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Abstract

In this thesis, the chemical reactions during the deposition of barium stron-
tium titanate (Ba,Sr)TiO3 [BST) films were investigated. BST is a high
dielectric substance which has been attracting a great deal of attention as
the most promising capacitor dielectrics of dynamic random access memories
(DRAMs), because it has high dielectric constant and paraelectric properties
around room temperature. As a method to prepare BST films, metalor-
ganic chemical vapor deposition (MOCVD) technique was adopted because
this technique has especially excellent step coverage. As CVD source ma-
terials, dipivaloymethanato (DPM) chelate compounds such as Ba(DPM),,
Sr(DPM); and Ti(t-BuO),(DPM), were used. Although many groups around
the world were intensively employed in the research of BST films, BST-
DRAM has not been manufactured for practical use yet because the re-
producibility and improvement of electrical properties required for actual
memory devices remain to be solved. In order to solve these problems, it is
absolutely necessary to understand the deposition mechanism of BST films.
Therefore, we elucidated the chemistries in MOCVD of BST films by using
spectroscopic techniques such as Fourier transform infrared (FT-IR) spec-
troscopy and optical emission spectroscopy (OES).

We studied the thermal decompositions of Ba(DPM),, Sr(DPM); and
Ti(t-BuO),(DPM), under actual CVD conditions by in situ FT-IR spec-
troscopy. From the temperature dependence of the IR absorbance, the ther-
mal stability of the chemical bonds in the source molecules was investigated.
We discussed the effects of these thermal decompositions on the deposition
mechanism of BST films. Although Sr(DPM), and Ba(DPM), molecules
decompose completely in the gas phase before Sr and Ba atoms are incorpo-
rated in the film; the deposition of Ti atoms does not require the complete
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decomposition of Ti(t-BuO),(DPM), molecules in the gas phase. In order to
understand the gas-phase reactions in more detail, we developed a novel diag-
nostic tool for MOCVD processings, which was named microdischarge optical .
emission spectroscopy (uD-OES), and applied it to the diagnosis in MOCVD
of BST films. From the emission spectra of the small plasma excited at the
uD-OES sensor head, it is possible to estimate the degree of thermal decom-
position of the CVD source molecules. The experimental findings obtained
by puD-OES measurements were discussed with referring to in situ FT-IR
measurements. In order to study the contribution of gas-phase reactions to
the film deposition, the temperature dependence of the observed emission
intensity was investigated in connection with the film deposition rate and
quality. For this procedure, it is important to know the correlation between
the gas temperature and the substrate temperature. The gas temperature
can be estimated from the rotational temperature of molecular nitrogen, the
carrier gas of the CVD sources. By using uD-OES, the interaction between
other source molecules was also studied.

The addition of an oxidation gas such as O, or N,O is empirically known
to improve the crystallinity of the BST films. Thus, we also conducted
the spectroscopic measurements to investigate the oxidation reactions of the
source molecules. We compared oxidation mechanisms between O, and N4O.
IR absorption spectroscopy showed that O, is more reactive than N,O in the
gas phase, and selectively attacks low-electron-density sites in the source
molecules. We deposited strontium oxide and BST films in O, and N,O
ambients, and investigated the relationship between the qualities of deposited
films and the gas-phase reaction mechanism. From the viewpoint of the
suppression of carbon contamination and the controllability of the atomic
composition ratio of deposited films, it was concluded that O, is more suitable
than N,O for the deposition of BST films.

These spectroscopic studies clarified the formation mechanism of film
precursors in the gas phase. In addition to the spectroscopic studies, a series
of deposition experiments, which includes isotopic labeling study using 120,,
was conducted in order to investigate the surface reactions during the BST
film growth. The findings on the surface reactions were in good accordance
with the precursor formation mechanism suggested from the spectroscopic
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diagnoses of the gas-phase reactions. In conclusion, a deep understanding
of the deposition chemistry is a key step for the development of electronic
devices manufactured by CVD method. In this work, we developed a set of
in situ spectroscopic diagnostics applicable to the reaction analysis of the
MOCVD process of various films.
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Chapter 1

Introduction

Metalorganic chemical vapor deposition (MOCVD) is a very important
method to prepare various films of valuable industrial use. In this work,
we establish diagnostic techniques for the MOCVD process, and apply them
to the diagnosis in MOCVD of barium strontium titanate (Ba,Sr)TiO; [BST]
films, which have attracted increasing interest as the most promising capac-
itor dielectrics for Gbit-scale dynamic random access memory (DRAM) be-
cause of their high dielectric constant. In order to investigate the deposition
mechanism of BST films, we apply spectroscopic techniques, since those are
non-destructive and can be carried out under actual CVD conditions. In this
chapter, I will present briefly the overview of the structure and operation
scheme of a DRAM cell, high-k materials for a capacitor of the memory cell,
preparation methods of thin films and diagnostic techniques for MOCVD of
BST films. Finally I will describe the constitution of this thesis.

1.1 Background

At the present time, electronic appliances such as personal computer, mobile
phone and personal digital assistance (PDA) are coming into wide use. The

1
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downsizing and high performance of these electronic products are achieved by
the progress of integration of embedded large-scale integrated (LSI) circuits.
Since the invention of integrated circuits about forty years ago, design rules
of micro-electronic circuits and manufacturing technologies have evolved to-
ward higher integration [1, 2]. Especially, dynamic random access memory
(DRAM) occupies a large amount in the market of semiconductor products,
and has been a good tractive force for the development of the art of sili-
con device technology up to the present day. The integration of DRAM has
progressed by a factor of 4 every three years during the past 25 years, and
this trend may continue in future. This remarkable increase in the memory
density has been brought about by advances in various technology areas,
including lithography, dry etching and thin-film deposition.

1.1.1 Dynamic random access memory

Figure 1.1 shows a schematic diagram of the electric circuit of a DRAM
memory cell. One memory cell consists of a storage capacitor and a transistor
with the drain connected to one node of the capacitor, the source connected
to a bit line and the gate connected to a word line, which runs orthogonal by
the bit line. The requirement to have a large capacitor in a small space with
low leakage is the main issue of DRAM technology. A memory cell operates
as follows. To write, the bit line is driven to a high or low logic level with
the cell transistor turned on, and then the cell transistor is shut off, leaving
the capacitor charged high or low. Since capacitor charge leaks off gradually,
its refresh is needed. To read, or refresh the data in the cell, the bit line
is left floating when the cell transistor is turned on, and the small change
in bit-line potential is sensed and amplified to a full logic level. The ratio
of cell capacitance to bit-line capacitance determines the magnitude of the
change in bit-line potential. So, the former should be larger than the latter
to deliver an adequate signal to the sense amplifier.

The DRAM cell structure has been developed over the years from the sim-
ple planar-capacitor type to the trench-capacitor or stacked-capacitor type,
which is most commonly used at present. Figure 1.2 shows schematic di-
agrams of the stacked and trench cell structures. In the stacked cell, the
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storage node lies above the horizontal plane of the DRAM cell access tran-
sistor. In the other trench cell, the storage node is in a trench etched in
the substrate. Its most important advantage comes from the possibility to
use conventional contacts, interconnections and active device processing, be-
cause the storage capacitor is formed prior to these elements. But, it has
drawbacks, as well: difficulties in the etching of deep trenches into Si with
high aspect ratio and the formation of an uniform and reliable dielectric film
inside of the trench.

1.1.2 High-k dielectrics for memory devices

As the integration of memory cell advances greater, the cell size is becoming
smaller and the capacitance of the cell is decreasing. In order to obtain
reliable operation of a DRAM, a certain amount of charge must be stored in
the capacitor of a memory cell. This minimum charge has been decreased by a
factor of 3 per generation up to now. Similar decreases in operating voltage
are expected for future DRAM generations, so that the required DRAM
capacitance will remain nearly constant at 25~30 fF/cell. Relationship of
these physical values is expressed by the following equation;

Q=CxV, (1.1)

where:

Q: charge stored on a capacitor,

C': electrostatic capacitance,

V. operating voltage.
Electrostatic capacitance of one memory cell is given by;

2
C[F/cell] = ¢[F/m] x e,%, (1.2)

where:

€o: dielectric constant of free space(=8.855 x10~!* [F/cm]),

€+ relative dielectric constant,

A: area of the electrodes,

t: film thickness.
So, it is inevitable to increase the electrostatic capacitance when the memory
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cell is shrinking. Higher capacitance density can be achieved by the use of
1) complex electrode structures providing a large surface area within a small
lateral area, 2) thinner capacitor dielectrics and 3) higher-permittivity di-
electric materials. In early days when kbit-scale DRAMs were prevalent, the
decrease in the thickness of capacitor dielectrics was kept pursued. But the
leakage current increases if the thickness becomes too small, so the decrease
of dielectric film thickness has reached its limit. In the Mbit generations,
the effective capacitor area was increased by employing three-dimensionally
shaped storage node electrodes. But complex electrode structure needs ad-
ditional manufacture processes, and increases the cost of manufacturing of
DRAMs. Thus, as the last parameter, the dielectric constant should be im-
proved inevitably for the development of Gbit-scale memories and beyond.
Today, SiO,, Si3N4 and Ta;Os films are used as capacitor dielectrics for
DRAMs, and a lot of researchers have been interested in materials with
higher dielectric constant in order to substitute for these conventional ca-
pacitor dielectrics. As high dielectric materials, strontium titanate SrTiO;
[STO], barium strontium titanate (Ba,Sr)TiO3; [BST] and lead zirconate ti-
tanate Pb(Zr,Ti)O, [PZT) are nominated. Dielectric constant of each mate-
rial becomes greater in the above order; i.e. STO < BST < PZT. Although
the dielectric constant of PZT is higher than that of BST, PZT is ferro-
electric substance at room temperature and the electrical fatigue induced by
the repetition of the reverse of electronic polarization is a very serious prob-
lem. Moreover, PZT has a severe problem of Pb diffusion in semiconductor
process. On the other hand, BST has paraelectric property around room tem-
perature. From above reasons, BST thin film attracts increasing attention
as the most promising capacitor dielectrics for Gbit-scale DRAMs. Figure
1.3 shows the crystal structure of BST, which has a perovskite structure.

1.2 Film preparation

Although the use of high dielectric constant materials allows simple storage
node geometries, even those high-k materials such as BST do not have ade-
quate capacitance per unit area to allow planar storage capacitors for 1 Gbit
densities. Since three-dimensional geometries will be required, a conformal
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Figure 1.3: Perovskite crystal structure of (Ba,Sr)TiO;.

deposition process is desired. Among the various techniques used to pre-
pare BST thin films, the metalorganic chemical vapor deposition (MOCVD)
technique is recognized as the leading candidate for practical manufacturing
because of its good step coverage performance.

1.2.1 Metalorganic chemical vapor deposition

As the method of film preparation, various techniques such as sputtering,
laser ablation, sol-gel, metalorganic decomposition (MOD) and chemical va-
por deposition (CVD) are given. Conditions required for the preparation of
dielectric thin films are:

1. Controllability of atomic composition.

2. Good electrical properties such as large dielectric constant and small
leakage current.

3. High deposition rate.

4. Low deposition temperature.
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5. Conformal step coverage.
6. Excellent conformity with the LSI process of Si/SiO,.
7. Uniformity in the large area deposition.

When these conditions are taken into consideration, laser ablation is in-
sufficient in regard to the points of 5, 6 and 7. Although sol-gel and
MOD are comparatively handy methods with good controllability, there
is a problem as regards the fatal step coverage. Sputtering is a high po-
tential method for preparation of BST films, and it is reported that BST
films fabricated by sputtering have very good electrical properties [3, 4, 5].
But poor step coverage of films deposited by sputtering is a large obsta-
cle for the development of Gbit-generation DRAMs. Since the CVD tech-
nique satisfies most of these requirements among all methods listed above,
it is considered as the most promising technique for preparation of high di-
electric films. In the preparation of BST films, organometallic compounds
are used as source materials for the CVD, so this technique is especially
called as metalorganic chemical vapor deposition (MOCVD). In recent years,
many research groups are very eager to develop BST-DRAMs prepared by
MOCVD. Studies of BST films prepared by MOCVD are carried out actively
in Japanese and Korean electronic companies such as Mitsubishi Electric
Corporation [6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16}, Toshiba Corporation [17),
Murata Manufacturing Corporation [18, 19] and SAMSUNG Electronics
Corporation [20], and other groups are also studying about MOCVD of BST
films [21, 22, 23, 24, 25, 26).

As MOCVD techniques, conventional thermal MOCVD and plasma
MOCVD are given. As an example of plasma MOCVD, BST film is
reported to be deposited by using ECR (Electron Cyclotron Resonance)
plasma [27, 28, 29]. This plasma MOCVD technique is expected to de-
posit excellent crystalline BST films at comparatively low substrate tem-
perature by promoting the decomposition of source molecules with oxygen
plasma. Furthermore, as compared with thermal MOCVD, it was found that
in plasma MOCVD there is less carbon contamination which causes the de-
terioration of electrical properties of deposited films. But, plasma MOCVD
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has several crucial problems. At first, its deposition rate is smaller than that
of thermal MOCVD by an order of magnitude. Moreover, it has problems
such as poor step coverage and small deposition area. For above reasons, we
employ the thermal MOCVD technique as a method for preparation of BST
films in this work.

1.2.2 CVD source materials

Desirable conditions for MOCVD precursors are listed up as follows:

p—

. High volatility.
2. Source materials are in a liquid form at room temperature.

3. Large gap between evaporation temperature and thermal decomposi-
tion temperature.

4. Thermal stability until they are supplied into a reactor.
5. Safety toward the environment and the human body.

6. All source materials have evaporation temperatures similar to one an-
other.

The condition 1 is very important to achieve a large deposition rate.
The condition 2 is necessary to keep evaporation speed constant, because
evaporation speed of solid source materials changes due to the change of
surface area of powders when sublimation of solid materials is proceedi‘n'g.
In this study, we dissolve solid source materials into liquid solvent, and used
them in a liquid form. The condition 3 is inevitably necessary for practical
manufacturing. If the temperature gap between evaporation and thermal
decomposition is small, CVD source molecules tend to decompose on the way
of transport to a CVD reactor. As a result, the utilization efficiency of source
materials gets deteriorated. Moreover, when the thermal decomposition of
source molecules occurs on the way to a reactor, there is the possibility that
decomposition products may be incorporated into deposited films, which
deteriorates electrical properties of deposited films. The condition 4 is very
important for the preservation of source materials and the reproducibility
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of film deposition. The condition 5 is necessary from the viewpoint of
practical industrial use. The condition 6 is required for manufacturing
compound materials. In the case of oxide compound films such as BST, film
properties are likely to change by the variation of atomic composition ratio
of the deposited films. If those sources’ evaporation temperatures differ
largely from one another, it is difficult to control an atomic composition
ratio of the deposited films precisely. Therefore, it is necessary to use
source materials which have similar evaporation characteristics. Moreover,
since these source materials are used for semiconductor process, they must
be highly purified. After taking account of these requirements, we use
metal [-diketonate complexes such as bis(dipivaloylmethanato)barium
[Ba(DPM);],  bis(dipivaloylmethanato)strontium  [Sr(DPM),],  and
bis(tertiarybutoxy)bis(dipivaloylmethanato)titanium [Ti(t-BuO)2(DPM),]
as the source materials, whose molecular structures are shown in Fig.
1.4. Each metal complex has coordinate bonds with a metal atom. The
coordinate bond is a special case of covalent bonds. Electrons contributing
to this bond are supplied from an incovalent electron pair on one side of
the atom. To form the coordinate bond, an atom having the incovalent
electron pair (electron donor) and an atom having an empty orbital (electron
acceptor) are necessary. The former is a DPM ligand and the latter is a
metal ion in metal complexes.

1.2.3 Liquid-source technique

One of the most challenging aspects of BST-MOCVD process is delivery
of the source materials in a way that enables reproducible stoichiometry of
films. For multicomponent materials such as BST, the transport of source
molecules is better to be accomplished without gas-phase association, lig-
and exchange and premature reaction or decomposition; all of which can
cause uncontrolled fluctuations in the delivery rate of each element. As a
source supply system, we adopt the liquid-source technique, in which CVD
source materials are dissolved in the organic solvent. This method has an
advantage of stable and efficient supply of source materials [30, 31, 32]. We
use tetrahydrofuran (THF) as the organic solvent for liquid-source MOCVD.
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Figure 1.4: Molecular structure of the CVD source materials: Ba(DPM),,

Sr(DPM); and Ti(t-BuO),(DPM)..
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Figure 1.5: Organic solvent: tetrahydrofuran (THF).

The molecular structure of THF is shown in Fig. 1.5. Matsuno et al. pro-
posed that the effect of the THF addition is caused by the formation of an
additional coordinate bond between Ba(DPM), and THF, and realized sta-
ble vaporization and smooth transportation of Ba(DPM); by the addition of
THF vapor [31, 32]. According to the thermal gravimetric analysis by Paw et
al., the THF ligands dissociate from Ba(DPM), and St(DPM); at the typical
temperature for the deposition of BST [33]. Therefore, THF molecules are
not incorporated into the deposited BST films.

1.3 Spectroscopic diagnoses

The requirements for the development of the BST capacitor for memories are:
improving the dielectric constant, step coverage, leakage current, uniformity
of the large area deposition, and reproducibility of the film quality. These
film characteristics were reported to be greatly affected by the deposition
conditions, which include the deposition temperature, the pressure in the
reactor, the flow rate of the source materials and oxidizer, and the kind of
oxidation gas [7, 11, 17]. Since the chemistries in MOCVD processing for the
deposition of BST films are not well investigated, the required film qualities
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and reproducibility are not yet obtained. In order to solve these problems,
it is inevitably necessary to understand the chemistries in the MOCVD of
BST films. For the elucidation of the deposition mechanism of BST films,
we carry out in situ measurements of MOCVD processing for BST films. As
a diagnostic method, we employ spectroscopic techniques such as infrared
absorption spectroscopy and microdischarge optical emission spectroscopy
(#D-OES). This uD-OES is a novel technique for the diagnosis of MOCVD
processes that we develop in this work.

1.3.1 ' In situ infrared absorption spectroscopy

We employ in situ Fourier transform infrared (FT-IR) spectroscopy for the
diagnosis in MOCVD of BST films under actual CVD conditions. Infrared
absorption frequencies depend on the masses of atoms involved in the various
v1bratlonal motions, and on the force constant and geometry of the bonds
connectmg them; band shapes are determined by the rotational structure and
hence by the molecular symmetry and moments of inertia. Thus, the rovi-
brational spectrum of a gas provides direct molecular structural information,
resulting in very high specificity. The vibrational spectrum of any molecule is
unique, except for those of optical isomers. Every molecule, except homonu-
clear diatomics such as Oy, Ny, and the halogens, has at least one vibrational
absorption in the infrared region (from 200 cm™! to 4000 cm™!). In this man-
ner, FT-IR spectroscopy is broadly applicable to analyses of molecular species
and their quantification. Moreover, FT-IR spectroscopy is non-destructive,
so this technique is very powerful for in situ diagnosis of chemical reactions
in various CVD processes. Many examples of this diagnosis of MOCVD pro-
cesses were reported for ZrO, films [34], SnO; films [35], GaAs films [36], Al
films [37], Al,O; films [38], Cu films (39, 40, 41, 42], and high-T, supercon-
ducting YBa,Cu30;_, films [43, 44, 45, 46).

1.3.2 Microdischarge optical emission spectroscopy

In this study, we employ another spectroscopic technique for the elucidation
of deposition mechanism of BST films in addition to FT-IR spectroscopy. As
another spectroscopic technique, we develop a novel diagnostic tool, microdis-
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charge optical emission spectroscopy (uD-OES) sensor system and apply it
to the diagnosis of MOCVD of BST films. There are some attempts to ob-
tain information about film-deposition mechanism from the emission spectra
of plasmas excited in the processes [47, 48, 49, 50, 51], but those are far
from the purpose of elucidating chemistries in those processes. We show that
it is possible to estimate the degree of thermal decomposition of the CVD
source molecules from the emission spectra of the small plasma excited in the
uD-OES sensor head. We also investigate oxidation reactions of the source
molecules and reactions among source molecules with different metal atoms.
Moreover by using this technique, we can estimate the gas temperature and
the spatial distribution of the source molecules. The gas temperature is es-
timated form the rotational temperature of molecular nitrogen, the carrier
gas of the CVD sources. The gas temperature is very important parameter
to understand the gas-phase chemistry, and the information concerning the
spatial distribution of the source molecules is necessary to realize uniformity
of the large area deposition.

1.4 Scope and constitution of this thesis

In recent years, many research groups are making aggressive efforts to de-
velop BST-DRAMs, but they have not succeeded in putting BST-DRAMs
into practical market as manufacturing products yet. It is partly because
they cannot realize the reproducibility of film qualities required for practical
products. Moreover, the room of improvement is still left in regard to step
coverage and electrical properties such as dielectric constant. We think it is
because the chemical reactions in the deposition process of BST films were
not understood enough.

In this work, we elucidate chemical reactions in MOCVD of BST films by
using spectroscopic techniques. I'n situ FT-IR spectroscopy is employed for
the diagnosis of MOCVD of BST films under actual CVD conditions. We can
obtain much valuable knowledge about the deposition mechanisms of BST
films using this infrared absorption spectroscopy. But, it is impossible to
obtain all information of chemistries for the development of BST-DRAMs by
only one technique. Therefore, in addition to FT-IR spectroscopy, we apply
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another new spectroscopic technique, which is named uD-OES, to the eluci-
dation of deposition mechanism of BST films. These techniques employed in
this study can be applied to the diagnosis in the MOCVD process of other
oxide films such as lead zirconate titanate Pb(Zr,Ti)O; [PZT], strontium
bismuth tantalate SrBi;Ta;Og [SBT] and bismuth titanate BisTi;O,2 [BIT],
which are ferroelectric substances for non-volatile Ferroelectric Random Ac-
cess Memory (FeERAM) that have attracted a great deal of attention because
of those promising applications such as an electronic money card.
Contents of this thesis are shown as following short descriptions:

Chapter 2 The thermal decompositions of the source molecules for
MOCVD of BST films are investigated under actual CVD conditions
by using in situ Fourier transform infrared (FT-IR) spectroscopy.
From the temperature dependence of the IR absorbance, we inves-
tigate the thermal stability of the chemical bonds in the source
molecules. The obtained FT-IR data are correlated with the char-
acteristics of the deposited BST films, which reveals that the depo-
sition of Ti atoms does not require the complete decomposition of
Ti(t-BuO),(DPM);, molecules in the gas phase although Sr(DPM), and
Ba(DPM), molecules decompose completely in the gas phase before Sr
and Ba atoms are incorporated in the films. In this chapter, the effects
of these thermal decompositions on the deposition mechanism of BST
films are discussed.

Chapter 3 Microdischarge optical emission spectroscopy (uD-OES) is de-
veloped as a novel diagnostic tool for analyzing chemical reactions in
MOCVD of BST films. The thermal decompositions of the CVD source
molecules are investigated from the observed emission spectra of the
small plasma exited at the uD-OES sensor head. The results obtained
by uD-OES measurements are discussed with referring to in situ FT-
IR spectroscopic measurements. The oxidation of the source molecules
in the gas phase is investigated by observing the change in the emission
spectra due to the addition of oxygen gas. We also study interaction
between source molecules with the different metal atoms. Additionally,
the gas temperature and the spatial distribution of the source molecules
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are measured using the uD-OES.

Chapter 4 The oxidation reactions of source Ti(t-BuO);(DPM); and
Sr(DPM), molecules during MOCVD process are studied by in situ
FT-IR spectroscopy. We use O, and N,O gases as oxidizing agents and
investigate the difference in oxidation effect between the two gases.
From measurements of IR absorption spectra, it is shown that O, is
more reactive than N,O in the gas phase, and selectively attacks low-
electron-density sites in the source molecules. We deposit strontium
oxide (Sr;O,) and BST films in O, and N2O ambients, and investigate
the relationship between the qualities of deposited films and the gas-
phase reactions measured by FT-IR spectroscopy. In terms of the sup-
pression of carbon contamination and the controllability of the atomic
composition ratio of deposited films, we determine which oxidation gas
is more suitable for the preparation of BST films.

Chabter 5 The results of these spectroscopic measurements reveal that the
addition of oxidation gas has more effects on the creation of Sr precur-
sors than that of Ti precursors. On the basis of these experimental find-
ings, we propose how the precursors for each metal element are formed
from the source molecules in the gas phase. In this chapter, we deposit
strontium oxide, titanium oxide and strontium titanate films under
various deposition conditions, and study the effect of oxidation gas on
the deposition chemistry in order to verify above proposition on the
mechanism of the precursor formation. Moreover, isotopic 18O-Ia.bevled
experiments are performed to understand the deposition mechanism of
BST films in more detail.

Chapter 6 Conclusions of this work and prospects for future works are sum-

marized.
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Chapter 2

Infrared spectroscopic study of
thermal decompositions of

CVD sources

2.1 Introduction

In recent years, scientists have participated in the development of new ca-
pacitor dielectrics for Gbit-scale dynamic random access memory (DRAM).
Barium strontium titanate (Ba,Sr)TiO; [BST] film is regarded as one of the
most promising capacitor dielectrics because of its high dielectric constant
and paraelectric properties around room temperature. As a technique for
preparation of BST films, metalorganic chemical vapor deposition (MOCVD)
are employed, because it has many advantages such as excellent step cover-
age [1, 2, 3, 4]. BST-DRAM has not been manufactured for practical use yet,
because the reproducibility of the good quality required for the fabrication of
actual memory cell remains to be achieved. In order to solve these problems,
it is necessary to investigate reaction mechanisms in the MOCVD of BST
films. In this study, in situ Fourier transform infrared (FT-IR) spectroscopy

21
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is applied to the diagnosis in MOCVD of BST films under actual CVD con-
ditions. Although H.-K. Ryu et al applied an FT-IR spectroscopy to the
diagnosis of source molecules for BST films such as Ti(i-PrO),(DPM), and
Sr(DPM); [5, 6}, their study was not carried out under actual CVD condi-
tions. They analyzed solid source materials by the KBr disk method. This
study is the first application of in situ F'T-IR spectroscopy to the diagnosis in
the MOCVD process for BST films. We observe the temperature dependence
of the IR absorbance, and investigate the thermal decomposition schemes of
the source materials. The correlation between the thermal decomposition
in the gas phase and the incorporation rate in the deposited BST films is
investigated, and the deposition mechanism of BST films is discussed.

2.2 Experimental

Figure 2.1 shows a schematic diagram of the liquid-source MOCVD
apparatus and setup of in situ FT-IR spectrometer. As the
CVD source materials, bis(dipivaloylmethanato)barium [Ba(DPM),],
bis(dipivaloylmethanato)strontium  [Sr(DPM),], and  bis(tertiary-
butoxy)bis(dipivaloylmethanato)titanium [Ti(t-BuO)2(DPM);] were used.
Molecular structures are shown in Fig. 1.4 (see Chap. 1). These source
materials were dissolved in the organic solvent tetrahydrofuran (THF).
The concentration of each source solution was 0.1 mol/l. The dissolved
sources were introduced into a vaporizer by N, carrier gas at 200 sccm.
The temperature of the vaporizer was maintained at 245°C. The vaporized
sources were transported into a hot-wall CVD reactor and subsequently
mixed with O, oxidant gas. The temperature of the transport line from the
vaporizer to the CVD reactor was maintained at 250°C to prevent source
materials from condensing. The mixture gas was sprayed over a substrate
through a screening plate and showerhead nozzles.

A schematic diagram of the setup of in situ FT-IR spectrometer is also
shown in Fig. 2.1. A Mercury Cadmium Tellurium (MCT) detector was
used and the resolution was set to 2 cm™!. We observed the IR absorption
spectra at the wavenumber between 400 cm™! and 4000 cm™! under actual
CVD conditions. The IR beam covers almost the entire region between the
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Figure 2.1: Schematic diagram of the liquid-source MOCVD apparatus with
an FT-IR spectrometer.
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shower-head plate and the substrate. Since there was no IR absorption when
only the substrate with a deposited film was placed without supplying source
gases, we safely confirmed that the detected IR absorption did not involve
the reflection absorption due to the deposited film. The pressure in the
reactor was maintained at 10 Torr, which is in the pressure range for the
deposition of BST films. The gas temperature at the middle point between
the shower-head plate and the substrate can be measured from the simula-
tion of the unresolved rotational structure of the emission spectrum of the
carrier N, gas by microdischarge optical emission spectroscopy (uD-OES).
An approximately linear relationship between the gas temperature and the
substrate temperature was obtained in the substrate temperature range be-
tween 250°C and 550°C (see Fig. 3.3 in Chap. 3). For example, when the
substrate temperature was 560°C, which is the typical temperature for the
deposition of BST films, the gas temperature was about 350°C.

The BST thin films were deposited on a 6-inch-diameter Si(200) substrate.
The thickness of the deposited films was measured by cross-sectional scan-
ning electron microscopy (SEM) and spectroscopic ellipsometry. The atomic
composition was evaluated by X—ray photoelectron spectroscopy (XPS) after
etching of the films’ surfaces.

2.3 Results and Discussion

2.3.1 In situ measurement of IR absorption spectra

We carried out in situ measurements of the IR absorption spectra of Ti(t-
Bu0);(DPM),, Sr(DPM), and Ba(DPM),. The observed IR spectra in the
absorbance mode at the substrate temperature of 240°C, which was the same
as the temperature of the vaporizer, are shown in Fig. 2.2. These spec-
tra were obtained by subtracting the THF absorpfion from the observed
spectra. These spectra obtained by in situ FT-IR spectroscopy were the
same as those measured by the KBr disk method at room temperature. It
was confirmed that source molecules are transported into the reactor with-
out thermal decomposition. The peaks between 630 cm™* and 700 cm™!
and the peak at 720 cm™! are due to CO; and H,O molecules, respectively.
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Figure 2.2: IR spectra of Ti(t-BuO),;(DPM),, St(DPM), and Br(DPM), ob-
served under actual CVD conditions at the substrate temperature of 242°C:
(a) Ti(t-BuO)3(DPM),, (b) Sr(DPM); and (c) Br(DPM),. The assignment
of each peak is also shown. The vibration mode is as follows; v: stretch-
ing mode, ¢: in-plane bending mode, p;: rocking mode and 7: out-of-plane
bending mode.
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served under actual CVD conditions at the substrate temperature of 242°C:
(a) Ti(¢t-BuO)2(DPM),, (b) Sr(DPM), and (c) Br(DPM),. The assignment
of each peak is also shown. The vibration mode is as follows: v: stretch-

ing mode, §: in-plane bending mode, p,: rocking mode and 7: out-of-plane
bending mode.
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served under actual CVD conditions at the substrate temperature of 242°C:
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of each peak is also shown. The vibration mode is as follows: v: stretch-
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The assignment of each peak is also shown in Fig. 2.2. The assignment
of the peaks of Ti(t-BuO),(DPM), was carried out by consulting many pa-
pers [5, 7, 8, 9, 10, 11, 12]. Moreover, the assignment of the IR peaks at
577 cm™1, 623 cm™! and 1010 cm™! were revised on the basis of the den-
sity functional theory (DFT) calculations [13]. This new assignment shows
that these 577 cm™!, 623 cm~! and 1010 cm™! lines are mainly due to the
stretching mode of the Ti-O bond in the ¢t-butoxy group, the Ti-O bond in
the DPM chelate ring and the C-O bond in the ¢-butoxy group, respectively.

As a result of the DFT calculations, new assignments for the IR peaks at
577 cm™! and 623 cm™! were found. While both peaks were conventionally
assigned to the coupling modes between the chelate ring deformation and Ti-
O stretching mode [5], these new assignments made it possible to elucidate
the difference in the reactivity between the 8-diketone chelate rings and the
alkoxy groups of the Ti source molecules such as Ti(t-BuO)z(DPM),. The
assignment of these peaks is one of the most important and interesting issues
in discussing the thermal decomposition scheme of Ti(t-BuO)y(DPM),. In
order to confirm the above assignment, we compared IR spectra between Ti(i-
BuO)2(DPM); and Ti(t-PrO),(DPM),. Figure 2.3 shows IR spectra of Ti(-
BuO)2(DPM), and Ti(¢t-PrO),(DPM), measured by the KBr disk method.
The IR spectrum of Ti(i-PrO),(DPM); has corresponding peaks at 628 cm™!
and 585 cm™?, respectively. The positions of the lower wavenumber peaks
show a larger discrepancy as compared with that at the higher wavenum-
ber. The substitution of the alkoxy groups from heavier ¢-butoxy groups to
lighter i-propoxy groups has little influence on the position of the peak due
to the Ti-O vibrations in the §-diketone chelate rings, while this substitution
significantly shifts the peak due to Ti-O vibrations in the alkoxy groups to
the higher wavenumber position. This dependence of the peak position on
the type of alkoxy group corresponds to the above assignment determined by
the DFT calculations.

The absorption peaks of Sr(DPM), and Ba(DPM), were also assigned
by consulting previous papers [14, 6]. Although a strong absorption peak
at 1010 cm™! was observed in the spectrum of Ti(¢t-BuO),(DPM),, the
corresponding absorption was not found in the spectra of Sr(DPM), and
Ba(DPM),. This difference suggests that the absorption peak at 1010 cm™
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30 CHAPTER 2. FT-IR STUDY OF THERMAL DECOMPOSITION

is derived from the t-butoxy group of Ti(t-BuO)(DPM),.

2.3.2 Thermal decomposition of Ti(t-BuO)z(DPM),
molecules

From the temperature dependence of the FT-IR spectrum, the decomposition
scheme of Ti(t-BuO);(DPM), molecules were investigated. Figure 2.4 shows
the temperature dependence of the absorbance at the substrate tempera-
ture between 240°C and 637°C. As the substrate temperature increased, the
absorbance derived from Ti(t-BuO),(DPM); molecules decreased. This de-
crease is due to the thermal decomposition of Ti(¢t-BuO)2(DPM); molecules.
When the substrate temperature was above 480°C, the absorption peak at
889 cm~! and the broad peak at the vicinity of 1710 cm™! appeared. The
889 cm™! peak is assigned to the C-C-H out-of-plane bending mode of i-
butene [15] and the 1710 cm™! peak is assigned to the stretching mode of
the C=0 double bond of the products generated by the gas-phase reactions.
The appearance of the 889 cm™! peak corresponds to the dissociation of the
t-butoxy group from the chelate ring.

" Figure 2.5 shows the temperature dependence of the normalized ab-
sorbance of the IR peaks with high intensity. On the basis of the temperature
dependence of their peak intensities, these absorption peaks are classified into
three groups. The first is the group of peaks which started to decrease at
the highest temperature of 400°C. This group includes the 577 cm™! peak
which is assigned to the Ti-O stretching mode of the t-butoxy group and
the 623 cm™! peak which is assigned to the Ti-O stretching mode of the
DPM chelate ring. This result indicates that Ti-O bonds in the chelate ring
and t-butoxy group are the most stable against the thermal decomposition.
The second is the group of peaks which decreased the most drastically. This
group includes the 759 cm™! peak, which is assigned to the stretching mode
of the C-C(CH3); bond, and the 792 cm™! peak, which is assigned to the out-
of-plane bending mode of the C-H bond. This result indicates that the C-
C(CH3); bond is easier to cleave than any other bonds of Ti(t-BuQO),(DPM).
molecules. The weakness of the C-H bond connecting to the chelate ring or
the change in the C-H vibration mode derived from cleaving the C-C(CH;)s
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Figure 2.4: Changes in the absorbance of Ti(t-BuO);(DPM); when the sub-
strate temperature was varied from 240°C to 637°C.
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bond may be responsible for the decrease of the absorbance at 792 cm™!. The
third is the group of all other peaks which showed almost the same moderate
temperature dependence. This group includes the 1010 cm™! peak which
is assigned to the stretching mode of the C-O bond of the t-butoxy group
and the 1503 cm™! peak which is assigned to the coupling of the stretching
modes of the C-C bond and the C-O bond in the chelate ring. This indicates
that the bonds assigned to these peaks are more difficult to cleave than the
C-C(CHs); bond and the C-H bond connecting to the chelate ring and easier
to cleave than the Ti-O bonds.

On the basis of the observed difference in the temperature dependence
of the IR absorbance, we proposed the thermal decomposition scheme of
the Ti(t—BuO)z(DPM)g molecule shown in Fig. 2.6. In the first step of
the thermal decomposition, the t-butyl group is dissociated from the DPM
chelate ring (step 1). As the temperature increases, the C-C and the C-O
bonds in the chelate ring and the C-O bond in the ¢-butoxy group cleave at
almost the same temperature (step 2). The Ti-O bonds in the chelate rings
and those in connection with the ¢-butoxy groups are found to be the most
difficult to cleave among all the bonds of Ti(¢-BuO),(DPM), molecule.

2.3.3 Thermal decomposition of Sr(DPM), and
Ba(DPM),

We also observed the temperature dependence of the absorption spectrum
of Sr(DPM),, which is shown in Fig. 2.7. Figure 2.8 shows the temper-
ature dependence of the IR absorbance. As the temperature increases,
the IR absorbance of Sr(DPM), decreases more drastically than that of
Ti(¢t-BuO);(DPM), and was completely quenched above 450°C. This in-
dicates that Sr(DPM), is much easier to decompose thermally than Ti(t-
BuO);(DPM); in the gas phase and that the DPM chelate ring of Sr(DPM),
decomposes completely above 450°C. The obvious difference in the temper-
ature dependence of the IR absorbance at various wavenumbers could not
be found. At the substrate temperature of 640°C, the absorption peak at
889 cm™! and the broad peak at the vicinity of 1710 cm™! appeared, which
were much smaller than those of Ti(t-BuO),(DPM);. We also observed the
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Figure 2.6: Schematic diagram of the thermal decomposition scheme of Ti(z-
BuQ);(DPM), molecule. Marker 1 denotes the bond which cleaves at the
first step of the thermal decomposition (step 1). Marker 2 denotes the bonds
which cleave at the second step (step 2). Marker 3 denotes the bonds which
are the most difficult to cleave among all the bonds of the Ti(t-BuO),(DPM),
molecule.
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Figure 2.7: Changes in the absorbance of Sr(DPM), when the substrate
temperature was varied from 240°C to 637°C.
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thermal decomposition of Ba(DPM), molecules by FT-IR absorption spec-
troscopy. Although the temperature dependence of the IR absorbance of
Ba(DPM), showed almost the same behavior as that of Sr(DPM),, the IR,
absorbance of Ba(DPM), decreased at a slightly lower temperature than that
of Sr(DPM), (see Fig. 2.9).

This experimental finding indicates that Ba(DPM), molecules are easier
to decompose thermally than Sr(DPM), molecules.

In alkaline-earth metal chelates such as Sr(DPM); and Ba(DPM),, the
metal-oxygen coordinate bond (M-O bond) has an ionic character rather
than a covalent one. The strength of the M-O bond is in proportion to a
reciprocal of the square of the distance of the M-O bond. Since the distance
of the Ba-O bond is larger than that of the Sr-O bond, the Sr-O bond is
stronger than the Ba-O bond. This simple argument shows good agreement
with the experimental results. Since the strength of the M-O bond explains
the thermal stability of Sr(DPM), and Ba(DPM), molecules, the cleavage
of the M-O bonds is a key step in the thermal decomposition of these two
alkaline-earth metal chelates. In contrast to Sr(DPM), and Ba(DPM),, the
M-O bond of Ti(t-BuO),(DPM). is difficult to cleave. Because of this thermal
instability of the M-O bond, Sr(DPM), and Ba(DPM); decompose at a much
lower temperature than Ti(¢-BuO),(DPM),.

2.3.4 Correlation between the thermal decomposition
in the gas phase and the deposition of BST films

The correlation between the thermal decomposition in the gas phase and
the characteristics of the deposited BST films was investigated. Figure 2.10
shows the temperature dependence of the incorporation rates of Ti, Sr and Ba
atoms in the deposited BST films. For comparison, the temperature depen-
dence of the IR absorbance of Ti(t-BuO);(DPM);, Sr(DPM), and Ba(DPM),
at 1503 cm™! is also indicated in Fig. 2.10. Sr and Ba atoms were in-
éorporated in the BST films above the substrate temperature of 450°C. In
this temperature region, the IR absorbance of Sr(DPM), and Ba(DPM),
was completely quenched. This indicates that Sr(DPM), and Ba(DPM),
molecules decompose completely in the gas phase before Sr and Ba atoms
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are incorporated in the film, suggesting that the precursors for the deposi-
tion of BST film may be thermally decomposed products. In contrast to Sr
and Ba atoms, Ti atoms were deposited at low temperature before the IR
absorbance of Ti(t-BuO);(DPM), was completely quenched. Although Ti
atoms were incorporated in the deposited BST films at the substrate tem-
perature of 480°C, about 70% of the IR absorbance at 250°C remained. This
result suggests that about 70% of Ti(t-BuO),(DPM), molecules exist with-
out thermal decomposition in the gas phase and that the surface reactions
rather than the gas-phase reactions make a dominant contribution to the de-
position of Ti atoms. These results indicate that the thermal decomposition
in the gas phase has more effects on the deposition of Sr and Ba atoms than
on that of Ti atoms.

While the incorporation rate of Ti atoms increased above the substrate
temperature of 500°C, the incorporation rate of Sr and Ba atoms decreased.
This suggests that Ti atoms are incorporated prior to Sr and Ba atoms in
this temperature region and that the incorporation of Ti atoms prevents the
incorporation of Sr and Ba atoms. Similar to this suggestion, Yamamuka et
al. assumed that the decomposition products from the Ti source molecule
adsorbed on the film surface prevent other precursors for Ba and Sr atoms
from adhering to the surface in their surface reflection model [16]. This model
was reported to be suitable to explain the CVD reaction mechanism for the
BST film deposition.

2.4 Conclusions

We carried out in situ measurements of the IR absorption spectra of Ti(t-
BuO),(DPM), and revised the conventional assignment of the IR peaks at
577 cm™!, 623 cm~! and 1010 cm™!. On the basis of the difference of
the temperature dependence of the absorption peaks, the thermal decom-
position scheme of a Ti(t-BuO)y(DPM), molecule was determined. Ti(t-
BuO),(DPM), decomposes sequentially as follows: First, the ¢-butyl group
is dissociated from the DPM chelate ring. As the temperature increases, the
C-C and C-O bonds in the chelate ring and the C-O bond in the t-butoxy
group cleave at almost the same temperature. The Ti-O bonds in the chelate
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ring and those in the ¢-butoxy group are the most difficult to cleave among
all the bonds of the Ti(t-BuO),(DPM); molecule. Additional in situ mea-
surements of the IR absorption spectra of Sr(DPM), and Ba(DPM); revealed
that Sr(DPM); and Ba(DPM), are much easier to decompose thermally than
Ti(¢-BuO)3(DPM),. Since the thermal stability of Sr(DPM); and Ba(DPM),
was explained by the strength of the M-O bond, the cleavage of the M-O
bonds is considered to be a key step in the thermal decomposition of these
two alkaline-earth metal chelates.

The correlation between the observed IR absorption spectra and the char-
acteristics of the deposited BST films was also investigated. While St(DPM),
and Ba(DPM), molecules decompose completely in the gas phase before Sr
and Ba atoms are incorporated in the film, Ti atoms were deposited at the
temperature where 70% of the IR absorbance at 250°C remained: These
results indicate that the thermal decomposition in the gas phase has more
significant effects on the deposition of Sr and Ba atoms than on that of Ti
atoms and that the surface reactions of Ti(t-BuO);(DPM), molecules are
also important for the deposition of Ti atoms.
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Chapter 3

Development of microdischarge
optical emission spectroscopy

as a novel diagnostic tool for
MOCVD

3.1 Introduction

As described in Chap. 2, we carried out the diagnosis in the metalorganic
chemical vapor deposition (MOCVD) process of barium strontium titanate
(Ba,Sr) TiO; [BST] films by using in situ infrared absorption spectroscopy [1].
Although in situ FT-IR measurements can provide much useful informa-
tion on the reaction mechanisms in the MOCVD of BST films, it is in-
sufficient to achieve the excellent step coverage and reproducibility of the
film quality for the realization of the future generation of BST-DRAM. In
order to understand the behavior of the CVD source molecules in more de-
tail, diagnostic study of the MOCVD process of BST films must be car-
ried out from another angle. There is no diagnostic technique applicable to

43
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MOCVD processes with a few exceptions such as infrared absorption spec-
troscopy {1, 2, 3,4, 5, 6, 7, 8, 9, 10, 11] and mass spectrometry 12, 13, 14, 15].
Therefore, we develop a novel diagnostic tool for MOCVD process, which
is named microdischarge optical emission spectroscopy (uD-OES). Optical
emission spectroscopy (OES) has been widely used to gain insight into plasma
processings such as etching and film deposition. In this study, OES is applied
to the diagnosis of liquid-source MOCVD of BST films. From the emission
spectra of the small plasma excited at the pD-OES sensor head, it is pos-
sible to estimate the degree of thermal decomposition of the CVD source
molecules. The results obtained by uD-OES measurements are discussed
with referring to in situ FT-IR measurements. In order to study the effects
of gas-phase reactions on the film deposition, the témperature dependence of
the observed emission intensity is investigated relative to the film deposition
rate and quality. For this procedure, it is important to know the correla-
tion between the gas temperature and the substrate temperature. The gas
temperature can be estimated from the rotational temperature of molecular
nitrogen, the carrier gas of the CVD sources, using the OES sensor. The ad-
dition of an oxidizing gas such as O, or N,O is empirically known to improve
the crystallinity of the BST films [16, 17]. Thus, the oxidation of CVD source
molecules in the gas phase is also investigated by observing the change in the
emission spectra due to the addition of oxygen gas. The interaction between
source molecules with different metal atoms is also studied by uD-OES. The
spatial distribution of the source molecules, measured by moving the OES
sensor head, is compared with the uniformity of the film thickness.

3.2 Experimental

Figure 3.1 shows a schematic diagram of the liquid-source CVD apparatus
with the uD-OES system. The source supply system, CVD reactor, and
source molecules are the same as described in Chap. 2. The pD-OES system
is composed of an OES sensor head, a guiding optical fiber bundle and a
spectrometer. The magnification of the OES sensor head is shown in the
circle in Fig. 3.1. A half-inch-diameter stainless-steel tube and a stainless-
steel needle were used as the cathode and anode, respectively. The hollow
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Figure 3.1: Schematic diagram of the liquid-source CVD apparatus with the
microdischarge optical emission spectrometer. The magnification of the OES
sensor head is shown in the circle.
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cathode, having about 300 holes of 2.4 mm diameter for the source gases to
pass through, was unified with an optical fiber bundle and kept at ground
potential. The needle-type anode, which had a length of 10 mm and a di-
ameter of 1 mm, was located at the center of the tubular cathode. Glass
tubes were used as insulators which prevented the anode needle from con-
tacting the tubular cathode. The microdischarge in the hollow cathode was
excited by a DC power supply. In order to prevent decomposition reactions
due to the discharge, we controlled the discharge voltage and current to be
minimal. As a result, the discharge voltage and current were kept almost
constant at 350 V and 4 mA, respectively. A series resistance of 30 k2 was
used to stabilize the discharge. The device was arranged in the form of a
linearly movable probe which collected photoemission from a small plasma
volume in the sensor head. The collected light rays were transported via an
optical fiber bundle to a monochromator with a photomultiplier tube. The
OES sensor probe was inserted horizontally between the showerhead plate
and the substrate. The distance from the substrate to the anode needle was
set to be 13.5 mm. The sensor head was moved along the diameter of the
substrate wafer for measuring the uniformity of supplied sources.

3.3 Results and Discussion

3.3.1 Determination of gas temperature

The gas temperature is one of the crucial factors for determining the thermal
decomposition of the CVD source molecules and generation of film precursors
in the gas phase. We assumed the gas temperature T to be in equilibrium
with the rotational temperature T}o; of molecular nitrogen, the carrier gas of
the CVD sources, and determined its value from the unresolved rotational
structure in the second positive system of the emission spectrum [18]. The
wavelength of the rovibronic transition Cv'J’ — Bv”J” was calculated from

. 5 2 1\2 )
Aol = {naZZYp‘; (v’+§) [J'(J' +1))*

p=04¢=0
-1

—yp (v” + %)p [J"(J" + 1)]4} , (3.1)



3.3. RESULTS AND DISCUSSION 47

where n, is the refractive index of air and Y, is the expansion coefficient in
the Dunham series. The intensity of the rovibronic transition Cv'J’ — Bv"J"
is given by

Sy

rot

’q
Fgﬁ:ju = D

exp[~heByJ'(J' + 1) /kTicr), (3.2)

where D is a constant, S is the line strength for Hund’s case (a) as given
by Budé [19], and T, is the rotational temperature. Since the width of a
rotational line is mainly determined by the slit width of the monochromator,
a finite line shape

a — (2AN/W)?

9(AN = o 2)(2A)/W)?’

(3.3)

was assumed. The above function has the wings extended to =(1/2)Wal/?,
where a is a parameter associated with the intrinsic linewidth of a rotational
transition. W is given as the resolution of the monochromator.

The observed emission spectra of 1’ — 3" transition in the second positive
system of N, were analyzed by curve fitting with the calculated line shapes.
Figure 3.2 shows the simulated spectrum along with the observed one when
the substrate temperature Ty, and the pressure in the CVD reactor were set
to be 400°C and 1 Torr, respectively. The best-fit parameters were found to
beW =734, a =4, and Ty, = 255°C. The agreement between the observed
and calculated spectra is satisfactory. In Fig. 3.3, the relationship between
T (= Tiot), which was measured at a height of 13.5 mm above the substrate,
and Ty, is shown. An approximately linear relationship was obtained in this
temperature range.

3.3.2 Measurement of the spatial distribution of CVD
source materials

Since the OES sensor head is movable along the radial direction of the sub-
strate wafer, it is possible to obtain the spatial distribution of the emission
spectrum by uD-OES. Figure 3.4 shows the radial dependence of the 315.9 nm
emission intensity of the carrier gas N; when a TiO, film was deposited by
supplying only the Ti source. The flow rates of N3, O; and liquid Ti(t-
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Figure 3.2: Observed and simulated emission spectra of the 1' — 3" transition
in the second positive Ny system (C*I1,—B3II;). The solid line indicates the
observed spectrum and the dotted line indicates the calculated one. When
the substrate temperature Ty, was set to be 400°C, the gas rotational tem-
berature Tt was evaluated to be 255°C at 1 Torr.
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BuO),;(DPM),/THF were 200 sccm, 1000 scem and 0.5 sccm, respectively.
The observed emission was the (1 — 0) band of the second positive N sys-
tem (C®I,—B®II;). The measured distribution of the N, emission intensity
was compared with the deposition rate of the TiO; film (see Fig. 3.4). The
deposition rate of the TiO, film was evaluated from the film thickness deter-
mined by spectroscopic ellipsometry. Since the uniformity of the substrate
temperature was established in this CVD system, the deposition rate was
dependent mainly on the incident flux of the film precursor derived from the
CVD source molecule. The radial distribution of N, emission intensity has
a good correlation with the deposition rate. This result indicates that the
spatial distribution of the CVD source materials can be easily obtained from
that of the carrier gas N;. Thus, the thickness uniformity of the deposited
films can be estimated by monitoring the spatial distribution of the emission
intensity of the carrier gas. Better uniformity of the film thickness can be
obtained by modifying the screening plate, based on the uD-OES data.

3.3.3 Thermal decomposition of the CVD source
molecules

The optical emission spectra were observed under actual CVD experimen-
tal conditions using the pD-OES system. The pressure in the reactor was
maintained at 1 Torr. Figure 3.5 shows the typical spectra at 320-460 nm
observed with supplying Sr(DPM), and Ba(DPM), molecules. Several emis-
sion lines derived from CVD sources were observed with many transitions due
to the N, carrier gas. We observed the emissions of SrII 407.7 nm (5p2P3/2
— 5s%Sy/2) line and Ball 455.4 nm (6p?P3/; — 6s2Sy5) line. When Ti(t-
BuO),;(DPM). molecules were supplied into the reactor, the emission of Till
338.4 nm (a'F3/; — 2'Gg/,) was observed (see Fig. 3.6). Figure 3.7 shows
the temperature dependence of the emission intensities of Sril 407.7 nm and
Till 338.4 nm. The temperature indicated on the horizontal axis is the gas
temperature Ty determined by the method described in the preceding sec-
tion. The temperature dependence of the IR absorbance of both the Sr and
T1i source molecules at 1503 cm™!, which is assigned to the stretching mode
of the C-O and C-C bonds in the DPM chelate ring [1], is also shown in
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Figure 3.6: Emission spectra of Ti ion (338.4 nm: a'Fs/; —» 2'G),)-

Fig. 3.7. This measurement of IR absorbance was also carried out at the
reactor pressure of 1 Torr. The IR absorbance at 1503 cm™! indicates the
degree of thermal decomposition of the chelate ring in the source molecules.
The temperature dependence of the emission intensity of the Ti ion was well
correlated with the IR absorbance of the Ti source molecules, and the Srll
emission appeared when the thermal decomposition of Sr(DPM), was suffi-
cient. This result means that the uD-OES can provide information about the
degree of thermal decomposition of the source molecules. When the gas tem-
perature was below 265°C, no emission of Sr ions was detected while emission
of Ti ions was observed, although both the parent molecules, Sr(DPM), and
Ti(t-BuO),(DPM),, remained undecomposed according to the IR spectra. It
has been reported that Sr(DPM); molecules exist as polymerized forms [15],
and that the O atom of THF forms an additional coordinate bond with the
central metal atom of DPM compounds [20, 21]. Thus, the Sr atoms of the
molecules are not easily exposed to electron impacts due to the microdis-
charge. On the other hand, similar phenomena have not been reported for
Ti complexes such as Ti(¢t-BuO),(DPM),. The different behavior of the emis-
sions between SrII and Till can be considered to be caused by the difference
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in the environment around the metal atoms at low gas temperatures of below
265°C.

As the gas temperature was increased, the emission of the Sr ion increased
through the thermal decomposition of Sr(DPM); molecules. In contrast
to Sr(DPM)s,, the emission of Ti ions decreased when Ti(t-BuQ),(DPM),
molecules decomposed, which indicates that the pyrolysates containing the
Ti element do not decompose into a Ti atom. As described in Chap. 2, we
measured the temperature dependence of IR peak intensities of Sr and Ti
source molecules. We found that the Sr-O bond is easily cleaved compared
to the other bonds in the DPM chelate rings, by IR absorption study. Since
Sr(DPM), molecules decompose thermally with cleavage of the Sr-O bond,
Sr atoms of Sr(DPM), are easily exposed to electron impacts through ther-
mal decomposition. Thus, after thermal decomposition proceeds, eémission
of the Sr ion is increased. Its intensity increased as Ty increased from 265°C
to 330°C, and finally saturated at T, > 330°C. This saturation of emission
intensity suggests that almost all the supplied source molecules exist as de-
composed species in the gas phase.

On the other hand, the IR absorbance at 623 cm™! of Ti(t-BuO),(DPM),,
which is assigned to the stretching mode of the Ti-O bond, decreased at a
higher temperature than the IR absorbance at 1503 cm™!, which is assigned
to the C-O and C-C bonds in .the chelate ring (see Fig. 2.5 in Chap. 2).
This result means that the Ti-O bond is difficult to cleave compared to the
C-O and C-C bonds in the DPM chelate rings. In other words, the Ti-O
bonds remain stable at the temperature where the C-O and C-C bonds are

" cleaved through the thermal decomposition of Ti(¢-BuO),(DPM),. Thus, the
difference in the temperature dependence of the emissions may be caused by
the difference in the thermal decomposition schemes between Sr(DPM), and
Ti(t-BuO),(DPM); molecules.

Although we attempted to investigate reactions of Sr(DPM), molecules at
the typical deposition temperature by in situ IR absorption spectroscopy, we
could not observe any IR peak due to Sr(DPM), because Sr(DPM); molecules
were completely decomposed at a comparatively low gas temperature (below
320°C). Moreover, we could not observe any peak due to pyrolysates gener-
ated from Sr(DPM),. On the other hand, the uD-OES allows us to observe
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the emission of Sr ions at the typical deposition temperature where the IR
absorption spectroscopy was not available for the diagnosis of Sr precursors.
The complementary employment of the uD-OES and in situ IR absorption
spectroscopy can provide valuable information about gas-phase reactions in
MOCVD processings. The temperature dependence of the emission inten-
sity of Ball 455.4 nm (6p*P3;; —» 6s?S;/;) line was also measured. The
Ball line behaved similarly to the SrIl line, which means that the chemical
characteristics of Ba(DPM), molecules are almost the same as Sr(DPM);
molecules.

3.3.4 Effects of gas—phase‘ reaction detected by pD-
OES on the film deposition

Figure 3.8 shows the correlation between the emission intensity of the SrlII
line at 407.7 nm and the deposition rate of films deposited when only Sr
source molecules were supplied. It should be noted that the temperature
denoted on the horizontal axis in Fig. 3.8 is not the gas temperature T but
the substrate temperature Ty,,. The deposition rate shows a behavior similar
to the emission intensity. However, the film grows rapidly at Tg, > 560°C,
while a marked increase of Srll intensity occurs earlier at Ty, > 520°C. As
discussed in the above section, the SrII emission appeared due to the thermal
decomposition of Sr(DPM), and reflects the generation of film precursors in
the gas phase. However, the film growth proceeds not only by the generation
of film precursors in the gas phase but also by the subsequent incorporation
of the film precursors into the film surface. Therefore, the experimental
finding shown in Fig. 3.8 indicates that the incorporation reaction of the film
precursors, generated rapidly in the gas phase at Ty, > 520°C, is activated
on the surface at Ty, > 560°C. In this temperature range (560°C > Ty
> 520°C), the rate-determining step of the film deposition is suggested to
be the surface reactions for the incorporation of the film precursors into the
film.
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Figure 3.9: Change in the emission intensities of SrIl and Till on adding
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3.3.5 Oxidation of the CVD source molecules

The dielectric constant of the (Ba,Sr)TiOj; film was reported to increase with
an increase in its crystallinity and grain size [22]. In the CVD processings
~ of the (Ba,Sr)TiO; films, the addition of an oxidation gas such as O, and
N2O promotes the crystallization of the deposited films [16, 17). We inves-
tigated the oxidation process of CVD source molecules using uD-OES at a
substrate temperature of 520°C. When the substrate temperature was 520°C,
the gas temperature was 320°C. This temperature is in a typical range for
the deposition of BST films. In Fig. 3.9, the emission intensities of SrII and
Till are shown as a function of the flow rate of O, gas. The Srll emission
intensity decreased rapidly due to the addition of O,. This quenching of the
Srll emission indicates that the oxidation of Sr-containing species proceeds
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Figure 3.10: XRD pattern of the thin film deposited by supplying
Sr(DPM),/THF with O,.

in the gas phase. On the other hand, the Till emission did not decrease
rapidly compared to that of SrIl. This result means that in a typical temper-
ature range for the deposition of BST films, Sr-containing species are much
more reactive to O, gas than Ti-containing species. In this temperature
range, Sr(DPM); molecules are decomposed almost completely, while only
one-third of Ti(t-BuO)2(DPM), molecules are decomposed, according to the
in situ IR absorption measurements (see Fig. 3.7). This stability of the
Ti(t-BuO);(DPM), molecule, particularly the Ti-O bonds, against thermal
decomposition may be responsible for the lower reactivity of Ti precursors
to O, gas.

The crystalline characteristics of the deposited films were analyzed by
X-ray diffractometry (XRD) to study the correlation between the gas-phase
oxidation and the crystalline growth. Figure 3.10 shows the typical XRD pat-
tern of the film deposited by supplying Sr(DPM),/THF with O,. The peaks
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due to the crystalline SrO and/or SrCO; were observed. According to an X-
ray photoelectron spectroscopy (XPS) measurement, the atomic composition
of the film deposited with O, was determined to be Sr:0:C = 3:5:1, suggest-
ing that this film was composed of a mixture of SrO and SrCOj; (SrO:SrCO3
= 2:1). However, no XRD signal was observed in the films deposited without
supplying O,. The atomic composition of the films deposited without O5 was
evaluated to be Sr:0:C = 2:1:2, indicating the lack of oxygen required for the
growth of SrO crystal and the incorporation of a significant amount of carbon
impurity into the film. The oxidation of the film precursor in the gas phase
is important for obtaining high crystallinity and low carbon contamination
of the deposited films.

3.3.6 Interaction between source molecules with dif-

ferent metal atoms in gas phase

During the deposition of BST films, an interaction between source molecules
with the different metal atoms is supposed to occur in the gas phase. For
example, a reaction between Ca(DPM); and Sr(DPM); was reported to form
a heteronuclear polymer containing both metal atoms [15]. In this work, we
attempted to investigate the gas phase interaction between Sr(DPM), and
Ti(t-BuO),(DPM); by using the uD-OES. Figure 3.11(a) shows the change
in the SrlIl emission intensity with the addition of Ti(t-BuO),(DPM), at gas
temperature of 333°C and Fig. 3.11(b) shows the change in the Till emis-
sion upon the addition of Sr(DPM), at gas temperature of 250°C. When the
addition of the other source was increased, the emission intensities of the
Srll and Till were decreased. Since the ratio of the supply rate of Sr(DPM),
to the sum of all the liquid sources was kept constant in Fig. 3.11(a) and
that of Ti(¢t-BuO),(DPM), was also kept constant in Fig. 3.11(b), the ob-
served emission decrease was not caused by the dilution. This result suggests
the interaction between Ti(¢-BuO),(DPM), and Sr(DPM), occurs in the gas
phase.
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3.4 Conclusions

We developed an OES sensor system using a microdischarge plasma for an-
alyzing the chemical reactions in MOCVD processings and demonstrated
its usefulness in applications to the liquid-soutce MOCVD of (Ba,Sr)Ti03
films. The dissociation of the metal-oxygen coordination bond (M-O bond)
is the key step for the generation of the film precursor from the CVD source
molecule. The uD-OES techniqué provides information about the M-O bond,
which other specéroécopic methods are difficult to obtain. The thermal de-
composition and oxidation of Sr(DPM),; and Ti(¢-BuO);(DPM); molecules
were studied by pD-OES. In order to understand the gas phase reactions
in greater detail, we compared the data obtained by uD-OES. with those of
in situ IR absorption measurements. When the gas tempetature was in-
creased, the SrII emission behaved inversely to the temperature dependence
of the IR absorbance of Sr(DPM),. On. the other hand, the temperature
dependence of the Till emission intensity showed a direct correlation with
that of the IR absorbance of Ti(¢-BuO),(DPM),. This suggests that the Ti
source behaves differently from the Sr source at both low and high temper-
atures. At low gas temperatures (below 320°C) only the IR absorbance of
Sr(DPM), was observed, while at high gas temperatures (above 320°C) no IR
absorbance was observed due to the Sr-containing species, but the emission
of Sr ions from the microdischarge could be observed. This result means that
by using xD-OES and IR absorption spectroscopy complementarily',‘we can
investigate the gas-phase reactions of the source molecules. That i's-, at low
gas températures the IR absorbance of Sr(DPM); is a good monitor of the
decomposition of Sr source molecules, and at high gas temperatures above
330°C (the typical temperature for BST deposition), the emission of Sr ions
detected by pD-OES is a good monitor of the production of Sr precursors.
We also observed the changes in the Till and Srll emissions with the addition
of other source materials, which suggests the interaction between Sr(DPM),
and Ti(¢-BuO),(DPM), molecules..

At the typical deposition temperature, an oxidation gas such as O, has
high reactivity to the Sr precursor in the gas phase, although this is not the
case with the Ti precursor. This distinction may be caused by the difference
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in the strength of M-O bonds; the Sr-O bond is easy to cleave, while the
Ti-O bond is difficult to cleave [1]. The oxidation of the film precursors in
the gas phase is considered to have considerable influence on the crystallinity
and carbon contamination of the deposited films. The crystallinity and car-
bon impurity concentration are the most important factors for determining
the dielectric constant and leakage current of the dielectric capacitor film,
respectively. To understand the mechanisms of the MOCVD process and
optimize the deposition conditions, the accumulation of experimental data,
as determined in this study, is important and useful.
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Chéptér 4

Diagnosis of oxidation reactlons
in MOCVD of (Ba, Sr)T103
films

4.1 - Introduction

In Chaps.” 2'and 3, we have studied the thermal decomposition of source
molecules during metalorganic chemical vapor deposition (MOCVD) of bar-
lum strontium titanate (Ba,Sr)TiO; [BST] films using spectroscopic tech-
niques such as a microdischarge optical emission spectroscopy (uD-OES)
and in ‘situ Fourier transform infrared (FT-IR) spectroscopy [1, 2, 3]. It
has been reported that the properties of BST films are strongly affected by
the deposition conditions, such as the deposition temperature, the pressure
in the reactor, and the kind of oxidation gas [4, 5, 6]. In particular, it is
known that oxidation gas plays an important role in the improvement of the
crystallinity and the dielectric characteristics of deposited BST films 4, 7);
nevertheless, the oxidation reactions remain to be clarified. In this study, we
conduct in situ FT-IR absorption measurements to investigate the oxidation

65
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reactions of the source molecules. As oxidation gas, O, and N,O gases are
used. Although several recent studies have reported the characteristics of
films deposited in O, and N,O ambients, some of them showed contradicting
experimental results: Hwang et al. reported that the Ti/Sr atomic ratio in
deposited strontium titanate SrTiO3(STO) films was decreased when oxida-
tion gas was changed from Oz to NO [7], while Joo et al..reported. that the
Ti/(Ba+Sr) ratio in BST films was increased under the same conditions [8]

In general, Ti atoms are known to be more difficult to incorporate into BST
films at low substrate temperature than-Ba and Sr atoms [5]. An appropriate
choice of oxidation gas is expected to increase the Ti/(Ba-+Sr) atomic ratio
in BST films deposited at low temperature. In this chapter, we 1nvest1gate
the oxidation mechanism of the source ‘molecules durmg MOGVD of BST
films, focusmg on the difference between O, and NgO gases. We correlate
the results of in situ FT-IR measurements with the characteristics of the ox-
ide films deposited in O, and N,O ambients, and determine which oxidation
gas is more suitable for the fabrication of BST capacitors. R

4.2 Experimental

As the preparation method of BST films, the liquid-source MOCVD tech-
nique was employed. The liquid-source MOCVD apparatus and the setup of
the FT-IR spectrometer were the same as described in Chap. 2 (see Fig. 2.1).
CVD source materials were Ba(DPM)s, Sr(DPM)3, and Ti(t-BuO)z(DPM),.
The source materials vaperize‘d_in the vaporizer were transported into a hot-
wall CVD reactor and sﬁbsequently mixed with the oxidation gas, Oz or
N;O, The pressure in the reactor was maintained at 10 Torr, and the sub-
strate temperature was varied from 240°C to 640°C. Strontium oxide and
BST thin films were deposited on 6- inch-diameter Si(200) substrates. The
atomic composition of the depos1ted films was evaluated by X-ray photoelec-
tron spectroscopy (XPS) after etching of the films’ surfaces.

 Gas-phase oxidation reactions of the source molecules in O, and N,O
amblents were studied by in situ FT-IR spectroscopy. The IR absorption
spectra at a wavenumber between 400 cm™! and 4000 cm™! were observed
under actual CVD. condltlons The IR beam covered almost the entire region
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between the shower-head plate and the substrate. Details of the FT-IR
measurements are described in Chap. 2.

4.3 Results and Discussion

4.3.1 Diagnosis of gas-phase oxidation reactions of
Ti(t-BuO)z(DPM)g

We measured in situ IR absorption spectra of Ti(t-BuQO);(DPM); when ox-
idation g.eses,' Oz.and_Ng'O, were added. In order to correctly evaluate the
effect of the addition of oxidation gases, FT-IR measurement was also carried
out when N, was added as the diluent gas at the same flow rate as that of
the oxidation gas, in order to keep the residence time of the source molecules
constant in the CVD reactor. No significant change in the spectral feature
was observed 'with the addition of oxidation gas. A typlcal IR spectrum of
Ti(¢-BuO), (DPM)z in Oy amblent is shown in Fig. 4.1.. This spectrum was
measured at the substrate temperature T, of 240°C, which was the same tem-
perature as the vaporizer. The vibrational spectral peaks were assigned on
the basis of ab initio quantum chemical calculations [9]. Figure 4.2(a) shows
the T, dependence of the intensities of the IR spectral peaks at 577 and 623

cm™};

, ‘which have been assxgned to Ti-O stretchlng modes in ¢-butoxy groups
and DPM chelate rings, respectively. - . The intensities are normalized to
the values at 240°C. With the addition of oxidation gases, the intensities of
the two IR peaks decreased at lower temperature. This decrease in the IR
peak intensity is more drastic in O, ambient than in N,O ambient. In the
oxidation gas ambients, the IR absorption peak of the Ti-O bonds in the
DPM chelate rings shows a behavior similar to that of the Ti-O bonds in the
t-butoxy groups. Figure 4.2(b) shows the T, dependence of the intensities of
the IR absorption peaks at 733 and 888 cm™!, which have been assigned to
an in-plane ring deformation mode with C-C(CHj3); stretching and an out-
of-plane C-C-H bending mode of i-butene, respectively. -Butene is one of
the byproducts of the thermal decomposition of the parent molecule, i.e.,
the dissociation of the ¢t-butoxy group from the chelate ring. Similar to the
Ti-O stretching modes, the addition of O, had a greater influence on the IR
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Figure 4.1: IR spectrum of Ti(t-BuO),(DPM), observed in O, ambient at a
substrate temperature of 240°C. The vibration mode is as follows: v: stretch-
ing mode, 7: out-of-plane bending mode.
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absorption of the C-C(CHj3)3 bonds than that of NoO. The substrate temper-
ature dependence of the IR absorption peak at 1503 cm™! is shown in Fig.
4.2(c), which is assigned to C-C and C-O stretching modes in the chelate
rings. The addition of oxidation gases resulted in only a slight difference
in the IR absorption of these bonds in the chelate rings. These findings in
Figs. 4.2(a)-4.2(c) indicate that the oxidation gas does not attack evenly all
the bonds of a source molecule; it is more reactive with such bonds as Ti-O
and C-C(CH;);. Figure 4.3 shows the electron density distribution calcu-
lated based on the density functional theory (DFT) for Ti(MeO)2(ACAC),,
which is a prototype of the source molecule, in which all the ¢-butyl groups
of Ti(t-BuO)3(DPM), are replaced by methyl groups [9]. As shown in Fig.
4.3, the electron density is low in the vicinity of Ti-O and C-CH; bonds
of Ti(MeO),(ACAC),. This theoretical result indicates that the oxidation
gases attack selectively the low-electron-density sites in the source molecule.
Considering that the oxidation gases behave as nucleophilic reagents, the
above experimental results obtained by in situ FT-IR measurements can be
explained well by ab initio quantum chemical calculation.

4.3.2 Diagnosis of gas-phase oxidation reactions of
Sr(DPM); ’

The in situ IR absorption spectra of Sr(DPM), were also measured when
oxidation gases, O, and N,O, were added. No significant change in spectral
feature due to the addition of an oxidation gas was observed, as in the case of
Ti(t-BuO)2(DPM),. A typical IR spectrum of Sr(DPM); in N;O ambient is
shown in Fig. 4.4, which was measured at T; = 240 °C. Infrared band iden-
tification was carried out on the basis of density functional calculations [9].
Figure 4.5 shows the T, dependence of the intensities of the IR spectral peaks
at (a) 733 cm™?, (b) 865 cm™?!, and (c) 1590 cm™'.  The assignments of
these three spectral peaks are as follows: peak (a) corresponds to the out- -
of-plane ring deformation that mainly comprises the C-C stretching mode,
peak (b) corresponds to the C-C(CHj;); stretching mode with in-plane ring
deformation, and peak (c) corresponds to the C-C and C-O stretching modes
in the chelate rings. No significant change in the T; dependence of the inten-
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Figure 4.3: Electron density distribution in Ti(MeQ),(ACAC), calculated

based on the density functional theory.
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Figure 4.4: IR spectra of Sr(DPM); in N;O ambient at a substrate temper-
ature of 240°C.
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sities of the IR absorption peaks upon the addition of oxidation gases was
observed in the measured range of T;. In contrast to Ti(t-BuO);(DPM),,
the thermal decomposition of Sr(DPM), proceeded to a greater extent even
in the absence of oxidation gases in the range of T; investigated, so that the
effect of the oxidation gases on Sr(DPM), could not be detected directly.

4.3.3 Difference in oxidation effect between 0_2 and
N-.O

In order to understand the role of oxidation gas in film formation, the char-
acteristics of strontium oxide films deposited in O; and N,O ambients were
investigated as the first step. The flow rates of the Sr source molecule and ox-
idation gas were 0.2 and 1000 sccm, respectively. Figure 4.6 shows the atomic
composition of the deposited strontium oxide films. When O; was used as
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Figure 4.7: C 1s XPS spectra for strontium oxide films deposited in O; and
N,O ambients.

the oxidizing agent, the atomic composition of the deposited oxide films was
constant. On the other hand, when N,O was used, the atomic composition
varied drastically with the increase in T;. When the substrate temperature
was below 560°C, the oxygen content was low and a large amount of carbon
was incorporated. This is similar to the results of the films deposited in the
absence of an oxidation gas. This finding indicates that N,O hardly acts
as an oxidizing agent when the substrate temperature is lower than 560°C.
However, when the substrate temperature is higher than 640°C, the oxygen
* content is increased and the incorporation of carbon is suppressed. This is
similar to the tendency caused by the addition of O,, but the atomic compo-
sition is different from that of films deposited in the presence of O, gas. This
indicates that N,O acts as an oxidizing agent at high temperature (above
640°C), but the oxidation reaction of N,O is different from that of O,.

Figure 4.7 shows the C 1s XPS spectra for strontium oxide films. The
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peak at 291 eV is due to carbonates and the broad peak at approximately
285 eV is due to carbon.contaminants such as hydrocarbon and carbide [10].
When thé oxidizing agent was Oy, strontium carbonate (SrCO3) . was formed.
SrCOﬁ is assumed to be formed by the adsorption of CO, gas [11]. In O,
ambient, a decrease in the intensity of the broad IR peaks at the vicinity of
2190 and 2110 cm™! occurred, both of which were due to carbon monoxide
(CO), as well as the decrease in the intensity of the broad peak at the vicinity
of 1710 cm™!, which was due to the C O bond of the products generated by
the therrnal decomposition in the gas phase Figure 4.8 shows the change of
~ the 1710 cm‘1 peak when O, and N,O gases were-added at T, = 640°C. These
results suggest that O, gas oxidizes carbon monoxide molecules and C=0
bonds of the thermally decomposed fragments into carbon dioxide (COy).

On the other hand, the XPS peak at 291 eV did not appear in the XPS
spectrum for films deposited in NoO ambient.- When the substrate temper-
ature was low (below 560°C), a broad peak appeared at approximately 285
eV, which was quenched at T, > 640°C. This broad peak at approximately
285 eV was observed in the XPS spectrum for films that were deposited in
the absence of oxidation gas. NoO became reactive at higher substrate tem-
perature; however, the contribution of N,O to the oxidation reaction during
film deposition differed from that of O,. In N;O ambient, the intensity of the
IR peak at 1710 cm™! due-to the C=0 bond of fragments did not decrease
even at high substrate temperature (see Fig: 4.8), which suggested that NoO
did not oxidize the thermally decomposed fragments into CO; gas in the gas
phase. As a result, StCO; was not formed. It has been reported that NoO
decomposes easily above 600°C [12]. Since the temperature of the gas phase
is much lower than the substrate temperature (see Fig. 3.3 in Chap. 3), N,O
does not decompose in the gas phase even when the substrate temperature is
sufficiently high. N;O decomposes only on the substrate with temperatures
above 640°C.: This ‘may be responsible for the difference in the oxidation
reaction between O, and N,O at high substrate temperature.
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4.3.4 BST thin films deposited in O; and N,O ambi-
ents |

We investigated the difference in the effects of the oxidation reactions between
O, and N,O during the deposition of BST films. Figure 4.9 shows the atomic
composition of BST films deposited in O3 and N,O ambients. The flow rates
of Ba(DPM),, Sr(DPM); and Ti(¢-BuO),(DPM), were 0.3, 0.1 and 0.3 sccm,
respectively. The flow rate of O; or N;O gas was 1000 sccm. In both cases
of O, and N,O, the atomic composition of Ti was increased and those of Ba
and Sr were decreased as the substrate temperature was increased. When
the oxidation gas was O,, however, carbon was hardly incdrporated into
the deposited films; in contrast, a relatively large amount of carbon was
incorporated into the films when N,O was used. In the BST films deposited
in NoO ambient, the XPS peak of C 1s appeared only at 285 eV, which is due
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to carbon contaminants. This result suggests that the addition of NyO has
little effect on the generation of volatile carbon oxides such as CO and CO,.
As a result, there was much carbon contamination in BST films deposited
in N,O. Figure 4.10 shows the atomic composition ratio of Ti/(Ba+Sr) in
the deposited films as a function of T, with the two kinds of oxidation gases.
The ratio in the case of O, was larger than that in the case of N,O. From
the viewpoint of the incorporation of Ti atoms, it is found that O, gas is
more effective for the deposition of BST films than N,O gas at any substrate

temperature.
4.4 Conclusions

We investigated the oxidation reactions of Ti(t-BuO),(DPM); and St(DPM),
molecules in the presence of O, and N3O gases by in situ measurements of
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the IR absorption spectra. From the change of the intensities of the IR
absorption peaks of Ti(t-BuO),(DPM), with the addition of O, and N0, it
was found that O oxidizes the source molecules more strongly than N,O in
the gas phase. It was also found that oxidation gases do not act evenly on
all the bonds of the source molecule but act Vojn‘ such bonds as Ti-O-and C-
C(CHj;);s. This is in agreement with ab initio quantum chemical calculations,
which shows that these sites have low electron density. -
Aside from the FT-IR measurements, the role of oxidation gas was studied
by means of chemical analyses of the deposited strontium oxide and BST films
in O, and N;O ambients. SrCO;z was formed in O, ambient, while it was
not formed in N;O ambient. Since SrCOj; is assumed to be produced by
the adsorption of CO; gas, we suggest that O, can oxidize carbon-containing
bonds into CO, while N,O cannot do so. We found that N,O does not oxidize
source molecules at low Ty (under 560°C) but becomes reactive at high T
(above 640°C) where N,O is assumed to decompose thermally only on the
substrate. However, the desirable T; for the fabrication of BST capacitors in
DRAMs is below 500°C; therefore, N;O is not a suitable oxidizing agent for
practical use. -
Enhancement of the incorporation of Ti is also a key issue. It was found
that the Ti/(Ba+Sr) ratio was decreased when the oxidation gas was changed
from O, to NyO. Moreover, in.N;O ambient, a relatively large amount of
carbon contaminants was incorporated into the deposited BST films, which
caused the increase in the leakage current in BST capacitors. This is due
‘to the lower reactivity of NoO than O, to decompose organic materials such
as DPM ligands into CO; gas in the gas phase. In terms of the increase in
the Ti/(Ba+Sr) atomic ratio and the suppression of carbon contamination,
it is concluded that O, gas is much more suitable for the fabrication of BST
capacitors than N,O gas. ' ; '
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Chapter 5

Film precursor formation in
MOCVD of (Ba,Sr)TiO; films

5.1 Introduction

As described in Chaps. 2, 3 and 4, we investigated the gas phase reactions in
the metalorganic chemical vapor deposition (MOCVD) processing for barium
strontium titanate (Ba,Sr)TiO; [BST] thin films by using several spectro-
scopic techniques such as microdischarge optical emission spectroscopy (uD-
OES) and in situ Fourier transform infrared (FT-IR) spectroscopy [1, 2, 3, 4].
On the basis of these spectroscopic measurements, we found following three
points as regards the chemistries of Sr source molecules. First is that most
of Sr(DPM); molecules decompose thermally in the gas phase at the typi-
cal temperature for the deposition of BST films [1, 2]. Second is that the
Sr-O bond of Sr(DPM); molecule is easiest to cleave through the thermal
decomposition [2]. Third point is that species formed through the thermal
decomposition of these source molecules are very easy to be oxidized when
an oxidation gas is added [3]. Therefore, it is considered that the film pre-
cursors containing Sr atoms are formed from the thermal decomposition of

87
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the parent source molecules followed by the oxidation reactions, and that
the O atom in Sr precursor is derived mainly from the oxidation gas. On
the other hand, we found following three points as regards the chemistries
of Ti source molecule. First is that Ti(t-BuO);(DPM); molecules are dif-
ficult to decompose thermally in the gas phase at the typical temperature
range for deposition of BST films [2]. Second is that the Ti-O bond of Ti(t-
BuO),(DPM); is stable against the thermal decomposition as compared with
the C-O and C-C bonds in the DPM chelate rings [2]. Third is that because
of the tendency of Ti(t-BuO);(DPM), molecule hard to decompose thermally
and the stability of the Ti-O bond, precursors for Ti atom have less reactivity
to an oxidation gas [3]. Therefore, it is thought that the Ti-O bond in the Ti
source molecule is difficult to cleave through gas-phase reactions, and that
the O atom in Ti precursor is originated mainly from the Ti source molecule
itself: Based on the above argument, we suggest that an oxidation gas has a
significant effect on the formation of Sr precursors and little effect on that of
Ti precursors. In this chapter, we present the results of experiments carried
out in order to verify our suggested precursor formation mechanism. We de-
posit strontium oxide, titanium oxide and strontium titanate SrTiO; (STO)
films under various deposition conditions, and study the-effect of oxidation
gas on the deposition chemistries in MOCVD of these films to understand
the mechanism of the precursor formation.

As an another approach to analyze deposited films, we employ an isotopic
labeling experiment involving time-of-flight secondary ion mass spectroscopy
(TOF-SIMS) [5, 6]. Recently, such isotopic studies on BST films were carried
out by Gao et al. [7, 8]. In the BST film formation, a metal atom of Ba, Sr
and Ti can form a metal-oxygen bond network with the oxygen incorporated
along with the other kinds of metal atoms. Although they reported that the
Ti80+/Ti*0" ratio (0.71) is slightly larger than the Sr'®0*/Sr'°0O* (0.62)
and Bal®0+/Bal®O* (0.63) values in the BST films grown at the substrate
temperature of 590°C in !0, ambient, the average values of all the three
ratios appeared to be similar. Therefore, the experimental data does not
correctly reflect the difference in the chemistries of the individual source
molecules clarified from our spectroscopic measurements. We carry out an
isotopic study on strontium and titanium oxide films deposited with 180, as
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the labeling oxidant. The deposited oxide films are analyzed by TOF-SIMS
to establish whether the O atoms in the deposited films originate from the
individual source molecules or oxidation gas. The aim of this isotopic labeling

experiment is to verify our suggested formation mechanism of the precursor
for BST films.

5.2 'EZXperimential

The details of the experimental MOCVD" apparatus are described in' Chap.
2. We used Sr(DPM); and Ti(t-BuO),(DPM); as the CVD source materials
of strontium oxide, titanium oxide films, and STO films. The source ma-
terials were 'dissolved in organic solvent, tetrahydrofuran (THF). After each
dissolved source was introduced into a vaporizer by N, carrier gas',;t'he va-’
porized source was transported into the MOCVD reactor and subsequently
mixed with the oxidation gas. The substrate temperature was 600°C excépt
for the measurements of temperature dependence. The pressure in the reac-
tor was maintained at'1 Torr. A thin film was deposited on'a 6-1nch-d1ameter
Si(200) substrate.

The deposxted films prepared usmg 1802 were analyzed by TOF-SIMS.
A 15 keV Gat primary ion béam was used for both sputtering and analysis.
The dose of primary Ga* ions was reduced to be less than 10'? jons/cm?
(static SIMS). In this study, we employed both positive and negative SIMS.
The SIMS analysis was conducted on a 25 um? region, while the sputtered
area was a 60 um? region.

5.3 Results and Discussion

5.3.1 Effect of oxidation gas on film deposition

The results of our spectroscopic diagnoses suggested that the film precursors
containing Sr atoms are formed from the thermal decomposition of the parent
source molecule followed by the oxidation reactions. Thus, O atom in Sr
precursor is derived mainly from the oxidation gas. On the other hand,
we assumed that the Ti-O bond in the Ti source molecule is difficult to
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cleave through gas-phase reactions, and that oxygen atom in Ti precursor is
originated from the Ti source molecule itself. In other words, the oxidation
gas plays an important role in the creation of Sr precursors for achieving good-
quality oxide film deposition, while it does not make a large contribution to-
the formation of Ti precursors. The following experiments were carried out
in order to verify the above precursor formation mechanism proposed on the
basis of the results of our spectroscopic studies. We deposited strontium oxide
films by changing the flow rate of O, gas (0 — 200 sccfn) to ihvestigate the
effect of O, addition on the film deposition. The flow rates of Sr(DPM), and
THF were 0.2 and 0.8 sccm, respectively. In Fig. 5.1, the atomic composition
in the deposited strontium oxide films is shown as a function of the flow rate
of O, gas. When the oxidation gas was not added, a large amount of C
atoms were incorporated and only a few O atoms were incorporated into
the film. It is thought that the low oxygen content of the film deposited
without the addition of 0O, gas was caused by the release of oxygen atoms from
Sr(DPM); via its thermal decomposition. At the beginning of O, addition,
the number of O atoms in the strontium oxide films increased abruptly and
the incorporation of C atoms was suppressed to less than 10%, which is due
to the formation of SrCO;. This result means that an oxidation gas has a
significant effect on the formation of Sr precursors, and suggests that the O
atoms in the strontium oxide films deposited with O, gas are derived mainly
from the oxidation gas.

The same deposition experiments were performed with respect to tita--
nium oxide films. The flow rates of Ti(¢t-BuO)2(DPM); and THF were 0.2
and 0.8 sccm, respectively. The flow rate of O, gas was changed from 0 to
200 sccm. In Fig. 5.2, the atomic composition in the deposited titanium ox-
ide films is shown as a function of the flow rate of O, gas. Even when no O,
gas was added, a largé amount of O atoms were incorporated into the films
and the incorporation of C atoms was suppressed. In contrast to strontium
oxide films, the addition of O, gas did not have a significant effect on the
atomic composition in the titanium oxide films. These experimental results
of film deposition are in good agreement with the spectroscopic data on the
mechanism of precursor formation.
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Figure 5.3: Change in the atomic composition in the SrTiO; films deposited
without O,, upon the addition of the Ti source.

5.3.2 Difference in the mechanism of film deposition
-between Ti(t-BuO);(DPM), and Sr(DPM),

Figure 5.3 shows the change in the atomic composition ratio in the STO films
deposited without O, gas when the flow rate of the Ti source was varied from
0 to 0.2 sccm. The flow rate of the Sr source was fixed at a constant value of
0.2 sccm. The other deposition condition was the same as in the experiments
described in the above subsection. When the Ti source was added, the O
atom concentration increased significantly and carbon contamination was
suppressed. Although we changed the flow rate of the Ti source from 0.03 to
0.2 sccm, the atomic composition in the deposited films was constant. The
addition of the Ti source showed effects similar to those of O; gas (see Fig.
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Figure 5.4: Incorporation rates of Sr and Ti atoms into the SrTiOj; films
deposited without O, addition, as a function of the flow rate of the Ti source.

5.1). This result indicates that the Ti source enhances the incorporation of
O atoms and suppresses the contamination of C atoms into the deposited
films. Based on the results of our spectroscopic diagnoses, we proposed that
the Ti source molecule reaches the substrate surface possessing O atoms of
the source molecule and that the Sr source releases O atoms of the source
molecule in the gas phase. The O atoms in the Ti source molecules make a
large contribution to the incorporation of O atoms in the deposited films.

Figure 5.4 shows the incorporation rates (film thickness X atomic com-
position) of Sr and Ti atoms in the STO films deposited without O, gas as a
function of the flow rate of the Ti source. With the increase of the Ti source
supply, not only Ti atoms but also Sr atoms were incorporated more actively
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Table 5.1: Change in the atomic incorporation rates in the deposition of
SrTiO; films upon the addition of O, gas.

Incorporation rate (sccm)
Element | Without O, addition With O, addition (200 sccm)
Sr ~0.38 2.12
Ti 0.23 0.24
0 ' 1.09 : 2.96
C 0.35 0.34

in the films. Table 5.1 shows the change in the atomic incorporation rates
of the deposited STO films when O, gas was added. The flow rate of the
Ti source was fixed at 0.03 sccm. The other depbsition conditions were the
same as those in Fig. 5.4. When O, gas was added, the deposition rates of Sr
and O atoms increased, while those of Ti and C atoms remained unchanged.
This result means that the addition of O, is indispensable for Sr atoms to
be incorporated into the oxide films. The Ti source reaches the substrate
possessing O atoms in the molecular structure, while the Sr source releases
O atoms in the gas phase. Due to the lack of O atoms, Sr atoms are more
difficult to incorporate than Ti atoms when an oxidation gas is not added.
When the flow rate of the Ti source was increased from 0.03 to 0.2 sccm,
the ihcorporaﬁion rate of Sr atoms increased because of the increase in O
atoms of the Ti source molecules. That is, when a Ti source is supplied
instead of O, gas, reactions between the Sr precursors and the O atoms in
the Ti-containing species occur in the gas phase and/or on the film surface.
It is considered that the O atoms in the Ti-containing precursors determine
the incorporation rate of Sr atoms into the films deposited without O, ad-
dition. These experimental facts are in good accordance with the precursor
formation mechanism suggested from our spectroscopic measurements.
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5.3.3 Isotopic labeling study using *0,

Additionally, we carried out isotopic labeling study using 180, in order to
clarify whether the O atoms in the deposited oxide films originate from the
source molecules or oxidation gas. Figure 5.5 shows typical positive SIMS
depth profiles near the surface of the strontium and titanium oxide films
deposited in 20, ambient. The flow rate of the oxidation *O; gas was
10 sccm. Since the secondary ion counts after sputter removal of an approx-
imately 1.5-nm-thick surface layer become almost constant in the deposited
oxide films, these values are used in the following discussion. Figure 5.6 indi-
cates positive SIMS spectra of the strontium and titanium oxide films, where
many high-mass molecular ions are observed. Each spectral signal of the
same molecular composition splits into several peaks in accordance with the
isotopic ratio of oxygen, strontium and titanium atoms. On the basis of the
natural abundance of strontium and titanium isotopes, we correct the isotope
interference between the same mass species, e.g., ®Ti’*0O* and “Ti'*0*, for
Sr- and Ti-containing ox1des Contnbutxons of 170 can be neglected since
the amount lies below the detection limit.

In Fig. 5.7, the p051t1ve SIMS 51gnals are shown focusmg on MO+
(M=Sr, Ti) ions containing '#0 and 0. The Ti'®0*/Ti'°0* ratio is about
0.22, which indicates that the [-diketonate and alkoxide ligands of Tl(t-
BuO),(DPM); are only partially substituted by, 180, (i.e., oxidatio.n_of the
source moleculeé) The s‘pectroscqpic measurements in this study show that
the Ti-O bond of Ti(t-BuO)z(DPM); is most stable against thermal de-
composxtlon The retention of 16O in the deposited titanium oxide film
means that the O atoms in the titanium oxide film originate mamly from
the Ti source molecules. In Fig. 5. 7(a) the SIMS signals at 103.90, 104.91,
105.90 and 106.91 amu are assigned to 38Sr'60+, 885r16QHY, 885180+ and
88Sr18QH™, respectively. The Sr'®0t/ Sr'60* ratio obtained from the 51gnal
intensity of #¥Sr!®0O+ and 88SrlBO+ is about 1.8. This result indicates that
the majority of the O atom in the strontium oxide film originates from the ox-
idation gas, which is in accordance with our suggestion about the formation
mechanlsm of Sr precursors.

Flgure 5.8 shows negative SIMS spectra of the strontium and titanium
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oxide films. In both films, many high-mass molecular ions were detected by
negative SIMS as well as positive SIMS (see Fig. 5.6). As compared with the
corresponding positive SIMS spectra, however, the electronegative species
such as O~ and O3 can be sensitively observed only by negative SIMS. In
Fig. 5.9, the negative SIMS signals are shown focusing on 180~ and 160~
ions. The 80~ /%0~ ratio is.about 0.20 in the titanium oxide film, while this
ratio is about 1.8 in the strontium oxide film. The obtained 80~ /0~ ratios
showed good agreement with the corresponding M80* /MOt (M=Sr, Ti)
ratios. Therefore, M!80* /MO ratios are indicative of ®O incorporated

in deposited films.

5.3.4 Temperature dependence of SIMS signals

Figure 5.10 shows temperature dependence of M!30+/M!"®0* (M=Sr, Ti)
and 180~ /'80~ ratios. The Ti'80*/Ti®0+ and 0~ /10~ ratios of the
titanium oxide films maintain small values with little change; which indi-
cates that the thermal dissociation of the Ti-O bonds of Ti(t-BuO).(DPM),
is not active at the typical deposition temperature range not only in the
gas phase but also on the film surface. In fact, our spectroscopic studies
on gas phase reactions in MOCVD of BST films also show that the Ti-O
bond is most stable against thermal decomposition [2]. The Ti-O bonds of
Ti(t-BuO)y(DPM); are preserved in the MOCVD process, suggesting that
extended chain formation occurs by diffusion and reaction of surface ad-
sorbed species followed by clross-linking to form the final titanate network.
On the contrary, the Sr*#0*/Sr'0* and ¥0~/**0~ ratios of the strontium
oxide films are markedly reduced as the substrate temperature decreases.
This suggests that at lower temperatures the thermal decomposition in the
gas phase and/or on the film surface is suppressed, resulting in less incorpo-
ration of 0 in the film. The ligand substitution by O, plays an important
role in the film formations at higher temperatures.

We investigated the thermal dissociation of the metal-oxygen bond of the
source molecules by uD-OES. In the substrate temperature range where this
isotopic study was conducted, from 520°C to 600°C, the emission intensity
of SrIl changed significantly in contrast to that of Till (see Fig. 3.7. The
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substrate temperature of 520°C and 600°C correspond to the gas temperature
was of 318°C and 355°C, respectively.). The temperature dependence of the
emission intensity showed a corresponding behavior to that of the SIMS signal
intensity.

5.4 Conclusion

Based on the results of the spectroscopic diagnoses, a precursor formation
mechanism was suggested. The film precursors for Sr atoms are formed from
the thermal decomposition of the parent source molecules followed by oxi-
dation reactions, and an oxidation gas is necessary for the formation of Sr
precursors. On the other hand, the Ti-O bond in the Ti source molecule is not
~ easily cleaved through gas-phase reactions, and the Ti precursor continues
to possess the O atoms of the Ti source molecule itself. The above sug-
gestion was verified through a series of deposition experiments of strontium
oxide, titanium oxide and strontium titanate films under various deposition
conditions. » S

Additionally, isotopic 2O-labeled experiments for strontium and titanium
oxide film deposition were performed to understand the oxidation reactions
and verify our suggestion about a precursor formation mechanism. The sur-
face was analyzed by TOF-SIMS to determine the extent of 30 incorporation
in the resulting films. In addition to the conventional positive ion detection
of both MOt and M!®O* (M=Sr, ‘Ti), ¥0~ and %0~ were sensitively
monitored in the negative ion detection mode. The obtained SIMS signal
counts of 180~ containing secondary ions in the titanium oxide films were
less than those in the strontium oxide films. The majority of the oxygen in
the titanium oxide films was found to originate from the source molecules,
while the majority of the oxygen in the strontium oxide films was found to
originate from the oxidation gas. These results were in good accordance with
our precursor formation mechanism suggested on the basis of spectroscopic
measurements.
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Chapter 6

Conclusions

6.1 Concluding remarks

In this study, the chemical reactions in metalorganic chemical vapor de-
position (MOCVD) of barium strontium titanate (Ba,Sr)TiO; [BST) films
were investigated using spectroscopic techniques such as in situ infrared
absorption spectroscopy and microdischarge optical emission spectroscopy
(uD-OES). The results of these spectroscopic diagnoses were discussed with
referring to film deposition experiments including isotopic labeling study us-
ing 80,. We clarified the thermal decomposition schemes, oxidation reac-
tions with O, and N,O gases, and precursor formation mechanisms for each
metal element. '

In Chap. 2, in situ Fourier transform infrared (FT-IR) spectroscopy were
applied to the diagnosis in MOCVD of BST films under actual deposition
conditions. We observed the temperature dependence of the IR absorbance,
and investigated the thermal decomposition schemes of the source molecules.
We found that Sr(DPM),; and Ba(DPM), are much easier to decompose
thermally than Ti(z-BuO)2(DPM),, and that this difference in the thermal
decombposition is caused by the difference of the strength of metal-oxygen
bonds. It was found that the Sr-O and Ba-O bonds are easy to cleave, while

107
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the Ti-O bond is difficult to cleave. We also investigated the correlation
between the observed IR absorption spectra and the characteristics of the
deposited BST films. It was found that the thermal decomposition in the
gas phase has significant contributions to the deposition of Sr and Ba atoms
than to that of Tiatoms and that the surface reactions of Ti(t- BuO)z(DPM)z
molecules are more important for the deposition of Ti atoms. '

In Chap. 3, uD-OES sensor system was developed as a novel dlagnostxc
tool for the MOCVD of BST films. In addition to FT-IR measurements,
we investigated the chemistries of CVD source molécules using this uD-OES
technique and obtained information about the metal-oxygen bonds in the
source molecules which other spectroscopic methods are difficult to provide.
It was found that at the typical deposition tempeiature',. an oxidation gds
such as O; has a great effect on the Sr precursor, while it does not have
much effect on the Ti precursor. We also studied the interaction between
Sr(DPM); and Ti(t-BuO)(DPM), in the gas phase. We demonstrated that
by using pD-OES and FT-IR spectroscopy complementarily, it is poss1ble to
elucidate the gas-phase reactions in the MOCVD of BST films.

In Chap. 4, an FT-IR absorption measurement was conducted to investi-
gate the oxidation reactions of Ti(t BuO),(DPM), and Sr(DPM), molecules
in the presence of 0, and N;0O gases. From the change of the intensitles
of the IR absorption peaks of Tl(t-BuO) (DPM); with the addition of O,
and NgO it was found that 02 oxidizes the source molecules more strongly
than NgO in the gas pha.se We also found that oxidation gases do not act
evenly on all the bonds of the source molecule but act on partlcular bonds
such as Ti-O and C- C(CH3)3 We correlated the results of in situ FT-IR
measurements with the characteristics of the oxide films deposited in O, and
N0 ambients. On the basis of the experlmental findings on the increase in
the Ti/ (Ba+Sr) atomic ratio and the suppression of carbon contamination,
it is concluded that 02 is much more sultable for the fabrication of BST
capacxtors than N20

In Chap. 5, based on the results of the spectroscoplc dxagnoses such as
uD-OES and in situ FT-IR spectroscopy, we proposed a precursor formation
mechanism as follows The film precursors for Sr atoms are formed from the
thermal decompos1t10n of the parent source molecules followed by oxidation
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reactions, and an oxidation gas is necessary for the formation of Sr precur-
sors... On the other hand, the Ti-O bond .in the -Ti source.molecule is not
easily cleaved.in the gas phase, and the Ti precursor continues to possess
the O-atoms of the Ti source molecule itself. This proposed precursor for-
mation mechanism was verified through a series of deposition experiments of
strontium oxide, titanium oxide and strontium titanate films under various
deposition conditions. In addition to these deposition experiments, isotopic
180-labeled experiments for strontium and titanium oxide film deposition
were performed in: order to ascertain the. precursor formation mechanism.
The results of this isotopic study were in good accordance with our precursor
formation mechanism proposed on the basis of spectroscopic measurements.

6.2 Future prospects

In this work, we elucidated the chemical reactions in the gas phase during
the MOCVD of BST films by using in situ spectroscopic techniques such as
pD-OES and FT-IR spectroscopy. BST films are deposited through chemical
reactions not only in the gas phase but also on the substrate. The author
think in situ diagnosis of chemical reactions on the substrate surface is nec-
essary for deeper understanding of the deposition mechanisms of BST films,
which is a subject for the future study.

We developed the uD-OES technique by employing microplaéma as a
probe for the diagnosis in the semiconductor manufacturing process. These
days, microplasma has been investigated to realize an on-chip chemical anal-
ysis device as part of a miniaturized total analytical system (u-TAS), which
is forecasted to be applicable to a variety of fields such as chemical analysis,
clinical analysis, DNA sequencing, drug screening, and health care applica-
tion [1, 2]. In this system, microplasma is expected to have a function as
a biochemical sensor. In this study, we showed the potentiality that mi-
croplasma is available for the elucidation of chemical reactions. The author
hope that this study of uD-OES helps to develop a u-TAS.

MOCVD technique is widely used for the manufacturing of various elec-
tronic devices. For example, ferroelectric films such as lead zirconate ti-
tanate Pb(Zr,Ti)O; [PZT], strontium bismuth tantalate SrBi;Ta,Oy [SBT],
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and bismuth titanate BiyTi30;, [BIT] are prepared by MOCVD technique
for a non-volatile Ferroelectric Random Access Memory (FeERAM). FeRAM
is a new electronic device which has been attracted a great deal of attention
because of its promising applications such as portable personal computers,
personal digital assistants (PDAs), cellular phones, and especially electronic
money cards [3]. Moreover, it is reported that the adaptive-learning function
was observed in a neuron circuit using a SBT film [4]. In order to develop
these electronic devices in the future, it is inevitably necessary to under-
stand the deposition mechanism of these films. In addition to the MOCVD
of BST films, the in situ spectroscopic techniques developed in this study
are applicable to the diagnosis in these MOCVD processes.
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