.15 shows the annealing effect of photoluminescence spectra
of SiO; thin films deposited at high temperature (280 °C) in Oy atmosphere. The
photoluminescence peak at 4.4 eV decreases by annealing in Oo, but shows little
change after annealing in Ny for 1 hour. This suggests that the 4.4 eV peak results
from an oxygen-deficient defect. Since the 4.4 eV photoluminescence peak and the
7.8 eV absorption peak show similar thickness dependence as well as the annealing
dependence, these peaks may originate from the same defect. On the other hand,
The peaks at 2.4 and 3.5 eV decreased by Ny annealing, but increased by Oy an-

nealing. These suggest that the 2.4 and 3.5 eV peaks relates oxygen-excess defects,
and these defects are unstable.
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Figure 4.15. Photoluminescence spectra before and after anneaiing in Oy atmosphere
at 400 °C for 1 hour. The SiOj thin films are deposited at high temperature (280

°C) by photo-CVD.

. Figure 4.16 shows the annealing effect of photoluminescence spectra of SiOz films

deposited at low temperature (47 °C) in N3 atmosphere. Figure 4.17 shows the an-
nealing effect of photoluminescence spectra of SiO; films deposited at low tempera-
ture (47 °C) in O atmosphere. These figures show that the photoluminescence peak
at 4.4 eV in the film deposited at low temperature (47 °C) increases by annealing in
N3 for 1 hour, and decreases with annealing time in N5 over 1 hour. It is considered
from these results, this peak is oxygen-deficient defect rather than oxygen-excess
defect, because the SiOs thin film of low temperature growth includes unstable de-
fects (it plays as precursor). It may be dominant that the precursor changes into
oxygen-deficient defect in early stage, and the produced oxygen-deficient defect is
reduced gradually by annealing in Ny atmosphere. The other peaks at 2.7 and 3.5 -
eV are decreased by annealing in Ng. This suggests that the origins of these peaks
are oxygen-excess defect. This is similar to high growth temperature SiO; thin film.

4.5 rPhotoluminescence Excited by F; Excimer Laser

4.5.1 Film Thickness Dependence

- The photoluminescence excited by high energy photon than 6.4 eV is studied.
The excitation light source is Fy excimer laser and this emits 7.9 eV photon. This
photon is absorbed by 7.6 eV absorption peak and absorption edge in the photo-
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Figure 4.16. Photoluminescence spectra before and after annealing in Ny atmospheré
at 400 °C for 1 hour. The SiO; thin films were deposited at low temperature (47
°C) by photo-CVD.
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Figure 4.17. Photoluminescence spectra before and after annealing in O atmosphere
~at 400 °C for 1 hour. The SiO; thin films were deposited at low temperature (47
°C) by photo-CVD.
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Figure 4.18. Photoluminescence spectra under 7.9 eV excitation. SiOp thin films of
various thicknesses were deposited at high temperature (280 °C) by photo-CVD.

CVD SiO; thin film. Figure 4.18 shows the photoluminescence spectra measured
using 7.9 eV excitation. The SiO; films were deposited at high temperature (280
°C), and the thicknesses are 10, 100, 600, and 1000 nm. A peak is observed at
4.4 eV whose magnitude increases with increasing film thickness. The thickness
dependence of this peak agrees with that measured using 6.4 eV excitation shown in
Fig. 4.9. The 4.4 eV photoluminescence peaks excited by both F2 (7.9 ¢V) and ArF
(6.4 eV) excimer lasers are probably caused by the same defect. On the other hand,
the peaks at 2.4 eV and 3.5 eV found under 6.4 eV excitation are not measured in
the spectra excited by the 7.9 eV excimer laser. This may result from a changing
energy transfer system with different excitation energy, or the origins of the 2.4 and
3.5 eV peaks have no absorption and cannot be excited by 7.9 eV.

Figure 4.19 shows the photoluminescence spectra of SiOy thin films deposited
at low temperature (47 °C), whose thicknesses are 10, 100, 600, and 1000 nm. The
peaks at 2.7, 3.5 and 4.4 eV exist in the photoluminescence spectra excited by

the Fg (7.9 eV) excimer laser. The line shapes and the thickness dependence of - -

these spectra are similar to that under 6.4 eV excitation. These results suggest the
photoluminescence spectrum of the 280 °C photo-CVD SiO; film is sensitive to the
excitation photon energy, but the 47 °C photo-CVD SiO; film is not sensztwe to the
excitation energy.

Now, behaviours of the photoluminescence excited by Dy lamp and Fg excimer
laser are different each other in spite of nearly equal excitation energy (7.7 eV and 7.9
eV). The photon number of Dy lamp is 5.66x10'7 photons/s (It is assumed that Da
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Figure 4.19. Photoluminescence spectra under 7.9 eV excitation. SiOg films of
various thicknesses were deposited at low temperature (47 °C) by photo-CVD. .

lamp output power is 150 W, the light output in the region of 160 nm=+3 nm is 30 %,
irradiation solid angle is 5.639 cm? (spread for 30 degree, the distance from the light
to an object is 5 cm), transmittance of MgFs window is 80 %, diffraction efficiency
of VUV monochromator is 11 %), one of Fa excimer laser is 4.03x10%? photons/s (It
is assumed: The output is 1 mJ/cm?, Pulse width is 20 ns). To compare these, the
photons from Fy excimer laser is much larger than Dy lamp. In addition to this, the
excimer laser emits a short pulsed light. So, the mechanism of energy-transfer may
be much different, and so the photoluminescence behaviours are different between

Dq lamp and Fs excimer laesr excitatoins. '

4.5.2 Measurement Temperature Dependence

Figure 4.20 shows the dependence of the photoluminescence peak intensity on
measurement temperature in the SiO2 thin film deposited at high temperature (280
°C). Figure 4.21 shows the dependence of the photoluminescence peak intensity on
measurement temperature in the SiOg thin film deposited at low temperature (47
°C). The 4.4 eV peak intensity increased with decreasing measurement temperature -
in the sample grown at both high and low substrate temperatures, and this agrees
with the photoluminescence excited by ArF excimer laser.
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Figure 4.20. Intensities of photoluminescence peak at 4.4 eV excited by Fy excimer
laser as a function of measurement temperature. The SiQOy thin film was deposited
on silicon at high temperature (280 °C) by photo-CVD.
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Figure 4.21. Intensities of photoluminescence peaks at 2.7, 3.5 and 4.4 eV excited
by Fy excimer laser as a function of measurement temperature. The SiO2 ‘thin film
was deposited on silicon at low temperature (47 °C) by photo-CVD.
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Figure 4.22. Transient signal of the peak intensity at 4.4 eV under 7.9 eV excitation.
The SiOg thin film was deposited on silicon at high temperature (280 °C) by photo-
CVD '

- 4.5.3 Decay

Figure 4.22 shows the transient signal of the photoluminescence peak intensity
at 4.4 eV measured at room temperature. The measured transient is very fast and
is comparable with the response of the laser or measurement system similarily to
that excited by ArF excimer laser. In addition, the transient does not change, even
at 77K. This indicates that the emission relates little to slow decay corresponding
to a forbidden transition such as a triplet-singlet transition, or there are fast and
main energy path relating to non-recombination. Moreover, the photoluminescence
transient of the SiOg thin film deposited at low temperature (47 °C) is also very
short. These are the same results as ArF excimer laser.

4.5.4 Anneaiing Effect

The annealing effect of photoluminescence spectra of the photo-CVD SiO; film
in N2 or Oy atmosphere at 400 °C for 1 hour is studied using 7.9 eV excitation.
The photoluminescence peak at 4.4 eV in the film deposited at 280 °C decreases by
annealing in Og, but hardly changes by annealing in N for 1 hour. Similarly, to
the ArF photoluminescence results, these behaviours suggest that the 4.4 eV peak
results from the oxygen-deficient defect.
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~ Figure 4.23. Photoluminescence spectra under 3.7 eV excitation. SiO2 films of
various thicknesses were deposited at high temperature (280 °C) by photo-CVD.

4.6 Photoluminescence Excited by Ny Laser

The photoluminescence excited by another energy photon was also measured.
The light source is Ny laser (PAR Laser, LN120C). Wavelength is 337.1 nm (3.678
eV), pulse width is 300 ps, output power is about 50 uJ/ cm?. Ny laser is very
shorter pulse width and weaker output power than excimer laser. Figure 4.23 shows
the photoluminescence spectrum of SiO; thin film deposited by photo-CVD at high
temperature (280 °C). The photoluminescence peaks at 2.4 and 3.2 eV appear.
The 4.4 eV which is larger than the excitation light energy is not found, and then
multi-photon process does not happen. These peak energies are similar to the case
excited by ArF excimer laser, but peak shifts to low energy. The optical absorption
bands of these peaks may be spread from very low (3.7 ¢V of Nj laser) to high
energy (6.4 eV of ArF excimer laser or 7.7 eV of Dy lamp). Figure 4.24 shows the
photoluminescence spectrum of SiO; thin film deposited at low temperature (47 °C).
The photoluminescence peak at 2.9 eV appears, and this spectrum is different from
one excited by excimer laser.
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Figure 4.24. Photoluminescence spectra under 3.7 eV excitation. SiO2 films of
various thicknesses were deposited at low temperature (47 °C) by photo-CVD.
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Chapter 5

Excimer Laser Irradiation
Effect

5.1 Introduction

It is reported in photoluminescence and absorption measurements that various
defect structures in silica glass (fused quartz) are changed by irradiation of an ArF
excimer laser [1-5]. Therefore, it is thought that the irradiation induces production
and reduction of the defects in the photo-CVD SiO; thin films as well, and these
changes yield some information about defect characteristics. Addition all, KrF and
ArF excimer lasers are used for photo-lithography, and so irradiation effects is ex-
pected to be characterized from a viewpoint of application to the lithography. In
this section, the irradiation effect has been studied by means of photoluminescence,
optical absorption and electron spin resonance (ESR). The result shows that ArF
excimer laser irradiation is quite different from Fy excimer laser. '

5.2 Measurement Me’thod of Irradiation Effect

The SiOy thin films were deposited by photo-CVD on MgF; for optical absorp-
tion or Si for photoluminescence and ESR measurements. The samples were set in
optical dewar in vacuum, and were irradiated by ArF and Fs excimer lasers at RT,
The ArF excimer laser output power is 30 mJ/cm?, and Fy excimer laser output
power is about 5 mJ/cm?. Optical absorption and photoluminescence were mea-
sured by the same system as described in chapters 3 and 4. ESR spectra were
measured by X-band ESR spectrometer (Jeol, JES-ME-2X). The sample was cut
15x3x0.5 mm, and set in quartz tube. Microwave power is 6 mW, and the spectra
were measured at RT. or liq. N3 temperature. The SiO» thin film was deposited on
a high-resistivity (900-1200 Q-cm) Si substrate.

51
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‘Figure 5.1. Absorption spectra before and after irradiation of ArF excimer laser.
The SiO; film was deposited at high temperature (280 °C) on MgF; by photo-CVD.

5.3 Optical Absorption

The absorption peak at 7.6 eV or 6.3 eV is found in the photo-CVD SiO; films
on the MgF; substrate, and its intensity greatly depends on growth temperature [6- .
8]. The SiO; film deposited at high temperature (about 300 °C) has the absorption
peak at 7.6 eV which is caused by an oxygen-vacancy (Si-Si) [9, 10]. By contrast, the
SiO; film deposited at low temperature (about 50 °C) has the peak at 6.3 eV which
is related to an oxygen-excess defect. Figure 5.1 shows the absorption spectra before
and after the irradiation of the ArF excimer laser. The SiO; film was deposited on
MgF; plate at high temperature (280 °C). The absorption peak at 7.6 eV exists
. in the as-grown film, and little change is observed after the irradiation. The 6.4
eV photon may not break oxygen-vacancy such as Si-Si, or this defect may have
no absorption band around 6.4 V. Figure 5.2 shows the absorption spectra before ,
and after ArF excimer laser irradiation in the film deposited at low temperature (47
°C). The absorption peak at 6.3 eV exists in the as-grown film. This peak is caused
by a defect relating to excess oxygen, for example Si~O-H, Si~O-0 .. This peak .
decreased after irradiation.

Figure 5.3 shows the absorption spectra before and after the Fo excimer laser

irradiation. The SiO; film was deposited on MgFs at high temperature (280 °C). In .

contrast to those of the irradiation of ArF excimer laser (Fig. 5.1), the absorption
peak at 7.6 eV was decreased by irradiation with the F2 excimer laser. It is suggested
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Figure 5.2. Absorption spectra before and after irradiation of ArF excimer laser.
The SiOs film was deposited at low temperature (47 °C) on MgF; by photo-CVD.

T T Y 3
= 4 | SiO, film on MgF, 3
5 Ts=280°C ¢
Y .
~ F, 5mJ/em? 3000 shots £
T ’
8 2t b Eefore ®
(]
‘5 fter &"
=3
s 17T
173]
L2
< T T
: O KL e 4 i
5.5 6.5 - 7.5 8.5

Photon energy (eV)

Figure 5.3. Absorption spectra before and after irradiation of Fy excimer laser in
the film deposited at high temperature (280 °C) on MgF3 by photo-CVD.
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Figure 5.4. Changes of the peak intensity upon irradiation with ArF excimer laser.

that a defect such as Si-Si was broken by Fs excimer laser irradiation. On the other
hand, the peak at 6.3 eV in the film deposited at low temperature (47 °C) was
~ decreased upon irradiation. It is thought that the defect of the absorption peak at
7.6 €V is tight and is broken only by a high energy photon, but the defect of the
peak at 6.3 eV is unstable and easily broken.

5.4 Photdluminescence

Figure 5.4 shows the changes in intensity of photoluminescence peaks as a func-
tion of shot number of the ArF excimer laser. The peak intensities at 4.3 ¢V and 3.4
eV decrease monotonously with the shot number of ArF excimer laser irradiation,
but the peak at 2.7 eV increases below 2000 laser shots and decreases above 2000
laser shots. Such behavior was observed in films deposited at both high (280 °C)
and at low (47 °C) temperatures. Figure 5.5 shows the photoluminescence peak
intensity at 2.7 eV before and after O annealing as a function of shot number. The
same behavior was also observed in the sample which was annealed in Oz at 400 °C
for 1 hour after laser irradiation. On the other hand, figure 5.6 shows that the peak
intensity in the sample annealed in N decreased monotonously with increasing shot
number. These suggest that the increase of intensity below 2000 shots is related to
oxygen. It is likely that impure structures in the thin film such as Si-H and Si-O-H,
are promoted to react with oxygen by ArF excimer laser irradiation, and then form
another defect having 2.7 eV luminescence which increases at the initial stage. More
irradiation collapses the defect corresponding to 2.7 eV emission. '
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Figure 5.7. Changes of the photolummescence peak intensities upon irradiation with
Fa excimer laser.

Figure 5.7 shows the changes in intensity of photoluminescence peaks as a func-
tion of shot number of the Fy excimer laser. The intensity of photoluminescence
peaks was measured as a function of shot number of Fy excimer laser irradiation.
The intensities in the SiO2 thin films deposited at both high (280 °C) and low (47

- °C) temperatures decreased monotonously with the shot number. Moreover, the
intensity did not increase in the film after annealing in Og, and no marked changes
occurred after annealing in Op or Ny. This indicates that the 7.9 eV photon changes
the defects, and the changed defects cannot be recovered by N2 or O annealing.
This suggests that the 7.9 eV photon (F; excimer laser) changes the defect to a
rather different one, but the 6.4 eV photon (ArF excimer laser) does not.

As a result, a 6.4 eV photon cannot break Si-Si, but can create other types of
defects to which the photoluminescence peak at 2.4 eV is attributed, and so, the
bond of Si~Si may be tighter than the oxygen excess defect.

5.5 Electron Spin Resonance

Figure 5.8 shows the ESR spectra of the $iO2 thin films deposited at various
temperatures by photo-CVD. There are two ESR signals in all samples. The higher
g-value signal (~2.005) is substrate-related one, for example Si dangling bond, be-
cause this is found in the silicon substrate only (or native-oxide may be exist) [11,12].
The lower g-value signal (~2.0016) relates SiOg thin film [13-15]. Because, this sig-
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Figure 5.8. The ESR spectra of the SiO; thin films deposited at various temperature
~ by photo-CVD. : : '
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Figure 5.9. Changes of ESR spectra by irradiation of ArF excimer laser. The SiOg
thin film was deposited at high temperature (280 °C) by photo-CVD.

nal increases with increasing grown temperature, and this is not found in the silicon
substrate only. Moreover, the latter signal is independent of rotation of the Si sub-
strate. It seems that the origin of the signal of the g-value ~2.0016 may be the
E’-center. This is because oxygen tends to escape from SiO2 thin film at a high
deposition temperature. Then oxygen-deficient defects (Si-Si) remain in the thin
film.

Figure 5.9 shows the change in X-band ESR spectra after irradiation of the ArF
excimer laser. The SiO; thin film was deposited at high temperature (280 °C).
The SiO; thin film was irradiated with 2000, 5000, 10000 and 15000 shots of ArF
excimer laser light of 30 mJ/cm?. Two kinds of ESR signals are seen in the no-
irradiated sample. The signal of the g-value ~2.005 is substrate related signal, and
one of the g-value ~2.0016 is caused by SiO; thin film. This figure shows that the
resonance at g~2.0016 decreases with shot number. These suggest that dangling
bonds such as E’-center exist in the as-grown film deposited at high temperature
(280 °C), and since the 6.4 eV photon of the ArF excimer laser may not be sufficient
to break Si-Si, the ESR signal intensity does not increase. Rather it is thought
that the dangling bonds existing in the as-grown sample may react with the other
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Figure 5.10. Changes of ESR spectra by irradiation of ArF excimer laser. The SiO»
thin film was deposited at low temperature (47 °C) by photo-CVD.

dangling bond or the interstitial oxygen due to irradiation, thus decreasing the ESR
signal. By contrast, Fig. 5.10 shows that the signal at g~2.0016 was not found.
“before irradiation in the sample deposited at low temperature (47 °C). This figure
shows that the signal at g~2.0016 appeared after irradiation and increased with
shot number. It may be concluded from IR measurement results that the defect
SigH, exists in the photo-CVD SiO; thin film deposited at low growth temperature
(47 °C), and from the photoluminescence results that an unstable defect exists in
the low growth temperature film. Hence the increase of the ESR signal (creation of
dangling bonds) may be caused by these unstable defects broken b‘y ArF excimer
laser irradiation.

Figure 5.11 shows the change in the ESR signal upon Fy excimer laser irradiation.
The SiO2 thin film was deposited by photo-CVD at high temperature (280 °C). In
contrast to the change with the ArF excimer laser in Fig. 5.9, the resonance signal
of the g-value ~2.0016 increased with shot number. It was shown from the change
of the absorption spectra in Fig. 5.3 that Si-Si may exist in the as-grown sample
and may be broken upon irradiation with the Fy excimer laser. On the basis of
this, Si~-Si may be broken into -Si - by Py excimer laser irradiation, and then the
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Figure 5.11. Changes of ESR spectra by irradiation of Fy excimer laser. The SiO,
thin film was deposited at high temperature (280 °C) by photo-CVD.
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Figure 5.12. Changes of ESR spectra by irradiation of Fy excimer laser. The SiOs
thin film was deposited at low temperature (47 °C) by photo-CVD.

ESR signal will increase with shot number. Figure 5.12 shows the change in the
ESR signal upon Fy excimer laser irradiation. The SiO5 thin film was deposited at
low temperature (47 °C). This is similar to an ArF excimer laser irradiation. This
irradiation effects may correspond to reduction of 6.3 eV absorption peak with ArF
and Fg excimer laser irradiation. '
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Chapter 6

Defect Energy Analyses by
Molecular Orbital Method

6.1 Introduction

It is important that the defects in the SiOs thin film are identified precisely for
device application to improve film quality. Optical characterization such as photo-
luminescence and optical absorption enable the determination of transition energies
precisely and non-destructively. Moreover, photoluminescence is directly relating to
electron transition between energy levels, and is one of the most sensitive methods for
characterizing a defect. These studies provide pertinent information about oxygen-
vacancy, peroxy linkage and other defects [1-4]. The photoluminescence and optical
absorption due to the oxygen-vacancy (ESi——Sii) were already analyzed theoretically,
and the defect structure was proposed [5-7). We have observed some photolumines-
cence and absorption peaks for the SiOy thin film prepared by photo-CVD, and the
origins of these peaks were identified as both oxygen-excess and oxygen-deficient
defects [8-10]. However, theoretical analyses of photoluminescence due to oxygen-
excess and hydrogen-related defects such as (=Si-H), (=Si-0-H), (=Si-0-0-H),
(=8i~0-0-8i=), (Si-0~0 ) and (Si-O -) [11,12] have not been reported yet. (The
symbols = and - represent three bonds and an unpaired electron.) Thus, a theoret-
ical study on the oxygen-excess and hydrogen-related defects is desired. Molecular
orbital (MO) analysis is known to be a powerful method for obtaining not only ener-
gies of the ground and excited states but also bonding energies, and electron density.
Therefore, the oxygen-excess and hydrogen-related defect structures existing in the
SiOg thin film should be identified by comparison of the calculated energy and the
experimental photoluminescence peak energy.

In this chapter, I have constructed cluster models of the defects, and calculated
the energy levels of these clusters using the MO method. Moreover, the photolumi-
nescence peak energies of the photo-CVD SiOg thin film have been compared with

63
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Table 6.1. MO calculation programs and parameters.

~ Semi-empirical method

- Programs MOPAC93
Parameters’ ~ PM3,ClL
~ Ab-initio method 4 ,
- Programs Gaussian92
* Parameters STO-3G(3-21G)

Single-excitation-C.I.

the calculated energy levels, and the structure of the defect model has been dis-
cussed. It is presented that the energies of Si-O~O-Si cluster and Si-O- O—H cluster
agrees well with expenmental results, but Si-Si is not.

6 2 Calculation Method

: MO analysxs of the clusters of oxygen-excess defects has been carried out us-

ing a semi-empirical method (MOPAC93 [13]) and an ab-initio method (Gaussian92
[14]) to clarify these defect structures. Molecular orbital analysis is explained in - .
Appendix A. These methods are summarized in appendix A. Table 6.1 shows the -
calculation programs and parameters. Configuration interaction (C.1.) is included in
both methods to estimate the excited energy state and to provide exact energy. In -
general, semi-empirical calculations are relatively inexpensive and provide reason-
able qualitative structural descriptions of the molecular systems and fairly accurate
quantitative predictions of the energy levels for these systems. In contrast, ab-initio
computations provide precise quantitative predictions for a broad range of systems,
but the computational cost of these calculations is large. Thus, semi-empirical cal-
culations were used for determining the geometry of the cluster model, and ab-initio
calculations were used for the estimation of the precise energy levels and the electron
den51ty

6.3 SiO, Cluster

The cluster size affects time and computational cost for calculation energy and
electron density, and is important to obtain reasonable solution. The real SiOg
has many atoms (2x10?% atoms exist in 1 cm®, as a density of silica glass is about
2 g/cm? [17]), but it cannot deal with such large number of atoms. Naturally,
the cluster including many atoms provides good descriptions, and as atom number
increases, calculated data gives good agreement with experimental ones. However,
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Figure 6.1. SiOy cluster model. This is the initial geometry before optimization
using MO analysis. ‘ :

as atom number in the cluster is great, the calculation time, storage size and other
computational cost become big. For example, if the atom number in the cluster is
twice, then computational cost is 2" times (n~2.5-4) [18]. The atom number in the
cluster should be cut off in real situation, so I have tried to limit the atom number
to explain an experimental data well.

The structure of crystalline SiOs (quartz) was studied a typical example. So,
the SiOg clusters including various silicon atoms were calculated, and calculated
bond length and angles were compared with reported (empirical) ones [19]. Figure
6.1 shows the initial structure (before optimization) of the SiO, cluster including
two silicon atoms. This structure of this cluster was optimized by ab-initio MO
calculation with Hartree-Fock level and STO-3G basis set. Figure 6.2 shows the
dependence of Si~O bond length on number of Si atoms in cluster. These calculations
were carried out by small computer (workstation; Hewlett Packard, HP712/60), and
total calculation time is about 1 month. The calculated Si-O length is 0.165 nm,
and is independent on the number of Si atoms. This figure shows that the calculated
length almost agrees with empirical data. So, this result suggests that the cluster
including small silicon atoms explain well experimental data. ' ' '
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" Figure 6.2. Dependence of Si-O bond length on number of Si atoms in the SiO2
cluster model. The optimizations were carried out by ab-initio MO method.

6.4 Oxygen-Excess Defect

6.4.1 Determination of Defect Structure by Semi-Empirical Method

. In this section, oxygen-excess defect, especially Si~-O-0-Si was discussed. Three
kinds of cluster models were discussed using the semi-empirical MO method, taking
account of the influence of the Si~O network surrounding the cluster.

- 6.4.1.1 Model (1): Only two movable excess-oxygen atoms on Si—X axis

The cluster model (1) is shown in Fig. 6.3. The point X indicates a position
" of oxygen in a perfect SiOg network. The position of O atom adjacent to X were
optimized along the O-X axis by changing the distance between Si and X and the
Si~X~-Si angle as parameters. The motion of the two excess oxygen atoms is similar
to that of silicon atoms in the oxygen-vacancy model reported in refs [5-7]. The
initial geometry of this cluster in the computational process is similar to that of the
defect-free SiO2 in which an O atom is added between two Si atoms; the Si-O bond
length is 0.16 nm, and O-H bond length is 0.1 nm. The Si-O-Si bond angle is 144
°, and dangling bonds belonging to end oxygen atoms are terminated by hydrogen
atoms. The dependence of the energy of the ground state on the Si-X distance and
Si~X-Si angle is shown in Fig. 6.4. This cluster has no stable geometry. The excited
state is calculated and shown in Fig. 6.5, but no minimum point is obtained. This
means that an O-Si=0j3 group tends to separate from the other O-5i=03 group.
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Figure 6.3. Cluster model of oxygen-excess defect (1): Oniy two excess oxygen atoms
‘move along Si-X axis.
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Figure 6.4. The ground state energy as functions of Si-X distance and Si~X~Si angle,
calculated by semi-empirical MO method for the cluster of oxygen-excess defect (1)
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- Figure 6.5. The triplet state energy as functions of Si-X distance and Si~X-Si angle,
calculated by semi-empirical MO method for the cluster of oxygen-excess defect (1).

6.4.1.2 Model (2): All bond lengths and angles are fully optimized

The cluster model (2) is shown in Fig. 6.6. All bond lengths and angles were
fully optimized by the semi-empirical MO method. The initial geometry in the
- computational process is the same as that in cluster mode] (1). This optimization
process corresponds to a sufficiently relaxed structure of the oxygen-excess defect,
- and neglects surrounding atom effects. This means that the cluster is isolated, and
- all atomic positions are optimized by changing the Si-X distance as parameter. This

optimization implies that the bonding of two excess oxygen atoms is weaker than
that in the defect-free SiOy cluster. The dependence of the energies of the ground,
excited triplet and excited singlet states on the Si~X distance calculated by the
semi-empirical MO method are shown in Fig. 6.7. This cluster is quasi-stable at the
- point Si-X = 0.12 nm in the excited triplet state. The transition energy from the
excited state to the ground state is 1.8 eV, but this value does not agree with the
- experimental one (2.4 or 3.5 eV). ' :

6.4.1.3 Model (3): Only the positions of two excess oxygen atoms are
optimized

The cluster model (3) is shown in Fig. 6.8. The initial geometry in the com-
putational process is the same as the models (1) and (2), but only the positions of
the two excess oxygen atoms between the two Si atoms are optimized, while Si, H
and other O atoms are fixed at the positions of the defect-free SiOs network. This
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Figure 6.6. Cluster model of oxygen—ekcess defect (2): All bond lengths and angles
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Figure 6.7. The total energy as a function of Si-X distance, calculated by semi-
empirical MO method for the cluster of oxygen-excess defect (2).
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Si-X-Si=144°
O-X=0.11nm
Si-X=0.16 nm

, Figure 6.8. Cluster model of oxygen-excess defect (3): Only the positions of two
oxygen atoms between Si atoms are optimized, and the other atoms are fixed.

- optimization process assumes that the positions of the Si atoms are fixed by the
other atoms surrounding them, but the excess oxygen atoms are not. Dependence
of the energy of the ground state on the Si~X distance and Si-X-Si angle are shown
in Fig. 6.9. The energy is little affected by the small change in the Si-X-Si angle.
The excited state was calculated, and shown in Fig. 6.10. This cluster is quasi-
stable near Si-X = 0.16 nm, and the transition energy from the excited state to

 the ground state is about 2.3 eV. Moreover, its geometry shows Si-Si coupling with

0-0 perpendicularly to it. This transition energy roughly agrees with the 2.4 eV

photoluminescence peak measured for the photo-CVD SiO2 thin film.

6.4.2 Energy Calculation by Ab-Initio Method

It is thought that ab-initio computations provide better quantitative predictions '
than the semi-empirical method, because the semi-empirical method has many pa-
rameters that must be derived from experimental data. Therefore, the transition
energy of cluster model (3) is analyzed by the ab-initio MO method to study the
~ energy status precisely, because this cluster model best explains the experimental
results. Figure 6.11 shows the dependence of the energy of the excited triplet and
the excited singlet states on the Si-X distance. This cluster is quasi-stable at Si-X
= 0.17 nm. The transition energy from the excited singlet state to the ground state
is 2.65 eV at this point, and this value agrees roughly with the experimental one.
These theoretical results suggest that the defect which causes the 2.4 eV photolumi-
nescence has an atomic structure very similar to that shown in Fig. 6.8 (model (3)).
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Figure 6.9. The ground state energy as functions of Si-X distance and Si~X-Si angle,
calculated by semi-empirical MO method for the cluster of oxygen-excess defect (3).
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Figure 6.11. The total energy as function of Si-X distance, calculated by ab-initio
MO method for the cluster of oxygen-excess defect (3).

The total atomic charge (Mulliken charge) belonging to an excess oxygen atom is
~0.46 at Si-X = 0.17 nm, and that belonging a Si atom is 1.6. However, the total
atomic charge (Mulliken charge) belonging to an O atom in the defect-free SiOy
cluster is —0.74, and that belonging to a Si atom is 1.5. Therefore, the charge of a
Si atom in an oxygen-excess defect is nearly equivalent to a Si atom in the defect-free
cluster, but the electron density of an O atom in the oxygen-excess defect is smaller
than that of an O atom in the defect-free cluster. This means that an electron is
distributed the two excess oxygen atoms, and this bond energy may be smaller than
that of defect-free SiOy; thus the Si-O bonds in the cluster model may be more
unstable than that in defect-free cluster. IR absorption was calculated toe but the
result does not agree with experimental data.
" Ab-initio MO calculations using another cluster including more Si atoms and

~ another basis set (3-21G) were performed. Because the availability of the cluster

size is desired to be confirmed, and a more precise transition energy should be -
obtained since the 3-21G basis set is bigger than the STO-3G basis set. Figure
6.12 shows an oxygen-excess cluster model that includes three silicon atoms. The
positions of only the two oxygen atoms between the two Si atoms are optimized,
and the other atoms are fixed in a similar way to that of model (3). As a result
- of semi-empirical calculation, the cluster including three silicon atoms is found to
have quasi-stable geometry. The transition energy from the excited singlet state to
the ground state calculated by ab-initio method with STO-3G basis set is 2.32 V.
In addition, MO calculation with 3-21G basis set gives a more precise result that
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Figure 6.12. Cluster model of oxygen-excess defect that includes three silicon atoms.
Only the positions of two oxygen atoms between two silicon atoms are optimized,
and the other atoms are fixed.

the transition energy is 2.40 eV in cluster model (3), and this agrees well with the
photoluminescence peak at 2.4 eV. Therefore, these results strongly support the fact
that the oxygen-excess defect is related to the 2.4 eV photoluminescence peak. The
calculation for an oxygen-excess cluster that includes more than 4 silicon atoms was
not carried out because of limited of calculation time and of the ab-initio calculation
result that the Si—~O bond length is hardly changed in the optimization of the defect-
free SiO2 cluster structures which include 2-5 silicon atoms and are optimized by
ab-initio MO method. ' '

On the other hand, the excitation energy of the cluster model (2) was calculated
using the ab-initio MO method, as the excitation energy evaluated using the ab-
initio MO method was different from the energy obtained using the semi-empirical
MO method in cluster model (3). This ab-initio MO calculation indicates that the
transition energy from the excited triplet state to the ground state is 1.74 eV, and
the transition energy from the excited singlet state to the ground state is 4.06 eV.
These results do not agree with experimental ones, although results obtained using
the semi-empirical and the ab-initioc methods are different from experimental ones.

In this section, the structure of the oxygen-excess defect is obtained and com-
pared with our experimental data on SiO; thin films deposited by photo-CVD. It
has been reported that the oxygen-excess defects such as (=Si~0-0-Si=) exist in
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Figure 6.13. Si-H cluster model.

‘conventional thermally grown SiOg films [15,16]. The authors consider that these
- results are applicable to all kinds of SiO» thin films, and not only to the photo-CVD
films. The reduction in the photoluminescence intensity by annealing is conspicuous.
in photo-CVD 8iO; thin films since the annealing temperature is higher than growth
temperature of the photo-CVD SiO, thin films. E :

6.5 Hydrogen-Related Defects

6.5.1 Determination of Defect Structure by Semi-Empirical Method

In previous section, oxygen-excess defect, especially Si-O-0-8i was discussed,
and the calculated energies agree well with experimental results. However, the origin
of another photoluminescence peak at 3.5 eV which relates oxygen-excess defect is
not clear. Thus, hydrogen-related defect clusters (Si-H, Si-O-H and Si-O-0-H)
were discussed using the semi-empirical MO method.

" 69501-1 Si"‘H

The Si~H cluster model is shown in Fig. 6.13. The hatched circle is defect
accompanied with H atom. The initial geometry of this cluster in the computational
process is similar to that of the defect-free SiO; in which an O atom is removed
between Si and H atoms; the Si-O bond length is 0.16 nm, the O-H bond length
is 0.1 nm, the Si~O-Si bond angle is 144 °, and dangling bonds belonging to end
oxygen atoms are terminated by hydrogen atoms. The dependence of the energy
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Figure 6.14. The total energy as function of O-H distance, calculated by semi-
empirical MO method in the Si-H cluster.

of the ground, triplet and excited singlet states on the Si~H distance calculated by
semi-empirical MO method is shown in Fig. 6.14. This cluster is quasi-stable at
the point Si-H = 0.15 nm in the ground state, Si~-H = 0.25 nm in the triplet and
excited-singlet sates. The transition energies from the excited triplet and singlet
state to ground states are 0.7 and 2.3 eV, the excitation energies from ground state
to excited triplet and singlet states are 3.4 and 5.7 V.

The energies of another cluster in which H atom is placed between two Si atoms
(O3Si-H - SiO3) were calculated to take account of influence of neighboring atoms.
This cluster has a dangling bond in one of two Si atoms, but this bond is not
terminated. The H atom is fully optimized, and the other atoms are fixed during
calculation. As a result, the excitation energies from ground state to 1st and 2nd
exited states are 1.6 and 4.4 eV, and the energy from 2nd excited state to ground
state is 2.8 eV. The Ist excited states do not have quasi-stable position. These
energies agree with 4.4 eV photoluminescence which relates oxygen-deficient defect.

6.5.1.2 Si-O-H

The Si-O-H cluster model is shown in Fig. 6.15. The hatch atoms are defect O
and H. The initial geometry of this cluster in the computational process is similar to
‘the defect-free SiOg; the Si-O bond length is 0.16 nm, the O-H bond length is 0.1
nm, the S5i-O-8i angle is 144 °, and dangling bonds belonging to end oxygen atoms
are terminated by hydrogen atoms similar to model 1. The atoms are fixed except
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Figure 6.15. Si-O-H cluster model.

. for H, and the position of only this H atom was optimized. The dependence of the -
energy of the ground states on the O-H distance and the Si-O-H angle calculated
by the semi-empirical MO method is shown in Fig. 6.16. This cluster is quasi-stable
at Si-H = 0.1 nm and Si-O-H = 120 °, Moreover, the excited state was calculated.
Figure 6.17 and 6.18 show that the energies of triplet and excited singlet state.
These figures show that the no minimum point is observed in the triplet state, but
quasi-stable is observed at the same point as the ground state in the excited singlet
state. The transition energy from the excited singlet state to the ground state is 6.2
eV. ‘ : ‘

The energies about the another cluster in which OH was inserted between two Si
atoms (O38i-O-H - SiO3) were calculated in the same way as Si~H. This cluster has
a dangling bond in one of two Si atoms, but this bond is not terminated. The H and
O atoms are fully optimized, and the other atoms are fixed during calculation. Thus,
the ground state is doublet in this cluster. As a result, the energies from ground
state to 1st and 2nd excited states are 5.4 and 5.1 eV, but there are no minimum
point, this cluster has no quasi-stable point in the excited state. Then, this cluster
has no photoluminescence.

It has been reported that silicon dioxide film of wet oxidation provides higher
charge-to-breakdown and lower stressing current density (JgSL ) than dry oxidation.
_ This reason is explained by assuming that the defect Si~OH is stable than Si-H
[23,24]. So, the energy to remove the H atom has been calculated in the same way
as Si~H and Si-OH. The clusters are optimized H-Si-(OH); and HO-Si~(OH)3 in
which (OH)s are fixed during optimization process. Figure 6.19 and 6.20 show the
Si~H and Si—O-H cluster models. The hatched H atoms are locus, then only one
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Figure 6.16. The total energy as functions of O-H distance and Si-O-H angle,
calculated by semi-empirical MO method in the Si~O-H cluster.
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Figure 6.17. The triplet state energy as functions of O-H distance and Si-O-H
angle, calculated by semi-empirical MO method in the Si-O-H cluster.
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Figure 6.18. The excited singlet energy as functions of O-H distance and Si-O-H
angle, calculated by semi-empirical MO method in the Si~O-H cluster.

Figure 6.19. The Si~H cluster model for stability calculation.
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Figure 6.20. The Si-O-H cluster model for stability calculation.

H atom exists during calculation. This figure shows that the difference from the
minimum (stable, optimized) point to the isolated point in SiO-H cluster is larger
than that in Si-H cluster. This suggests that the defect Si~OH is more stable than
the Si~H, and it agrees with the above experimental results. Figure 6.21 shows the
dependence of the energy of ground state on the distance between Si and H. This
figure shows that the difference from the minimum (stable, optimized) point to the
isolated point in SiO-H cluster is larger than that in Si-H cluster. This suggests
that the defect Si-OH is more stable than the Sr«H and it agrees with the above
experimental results. :

6.5o1o3 SiﬁO"OA‘H

The Si-O-O-H cluster model is shown in Fig. 6.22. The initial geometry of this
cluster in the computational process is similar to that of the defect-free SiOg; the
Si-O bond length is 0.16 nm, the O-H bond length is 0.1 nm, the Si-O-Si bond
angle is 144 °, the O-O bond length is 0.16 nm, and dangling bonds belonging to
end oxygen atoms are terminated by hydrogen atoms similarity to model 1 and 2.
The atoms are fixed except for the O-H atoms (which bonds to the Si-O) whose
positions are optimized. The dependence of the energy of ground states on the O-H
and the O-0O distances was calculated by the semi-empirical MO method, and are
shown in Fig. 6.23. The energy is little dependent on the small change of the O-H
distance. Figure 6.24 shows the excited singlet state. This cluster is quasi-stable at
near O-H = 0.1 nm and O-O = 0.15 nm. The transition energy from the excited
singlet state to the ground state is about 3.6 eV, and the excitation energy from the
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Figure 6.22. Si-O-0O-H cluster model.
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Figure 6.23. The total energy as functions of O-H and O-0O distance, calculated by
semi-empirical MO method in the Si-O-O-H cluster.

ground state to the excited singlet state is 6.2 ¢V, These transition energies roughly
agree well with the 6.3 eV absorption band and the 3.5 eV photoluminescence peak
measured in the photo-CVD 8i05 thin film.

The energies about the another cluster in which OOH was inserted between two
Si atoms (03Si~O-O-H - SiO3) were calculated. The H and two O atoms are fully
optimized, and the other atoms are fixed during calculation. This cluster has a
dangling bond in one of two Si atoms, but this bond is not terminated. Thus, the
ground state is doublet spin state in this cluster. As a result, the energies from
ground state to 1st and 2nd excited states are 3.4 and 4.7 eV, and the energies from
1st and 2nd excited state to ground state is 0.7 and 3.2 eV. The energy from 2nd
excited state to ground state (3.2 eV) is a little different from experimental value,
but this cluster has dangling bond. This dangling bond may cause such difference
between experimental and calculated value.

6.5.2 Energy Calculation by Ab-Initio Method

It is thought that the ab-initio computations provide better quantitative predic-
tion than the semi-empirical method, because the semi-empirical method has many
parameters that must be derived from experimental data. Therefore, the transition
energy of only the plausible Si-O-O-H cluster model was analyzed by the ab-initio
MO method to study the energy state precisely, because this cluster explains the
experimental results best among the three cluster models. The cluster model was
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Figure 6.24. The excited singlet enefgy as functions of O-H and O-O distance,
calculated by semi-empirical MO method in the Si~O-O-H cluster. :

optimized in the same way as the semi-empirical method (The initial geometry is
the same as model shown in Fig. 6.22; only the positions of O and H are optimized,
and the other atoms are fixed during optimization). The transition energy from the
ground state to the excited triplet is 6.40 eV and that from the ground state to the
excited singlet state is 8.25 eV at its point. Then, structure of the excited states
- is optimized, and the excitation energy of its geometry is calculated. As a result,
the excitation energy from the excited singlet state to the ground state is 3.89 eV,
and that from the excited triplet state to the ground state is 2.52 eV. These values
roughly agree with experimental 3.5 eV photoluminescence peak. These theoretical
results suggest that the defect, which causes the 6.4 eV absorption and the 3.5 eV
photoluminescence has atomic structure very similar to that shown in Fig. 6.22.
Thus, the transition energy for Si-O-O-H cluster model agrees with experimen-
tal one, but the excited state is different between the semi-empirical method and
the ab-initio method. So, the transition energies of the Si-H and the Si-O~H cluster
models were also calculated using the ab-initio method to make sure of that only the
Si~0~0~H (model 3) agrees with experimental one. The calculation procedures are
" the same as semi-empirical method. Table 6.2 shows the summary of the transition
and the excitation energies. The transition energies of Si-H and Si-O-H cluster
models are different from experimental ones (optical absorption and photolumines-.
cence). :
In this section, the structures of the hydrogen-related defects were compared with
our experimental data on SiOg thin films deposited by photo-CVD. However, it has
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Table 6.2. The transition energies of Si-H, Si~O-H and Sx-O O-H, calculated by
the ab-initio method.

Si-H SiO-H Si-O-O-H

Ground to triplet 8.43 8.43 6.40
Ground to singlet 10.03  10.03 8.25
Triplet to ground  8.43 - 2.52
Singlet to ground 10.03 - 3.89
(eV), the symbol - represents no minimum
energy.

been reported that hydrogen-related defect such as (=Si-O~H) exists in conventional
thermally grown SiOg films [20-22]. It is considered that these results are applicable
to all kinds of SiO2 thin films, and not only to the photo-CVD films. Especially,
the SizHg gas was used in photo-CVD, there are hydrogen (which may be a radical)
induced in the film during deposition, and then the concentration of hydrogen may
“be larger than the thermally grown oxide with dry Os. Additionally to this, the
reduction of photoluminescence intensity by annealing is conspicuous in photo-CVD
SiOg thin films. Because the amount of defects in the SiO; thin films deposited by
photo-CVD is larger than that in thermally grown films, the annealing temperature
~ is higher than growth temperature of the photo-CVD SiO4 thin films.

6.6 Si—Si Defect

It is reported that ab-initio MO calculation about the oxygen-vacancy (Si-Si)
cluster ((HO)3Si-Si(OH)3) including 2 silicon atoms provides prediction that this
cluster has 7.6 and 5.0 eV absorption and 2.7 eV photoluminescence [6,7]. These
calculations were carried out by using Gaussian 80H (Gaussian 80: HITAC version)
and based on single-electron-configuration-interaction (SE-CI) {2]. However, this
photoluminescence peak is not found in our photo-CVD SiOs thin film. So, I have
tried to discuss the Si-Si cluster including three silicon atoms. Figure 6.25 shows
the Si-Si defect cluster model including three Si atoms. The position X is the
oxygen-vacancy. Si~-O-H and Si-O-Si angle is 144 °. Si~O = 0.16 nm, Si-H is 0.1
nm. The excitation energies are calculated under the condition that the positions
of only two Si atoms neighboring oxygen-vacancy (X) are optimized and the other
atoms are fixed. Figure 6.26 shows that ground, excited triplet and excited singlet
states. This figure shows the possibility of having 1.8 and 5.5 eV absorption and 1.96
and 0.35 eV photoluminescence, but these values do not agree with experimental
ones. Figure 6.27 the calculated IR absorption spectrum. This figure shows some
absorption peak, but these peaks also do not agree with experimental ones. Figure
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Figure 6.25. The Si-Si cluster model including three Si atoms.
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Figure 6.26. The energy transfer diagram of the Si-Si cluster model including three
Si atoms. ' : ' :
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Figure 6.27. Calculated IR spectrum of the Si-Si cluster model mcludmg three Si
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Figure 6.28. Calculated charge density of the Si-Si cluster model including three Si
atoms, '

6.28 shows the charge density calculated by MOPAC93. This view is the plane
including O-Si~0O-Si-X~Si-O. It is shown charge concentrates in O atoms. There is
little charge between oxygen-vacancy (X), and dangling bond is not found.
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Chapter 7

- Conclusion

A series of comprehensive investigations on the characterization of the defects in the .
SiOgz thin films by optical properties and molecular orbital method has been carried
out. The conclusions obtained in this thesis work are summarized as follows.

1. SiO; thin films have been deposited at low temperature (RT-300 °C) by using
photo-CVD. The source gases are SigHg and O5, and the excitation light source
is a deuterium lamp. Refractive indexes of these films grown at more than 50
°C are 1.45 which is very close to one of thermally grown SiO; film.

2. 6.3 and 7.6 eV absorption peaks are found in the SiQO; thin film deposited
on MgF; substrate by photo-CVD. Film thickness dependence, the anneal-
ing effects and source gas-flow-rate-ratio during deposition of structural and
electrical properties, are studied. These results suggest that the origin of 6.3
eV peak is localized near SiO;/MgF, interface and relates an oxygen-excess
defect, but the origin of 7.6 eV peak is distributed in the film and relates an
oxygen-deficient defect.

3. Photoluminescence excited by monochromated deuterium lamp (7.7 eV) have
been studied. As a result, the 2.7, 3.6-3.8 and 4.4 eV photoluminescence peaks
are found in the SiOy thin film deposited on Si substrate at high temperature
(300 °C), and only 2.7 and 3.6-3.8 eV peaks are found in one deposited at low
temperature (30 °C). : :

4. Photoluminescence excited by ArF (6.4 eV) and F5 (7.9 eV) excimer laser have
been studied. As a result, the 2.4, 3.4-3.5 and 4.3-4.4 eV photoluminescence
peaks are found. The films were deposited on Si substrate by photo-CVD.
Annealing effects suggests that the 2.4 and 3.4-3.5 eV are caused by oxygen-
excess defects, and 4.3-4.4 eV is caused by oxygen-deficient defect. When the -
deposition temperature is high (300 °C), the origins (defects) of 2.4 and 3.5
eV peaks are localized near Si/SiOg interface, but one of 4.4 eV is distributed
in the film.
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'CHAPTER 7. CONCLUSION

..ArF and Fq excimer‘laser irradiation effects have been studied. 6.3 eV ab-

sorption peak is decreased by both ArF and Fj excimer lasers irradiation, but
7.6 eV absorption peak is decreased by only Fy excimer laser. Moreover, the

- change of ESR spectra shows Si-Si bond is cut into dangling bond by Fy ex-
~ cimer laser irradiation. The 3.4-3.5 and 4.3-4.4 eV photoluminescence peaks

are decreased monotonously by ArF excimer laser irradiation, but 2.4 eV peak

is increased with the irradiation shot number at the beginning of irradiation -

and then decreased. Annealing effects and ESR spectra changes suggest that -

-oxygen-excess defect is cut into dangling bonds, and oxygen and this bond are
‘combined into oxygen-excess defect by ArF excimer laser irradiation.

. The physical geometry of okygen-excess defect cluster (Si~O-0O-Si) has been
_constructed, and the transition energies were calculated by semi-empirical MO

method. The cluster in which only the positions of O atoms are optimized and

 other Si(OH)3 atoms are fixed, gives agreement with experimental results. Its

geometry is Si-Si coupling with O-O perpendiculaﬂy‘ Moreover, ab-initio MO
calculation about this cluster provides a prediction that this cluster has 2.4
eV photoluminescence in the transition from excited singlet to ground state,
and this result shows good agreement with measured photoluminescence peak
energy and transition life-time. ' |

.- The physical geometry of hydrogen-related defect clusters (SiFH, Si-O-H, Si-

0O-0-H) has been constructed, and the transition energies have been calculated

by semi-empirical MO method. As a result, Si~-O~O-H cluster is agreement

with experimental result. Moreover, ab-initio MO calculation about this clus-

 ter provides a prediction that this cluster has 3.9 eV photoluminescence and

6.4 eV absorption in the transition from excited singlet to ground state. This
gives good agreement with measured photoluminescence and optical absorp-

tion peaks.



Appendix A

Molecular Orbital Method

A.1 Introduction

Calculation method of Molecular orbital analysis is explained in detailed in this
appendix. In this chapter, summarize. There are two MO method, one is ab-initio,
the other is semi-empirical {1-6]. The theoretical bases are the same, but semi-
empirical method uses much experimental parameters.

A.2 Schrodinger Equation

Quantum mechanics explains how entities like electrons have both particle-like
and wave-like characteristics. The Schrédinger equation describes the wavefunction
of a particle. The Schrddinger equation can be simplified using the mathematical
technique as separation of variables. For the problems in which we are interested,
this separation is valid, and we focus entirely on the familiar time-independent
Schrédinger equation.

HE>=E@> (Al
, N4 Mo ZAZ
H:'zg‘?’?—ZW ZZ +ZZ”‘“+ZZ 22 (A2)
i=1 A=1 =1 A=1 i=1j5i 'Y AZ1BSA

where M4 is the ratio of atom A mass to electron mass, Z4 is atomic number of
A, N is electron number, M is atom number, R4p is the distance between atoms A
and B, r;; is the distance between electrons i and j and R, 4 is the distance between
electron i and atom A.

Atomic Unit

The fundamental equations of quantum chemistry are usually expressed in units
designed to simply their form by eliminating fundamental constants. The atomic
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‘unit of length is the Bohr radius.
4m2me? , ,
Coordinates can be transformed to bohrs by dividing them by ag. Energies are mea-

~ sured in hartree, defined as the Coulomb repulsxon between two electrons separated
by 1 bohr.

ap = =0.5201772494 (A3)

e? D
lhartree = — (A.4)
ag - -

The Born-Oppenheimer Approximation

. The Born-Oppenheimer approximation is the first of several assumption used to
simplify the solution of the Schrédinger equation. This approximation is reasonable
since mass of the nucleus is thousands times greater than that of an electron. The
" nuclei move very slowly with respect to the electrons, and the electrons react essen-
tially instantaneously to changes in nuclear position. Put another way, the nuclei
looked fixed to the electrons, and electronic motion can be described as occurring in

a field of fixed nuclei. So, we can construct an electronic Hamiltonian which neglects
the kinetic energy term for the nuclei and Coulomb repulsion between tow nuclei as

a constant.
Heiet::'“z vg ZZ ZZ"" ‘ (A5)

1_1 =] A= 1 =1 >4

This Hamiltonian is then used in the Schrédinger equation descrlbing the motion of
electrons in the field of fixed nuclei.

HelecPelec = EclecPeloe (A.6)
Solving this equation is , . |
' Dejec = @dec({ﬁ}; {RA}) ’ ’ (AT}
Eelec = eiec({éA}) | | (AB)
It depends oh the nuclear coordinates. Then, Total energy under fixed nuclei is -
ZaZB
gtot = Eglec + z:l 1:%;1 Rap (A.Q?

A.3 Hartree-Fock Theory

Molecular Orbital

Molecular orbital theory decompose ¥ into a combination of molecular orbitals.

Wili=12,...,K} | (A.10)
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Generally, a normalized, orthogonal set of molecular orbitals are chosen.

JEGTIGEE" (A.11)

The simplest and possible way of making ® as a combination of these molecular
orbitals is by forming their Hartree product. -

2(7) = Y aibi() | (A12)
i=1

Slater Determinant

However, Hartree product is not be antisymmetric, since interchanging two of
the 7;’s — equivalent to swapping the orbitals of two electrons — does not result
in a sign change. The simplest antisymmetric function that is a combination. of
molecular orbitals is a determinant. k

Yi(z1)  Y2(z1) ... on(z1)

U(z1,22,...,25) = (N)~Y2 ¢1($2> d’?(”?) o YN (@2)

1;bz(fvz\r) ?ﬁz(mw) "L’N("TN)
[Y192-- b > | : (A.13)

il

’ Basic Set

Next appyroxima,tion involves expressing the molecular orbitals as liner combi-
nation of a pre-defined set of one-electron functions known as basis functions (or
Atomic Orbital; AO).

K
¥ = Z Cm"ﬁp (A’14)
p=1
where C; are known as the molecular orbital expansion coefficients.

The Variational Principle

The problem has now become how to solve for the set of molecular orbital expan-
sion coefficients, C,;. Hartree-Fock theory takes advantage of the variational prin-
ciple, which says that for any antisymmetric normalized function of the electronic
coordinates. Then, the expectation value for the energy will always be greater than
the energy for the exact wavefunction. :

50 > Eexact (A'15)

In other words, the energy of the exact wavefunction serves as a lower bound the
energies calculated by any other normalized antisymmetric function.
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 The Roothaan-Hall Equations

The variational principle leads to foHoWing equations describing the molecular
orbital expansion coefficients, derived by Roothaan and by Hall.

> FuCui= ﬁ'i.»z S Cuiyi =1, 2;'~-;K . - (A.18)
v : v g ,
or can be rewritten in matrix form.
FC = SCe¢ - (A.m
where each element is a matrix. 'S is ’ckalled‘overlap matrix,
S = / drig(1)6u(1) (A1)

F isvcaﬂed the Fock matrix.

. NJ2
Fp = H,‘i,‘i‘e+ZZC’,\a 2(;&1/[0‘)\)—(@)\]01/)]

= H;grwzp,\a [2(uv|oA) = (pA|ov)] - (A19)
Ao

Where P is the density matrix. Equation A.17 is not linear and must be solved
iteratively. The procedure which does so is cailed the Self-Consistent Field (SCF)
method.

The general strategy used by the SCF method (after initial setup steps) is as
follows:

s Evaluated the integrals.
o Form the Fock matrix.
o Solve for the density matrix.

o Test for convergence. If it fails, begin the next iteration. If it succeeds, go on
to perform other parts of the calculation (such as population analysis).

A.4 Ab-Initio Method

Ab-initio methods compute solutions to the Schrédinger equation using men-
tioned theory on the basis of the first principle.
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A.5 | Semi-Empirical Method

‘There are some semi-empirical methods, for example Complete Neglect of Dif-
ferential Overlap (CNDO), Intermediate Neglect of Differential Overlap (INDO),
Modified Intermediate Neglect of Differential Overlap (MINDO), Modified Neglect
of Diatomic Overlap (MNDO), Austin Model 1 (AM1), Parametric Method 3 (PM3).
MNDO, MINDO/3, AM1, PM3 methods use a restricted basis set of one s orbital
and three p orbitals (pz, py,p.). and neglect diatomic overlap integrals in the secular
equation (The overlap of two atomic orbitals which are on different centers or atoms
are set to zero). In addition to this, all two-electron integrals involving charge clouds
- arising from the overlap of two atomic orbitals on different centers are ignored.

(wlro) = / dridragy, (1) (s 65(2)40(2) (A.20)

The MNDO and AM1 one-center two-electron integrals are derived from experi-
mental data on isolated atoms. The values of PM3 one center two-electron integrals
were optimized to reproduce experimental molecular properties. In addition, core-
core term was approximated and calculated by using parameters. For exampie, AM1
and PM3 core-core terms are

En(A,B) = EMNDO(4 By

ZaZ
+ };ABB (Z akAe—bkA(RAB‘CkA)z + Z akBe"ka(RAB"'CkB)z) (A.21) -
k k )

The extra terms define spherical Gaussian functions, the a, b and ¢ are adjustable
parameters. PM3 has two Gaussians per atom, while AM1 has between two and
four,
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