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ABSTRACT

In this work, the focus is on the exploration of the bonding structure, the
mechanical and electrical properties of SiOC(-H) thin films deposited by using
plasma-enhanced chemical-vapor deposition (PECVD) with dimethyl-dimethoxy-silane
(DMDMS, C4H,0,Si) and oxygen gas as various deposition conditions. Then, we
investigate the electro-physical properties, such as the charge trapping behavior, Cu
atom diffusion phenomena and the electrical conduction mechanism after the
application of an electric bias stress to the Cu(Al)/SiOC(-H)/p-Si(100)
metal-insulator-semiconductor (MIS) structures. In order to obtain the optimum
conditions for the bulk plasma, we investigated the electron density (N.), electron
temperature (7.) and various emission species. As the radio frequency (rf) power was
increased from 100 to 800 W, the corresponding N, and 7, were found to increase
from 6.23x10° to 1.22x10" em™ and from 1.57 to 2.03 eV, respectively. A complete
dissociation of precursors took place for rf power greater than 500 W, in our
PECVD system.

The Fourier transform infrared (FTIR) spectra of all samples were generally broad
and overlapping due to the complex stoichiometry and the amorphous nature of the
films. The characteristic band of all the SiOC(-H) films showed absorption bands due
to Si-O-Si (around 1055 cm™), Si-O-C (around 1055 cm’'), Si-CH; (around 950 and
1250 c¢m™), CH, (1457 and 2955 cm') and -OH (around 3200 to 3700 cm’) in
addition to those of the Si substrate. There is a shoulder at 1150 cm™ in all the
absorption spectra, assigned to the broad Si-O-C peak corresponding to the Si-O-C
cage-link structure and resulting in a more porous nature in the SiOC(-H) film. But
the SiOC(-H) thin films deposited with a higher substrate temperature than 300 °C is
attributed to the lower carbon concentration due to the Si-CH3; bonds being broken at
elevated substrate temperatures that give rise to the increase of dielectric constant.

X-ray photoelectron spectroscopy (XPS) narrow scan spectra of the SiOC(-H) films,

Xi
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which are associated with the Si 2p electron orbital, consisted of four or five peaks,
which could be assigned to the Si-C (99.4+0.1 eV), O-Si-(CH3); (100.4+0.1 eV),
0,-Si-(CH3), (101.6+0.1 eV), O3-Si-CH; (102.8+0.1 eV) and Si-O, (103.6 eV) bonds.
As the flow rate and the rf power were increased, the Si 2p electron orbital spectra
shifted to a lower binding energy while the C 1s and the O 1s electron orbital
remained almost constant. The C 1s electron orbital spectra of the SiOC(-H) films
consisted of six peaks, which could be assigned as C(Si)s (282.5+0.1 eV), Si-C
(283.4+0.1 eV), C=C (283.9+0.1 eV), C-C/C-H (284.6+0.1 eV), C-O (285.4+0.1 eV)
and C=0 (286.7+0.1 eV) bonds. Also the O 1s spectra consisted of four components,
which were attributed to the O-C (530.5£0.1 eV), SiCO, (531.8£0.1 eV), O-Si
(532.6+0.1 eV) and O-Si-O (533.7+0.1 eV) bonds. The peak intensities of the Si 2p
and the O 1s spectra decreased with increasing flow rate ratio and rf power whereas
the intensity of the C Is spectrum increased. However, the peak intensities of the
0,-Si-(CH3), and Os-Si-CHs bonds of the SiOC(-H) films were increased, in case of
the SiIOC(-H) films deposited at a higher substrate temperature.

As-deposited MIS structures showed the two kinds of mechanism: namely, Schottky
emission (SE) for midrange electric fields (0.5 to 2.25 MV/cm) and the
Poole-Frenkel (PF) emission at higher electric fields (beyond 2.25 MV/cm). In
contrast, the annealed MIS structures showed only SE. The Schottky barrier height
decreased from 0.326 eV for the as-deposited MIS structures and to 0.145 eV for
the MIS structures annealed at 450 °C. The PF barrier height for the as-deposited
Cu/SiOC(-H)/p-Si(100) MIS structure was calculated as 0.365 eV. All samples
showed a voltage breakdown after annealing at 500 °C. Also the leakage current
density was found to be 3.7x10° A/ecm’ and the lowest dielectric constant of 2.21
was obtained for the SiOC(-H) films deposited with a flow rate ratio of 80% at an
rf power of 700 W.

Interface charges gradually increased with both increasing annealing temperature
and stressing duration. The excessive radicals such as -CH; or Si-CH; and Si-H

bonds in the SiOC(-H) film showed up in more positive charges in the form of
Xii
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excessive (-CH3)" or (Si-CH3)" and (Si-H)™ ions, and interstitial defects, attributed to
the flat-band voltage (V) appear on the negative side. The drift rate of Cu' ions in
the SiOC(-H) films with the MIS structures after annealing was evaluated by
capacitance-voltage (C-V) measurements with a flat-band shift caused by a
bias-temperature stress (BTS). The Vj and the activation energies (£,) corresponding
to the MIS structures annealed at 250, 350 and 450 °C with a BTS time of 40 min
were -15, -18 and -34 V, and 0.58, 0.26 and 0.22 eV, respectively. The flat-band
voltage (Vp) of the C-V curve revealed a shift due to Cu’ ion diffusion in the

SiOC(-H) layer. The series resistance ([2,) of the MIS structure strongly depended on

the applied voltage for frequencies less than 50 kHz. Also, at high frequencies (/=

100 kHz), charges at the interface states could not follow an alternating current (ac)
signal. The dielectric constant (e/) decreased with increasing frequency whereas the

dielectric loss (e”) showed the trend opposite to that of €. The values of € and €
were calculated to be 2.68 and 0.07, respectively at 1 kHz. The ac electrical
conductivity increased with increasing frequency.

In our study, the SiOC(-H) film deposited by using plasma-enhanced
chemical-vapor deposition (PECVD) with dimethyl-dimethoxy-silane (DMDMS,
C4H,0,Si) and oxygen gas at an rf power of 700 W. The SiOC(-H) films produced
had a cross-linked structure with nano-pores due to the combined Si-CH,-Si bond
and Si-O-Si network, in which the Si-CH,-Si bond is formed due to the
incorporation of -CH, groups into the Si-O-Si network. We have defined the
difference in the C-V characteristics that might be caused by the positive charge
carrier due to chemical bonds, such as -CHs; or Si-CHs and Si-H, incorporated into
the SiOC(-H) film with an annealing process. On the other hand, the decrease in
inversion capacitance might be caused by the diffusion of Cu atoms, which can
produce a deep donor level of 0.49 eV above the valence bond. Therefore, it is
important to develop an effective diffusion barrier between the SiOC( - H) film and

Cu to prevent Cu diffusion.

Xiii
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Chapter [ . Introduction

1. Interconnect delays & low-k materials

Modern computer microprocessor chips are marvels of engineering complexity. For
the current 45 nm technology node, there may be nearly a billion transistors on a
chip barely 1 cm’ and more than 10,000 m of wiring connecting and powering these
devices distributed over 9-10 wiring levels. Ongoing miniaturization is essential for
enhancing the speed of ultra large-scale integration (ULSI) technology. However,
reducing the distance between the wiring increases their capacitance, resulting in
signal propagation delay. RC delay performance and RC delay circuit diagrams are

shown below in Fig. 1 [1].
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Fig. 1. Calculated gate and interconnect delay as a function of technology node

cording to the National Technology Roadmap for Semiconductors (NTRS) in 1997.
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Such reduced feature size has contributed adversely to the interconnect delay which

is given by [2]:

4L° L?

) (1)

where p is the metal resistivity, €, is the vacuum permittivity, &k is the relative

dielectric constant of interlayer dielectric (ILD), p is the metal line pitch (sum of
line width and line spacing), 7 is the metal thickness and L is the metal line length.
This equation demonstrates that RC delay can be reduced using metals with low
resistivity and dielectric materials with a low dielectric constant.

To solve this problem, low resistivity Cu metallization and low dielectric constant
materials (kK < 2.5) are used to replace the conventional Al/SiO, interconnect structure
[3-5]. Cu has become the metal of choice for interconnects in ULSI owing to its
inherent low resistance. Table 1 shows material properties of selected metals for
application to interconnects [6]. The low resistivity of Cu metal compared to Al
metal helps reduce the resistance and capacitance of an RC delay. Many research
groups are being involved in the development of a suitable low-k material. Both
spin-on and plasma enhanced chemical vapor deposition are being widely used to
prepare potential candidates for low-k materials. Although a large variety of hybrid
materials have been prepared, few structural characterizations have been reported so
far [7-12].

Silicon dioxide (SiO») has been the most widely used dielectric material in the
semiconductor industry. It has good thermal and mechanical properties, but too high
a dielectric constant (3.9~4.5) for the future generation of integrated circuits (IC's).
Initial attempts to decrease the dielectric constant of SiO, involved the incorporation
of the fluorine or the carbon to the oxide films, and also the use of spin-on glasses
or silsesquioxanes, which are similar in nature to SiO,, but with lower dielectric

constants due to the non-bridging silicon-carbon bonds in the backbone. The Si-C
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bonds lower the density of the films by introducing free volume, and also exhibit
lower polarizability with respect to the Si-O bonds in silicon dioxide. Over the years,
a wide variety of materials have been tested for low dielectric constant applications
and Table 2 summarizes some of these, along with their respective k& values and
deposition method [13-15]. The most promising among these materials are the
organic polymers and the porous materials because of their lower dielectric constant.
However, as stated previously, the ideal thin film dielectric material not only needs
to have a low dielectric constant, but also a series of electrical, mechanical, and
thermal properties required for its application into microelectronic devices.

The failure to meet one or several of these requirements has limited the use of
some materials, such as Teflon AF (DuPont). This amorphous copolymer of
tetrafluoriethylene (TFE) and 2,2-bis(trifluoromethyl)-4,5-difluoro dioxide has a very
low dielectric constant (k=2.1), but lacks thermo-mechanical stability as it has low
glass transition (Tg<300 °C) and decomposition temperatures (~360 °C) [16,17]. It
also shows poor adhesion to metals.

Other organic polymers like the polymides [18,19] tend to have low dielectric
constants in the range of 2.9~3.5, good mechanical properties, and planarizing
capabilites. However, some types of polymides have high moisture absorption (which
raises the dielectric constant), and are extremely anisotropic with high in-plane
dielectric constants. Fluorinated polyimides have lower dielectric constant, higher glass
transition temperature (T,) and improved moisture resistance over the nonfluorinated
ones, but they show poor adhesion and out gassing of the fluorine species is
possible at elevated temperatures. Benzocylcobutenes (Dow Chemical) [18,19] are
themosetting polymers that have good spin-on planarization characteristic and low
moisture absorption (<0.2 wt.% at 85% relative humidity). Their low dielectric
constant (k~2.6) is the result of a chemical structure that combines relatively
non-polarizable aliphatic rings with aromatic rings. However, the main disadvantage
with these materials is a limited thermal stability when exposed to temperatures of

150~300 °C in the presence of air, and a high coefficient of thermal expansion
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(CTE=52 ppm/°C) [20]. They decompose at temperatures above 350 °C.

Polyarylene ethers [21,22] are another type of organic polymers being considered
for low-k applications. FLARE™ (Honeywell) is the commercial name for one of
such polymers, and one of its formulations has shown a dielectric constant with as
low a value as 2.38. This dielectric constant is isotropic and stable during thermal
cycling to 450 °C. The material exhibits comparable thermal stability to polymides,
but with lower moisture absorption. It also shows good mechanical stability and
solvent resistance, but major concerns include adhesion and outgassing of fluorine
species during subsequent processing, which can compromise the dielectric constant.

Among the most recent materials being rested for integration into IC manufaturing
are SiLK (Dow Chemical) and Black Diamond (Applied Materials). SiLK is an
aromatized and cross-linked polyphenylene spin-on material with a dielectric constant
of 2.65, and thermal stability in excess of 450 °C [23]. It also has good adhesion to
typical metals and barrier layers used in microelectronic processing, and a high glass
transition temperature (Tg>490 °C). Continuing effort by IBM have demonstrated
successful integration of SiLK into copper-based chips [24], making this the first
report of an organic dielectric material used in IC fabrication. On the other hand,
Black Diamond is a plasma-enhanced chemical-vapor deposited material with the
nature of carbon-dopes silicon dioxide. It has a dielectric constant of 2.7, good
thermal stability, and can withstand the stresses applied during Chemical Mechanical
Polishing (CMP) processing without delaminating from the substrate [21,25].
However, etching the material without leaving residues on the sidewalls has presented
some difficulties for its application.

Increasing attention has focused on the use of porous materials as interlevel
dielectrics because no fully-densified material cam compare to the ultra low-k values
obtained when air (porosity) is added to the films.

The feasibility of the porous dielectrics approach was originally demonstrated with
porous silica. These materials consisted of a silicon dioxide network with a high

fraction of small pores with diameters in the nanometer range [26]. The typical
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preparation procedure for porous silica involves spin-coating a precursor (e.g.
tetracthoxysilane) in a solvent onto the substrate, followed by gelation of the silica
network under controlled conditions of temperature, pH and catalyst (acid/base)
concentration [27,28]. After the gelation process, subsequent aging drying and
annealing steps are necessary to move the remaining solvent and the water produced
is required because the large amounts of liquid that need to be removed can lead to
shrinkage and can cause high internal stress levels and cracking in the films. Porous
silica has been subdivided into two classes depending on the preparation procedure
and the resultant porosity. Aerogels are the materials with the highest porosity (up to
98%), attained only by supercritical drying under high pressure. The xerogels, on the
other hand, show a significantly lower degree of porosity (50~90%), but are prepared
using conventional solvents under moderate conditions [29]. The dielectric constant of
these films has been measured in the range of 1.1~2.5 depending on the degree of
porosity. Nanoglass (Honewell) is the commercial name of a spin-on nanoporous
silica product, and it has a dielectric constant of 2.0 with a porosity of 70% [30].

Aerogels and xrogels (porous silica) offer advantages over other dielectric materials
that induced high thermal stability, and lower dielectric constant due to variable
porosity. However, the use of porous silica in microelectronic applications has been
limited due to difficulties in obtaining homogeneous and reproducible pore
microstructures, and also because of high moisture absorption and low mechanical
strength consideration [26,31]. Jin et al. [26] and Cho et al. [32] have reported on
chemical modification techniques used to reduce the surface hydroxyl (OH) groups,
and therefore, the moisture uptake of the porous silica films.

A more recently developed porous material is Dow Corning XLK dielectric
material [33,34]. These films are deposited via a spin on process, and the chemical
formulation contains hydrogen silsesquioxane (HSQ) resin, a high boiling point
solvent, and a low boiling point solvent. The preparation procedure includes a
gelation reaction in the presence of the high boiling point solvent, and low boiling

point solvent. The gelation process involves a controlled exposure to a wet ammonia
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treatment. Therefore, analogous to the previous porous silica films, the XLK films
also require a complex preparation procedure. The cured films have a dielectric
constant of 2.19, and a porosity of 59.5% that is completely interconnected through
the film (as determined from small angle neutron scattering). One of the major
difficulties with these films is moving the solvents without collapsing the .Hydrogen
silsesquioxane (HSQ) resin structure in the process.

In a similar study, A. Gill et al. [35] developed a SiOCH films using a
tetramethlylcyclotetrasiloxane (TMCTS) organic materials by PECVD methode The
cured films have a dielectric constant of 2.05, and a porosity of 29% that is
completely interconnected through the film. The entire range of SiOCH films, with
k=2.8~2.05, is characterized by low leakage currents of about 10° Alem’® at 1
MV/em and relatively low coefficients of thermal expansion of about 12x10°/K. The
hardness and elastic modulus of the material decrease with dielectric constant.

Even though the reduction in the dielectric constant of the insulating material is a
major step forward in the development of he next generation of interconnects, there
are numerous technical issues to be addressed regarding the use of porous materials
as dielectric layer for microelectronic applications. Many issues deal with pore size
and distribution, and control over the pore parameters, but other factors like the
feasibility or the complexity of process are also major concerns, especially when the
reproducibility in high volume manufacturing is at stake. Most of the previously
described porous dielectrics suffer from one or several of these issues.

To assure proper device operation, a porous dielectric film would need to have a
homogeneous pore distribution with size that are 10~20 precent or less of the
smallest feature size [23,24]. In terms of the processing conditions, this would
require tight control over the pore size and have a narrow size distribution. The pore
interconnectivity is a critical material parameter that affects the electrical and
mechanical parameter of the film. Large and open pores make the thin film more
susceptible to metal diffusion that could adversely, as well as the adhesion to the

interface. When the loading of pore generator is too high, large and interconnected
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pores may obtained, resulting in high leakage current and poor mechanical strength.
Clearly, the quantitative characterization and understanding of pore size and
interconnectivity is important for optimizing the design of porous materials for low-k
dielectric applications. With these limitations, the nature of the pores becomes a
major concern in the development of porous materials. However, the major problem
with Cu metallization is its high diffusivity in silicon, silicon dioxides and other
dielectrics used in integrated circuits. Therefore, it is important to develop an
effective diffusion barrier between the SiOC(-H) film and Cu to prevent Cu
diffusion. Ideally, the diffusion barrier should be electronically transparent with a
negligibly small voltage drop across it. At the same time, characterization of the
interface states in the metal-insulator-semiconductor (MIS) structure has been the
subject of intense research over the last decade, and there are a number of reports

on various characterization techniques [36,37].

Table 1. Material properties of selected metals for application to interconnects.

Ag Cu Au Al
Resistivity
259 1.67 2.35 2.66
(82)
Modulus
82 65 10 2.7
(GPa)
Thermal
conductivity 4.25 7~8 LS ~ 28 0.1~0.3
(W/m k)
Melting point
. 962 80~160 65 45
(©)
Activation energy
2.01 2.19 1.96 1.48
(eV)
7

Collection @ jeju



Table 2. Typical low-k materials.

Deposition ) Dielectric
Type of materials Company
methode constant
Air gap < 2.0
Inorganic SiOF 3.1~35
BN 2.6~3.0
SiOC(-H) 24l IBM*
Coral <2.4 Novellus
CVD
a-C:F 2.1~25
Organic ' Applied
Black Diamond 2.6~3.0 1
materials
Novellus
Coral 2.6~3.0
systems
Nanoglass E 2.2 Allied Signal
Inorganic SOG HPS 2.6~3.0 CCIC
FOX 2.6~3.0 Daw corning
ST-F2000 ERIE 5 Hitachi chemical
§ Organic SOG c
Spin on Type-9 2.6~3.0 TOK
T-18 2.6~3.0 Allied Signal
p-Silk 2.1 Daw chemical
XLK 2.2 Daw corning
Organic SilK 2.65 Daw chemical
Cyclotene 2.6~3.0 Daw chemical

* International Business Machines Corporation, k Catalysts & Chemicals Industrial

Corporation, © Tokyo Ohka Kogyo Corporation
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2. Research objectives

In the last few years, there has been increasing research activity focused on low
dielectric constant (low-k) materials due to their potential use in the microelectronics
industry [4,7,38]. With decreasing feature size, the signal delay and noise also
increase due to capacitive coupling and cross-talk noise between the metal
interconnections. One way to tackle these problems is to introduce higher
performance interlayer dielectric (ILD) coatings. Thus, low-k dielectric materials are
becoming important in IC technology, especially for the fabrication of dynamic
random access memories (DRAM). Some of the potential candidate materials to be
used as an ILD are organic and inorganic precursors such as hydrogensilsequioxane
(HSQ), silsesquioxane (SSQ), methylsilsisequioxane (MSQ) and carbon doped silicon
oxide (SiOCH) [39,40,42,43], as shown in Table 2 and Fig. 2. Among these,
SiOC(-H) films are widely preferred by the semiconductor industry because of their
excellent properties. It has been shown that organic functional groups can
dramatically decrease dielectric constant by increasing the free volume of films [44].
The incorporation of doping elements such as carbon and hydrogen can be found to
play a crucial role in lowering the value of the dielectric constant of the film. In
fact, the ability of these elements to modify the local structure of the silicon oxide
network gives rise to a lower density material. In other words, the replacement of
Si-O bonds with Si-CH3; (methyl group) bonds causes bulk porosity due to the
formation of nano-sized voids within the silicon oxide matrix [8,45]. The SiOC(-H)
films can be fabricated by the use of plasma polymerization in an inexpensive way
that results in homogeneous, highly cross-linked and thermally stable films for
interconnect applications. However, the influence of -CH; groups in the SiOC(-H)
film and the electrical properties of the interface between SiOC(-H) film and a Si
substrate are not known with certainty. Therefore, the objective of this dissertation is

to investigate the structural and electrical properties of low-k SiOC(-H) thin films
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deposited with various deposition conditions by the use of DMDMS and oxygen as

precursors.
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3. Outline of the dissertation

This dissertation is consists of eight chapters. Chapter 1 introduces interconnect
delays and low-k materials. In Chapter 2, the theoretical background for the analysis
of SiOC(-H)/p-Si(100) interfaces, dielectric constant and SiOC(-H)/p-Si(100) interface
charge is presented. The conduction mechanism and models for Cu/low-k
interconnection are also discussed.

After the introduction and background of the dissertation, the structural and
electrical properties of low-k SiOC(-H) films will be presented. Chapter 3 explains
the experiments and analyses method in this study.

In Chapter 4, 5, 6, 7 the results of these experiments are discussed. Chapter 4 is
divided into 3 part. The first section of chapter 4 concerns the in-situ plasma
characteristics such as electron density (N.), electron temperature (7.) and various
emission species during deposition of the SiOC(-H) thin films from DMDMS
(C4H,0,S1) and oxygen as precursors by using plasma enhanced chemical vapor
deposition. Also, the influence of the rf power on the structural and the electrical
properties of the SiOC(-H) films will be explained. The second part contains a
presentation of the structural and the electrical properties of the SiOC(-H) films
prepared with DMDMS and oxygen as precursors. The effect of the flow rate ratio
on the structural and electrical properties of the films is studied systematically. The
third section of chapter 4 contains an explanation of the deposition and structural
characterization of low-k SiOC(-H) thin films deposited with different substrate
temperature by the use of DMDMS and oxygen as precursors. In chapter 5,
mechanical properties of the SiOC(-H) film will be explained.

Chapter 6 is also divided into 3 parts. Charge trapping of SiOC(-H)/Si interface
will be studied in the first section of chapter 6. The second session of chapter 6
shows Cu atom diffusion and interfacial parameters in as-deposited and annealed

Cu/SiOC(-H)/p-Si(100)/Al MIS structures under a BTS treatment carried out for
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different time durations. In the third section of chapter 6, the electrical conduction
mechanisms of Cu/SiOC(-H)/p-Si(100) metal-insulator-semiconductor (MIS) structures
were investigated using their temperature dependent current-voltage (I-V)
characteristics. Also a method to solve these problems will be discussed. Frequency
dependent C-V and G/w-V characteristics of low-dielectric constant SiOC(-H) thin
films will be explained in chapter 7. In chapter 8, conclusions will be presented

concerning the experimental results of this study.
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Chapter II. Background Theories

1. Dielectric constant

1) Capacitance and relative permittivity
The relative permittivity (relative dielectric constant) €, of a medium is defined as

the ratio of the capacitances of a capacitor with and without the dielectric in place.
The capacitance is described by its charge density o and plate area 4 in Fig. 3 [38].
The charge density o and the magnitude of the applied field E are related as

= /c (2)

The charge on the plates arises from the polarizing medium which induces a net

charge density p. The electric field between the plates can be written as

E=(o-p)/&. 3)

Since the electric field in both these equations is the same one obtains

€€

p=( . Jo=(e,—1)¢, F. 4)

The electric susceptibility x, is defined as

X.=¢€.— 1, Q)
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and writing the polarization and electric field as vectors, one obtains

—

P=x.¢FE. (6)

The next stage is relating the polarization of the medium, ]_3), to the polarizability of
its molecules. The polarization is the dipole-moment density and equals the mean
dipole moment of a molecule, ;, in the medium, multiplied by the number density
of molecules .

The induced dipole moment is proportional to the local electric field E* The
local electric field is the total field arising from the applied field and the electric
dipoles which that field stimulates in the medium. The polarization of the medium

becomes
P—Np=aNE 7

with « the polarization constant (see next section).
For a continuous dielectric, the Lorentz local ficld can be derived from electrostatics
and is given by

E = E+P/%, (8)
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Fig. 3. Schematic cross section of two capacitor plates with surface charge density.
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2) Polarization phenomena

The polarizability of a molecule is a measure of its ability to respond to an

electric field and acquire an electric dipole moment ; There are several microscopic
mechanisms of polarization in a dielectric material [46]. Electric dipole moments can
be induced by the electric field or can be permanent.

The induced electric dipole moment can be a result of two polarization phenomena,
i.e., electronic polarization and distortion polarization.

Electronic polarization, ¢, describes the displacement of the cloud of bound

electrons with reference to the nucleus under an applied electric field. The atom
distorts and the center of the atom’s negative charge no longer coincides with the
position of the nucleus, resulting in an electric dipole moment. The electric dipole

moment of each atom is described by

ﬁl
Q
& |

L )

Distortion polarization «; (also often referred to as ionic polarization) relates to the

distortion of the position of the nuclei by the applied field, thereby stretching or
compressing the bond length, depending on the relative orientation between the ionic
bond and the electric field. The molecule is bent and stretched by the applied field
and its dipole moment changes accordingly. Nonpolar molecules may acquire an
induced dipole moment in an electric field on account of the distortion the field
causes in their electronic distributions and nuclear positions. A polar molecule is a
molecule with a permanent electric dipole moment. The permanent dipole moment is
a result of the partial charges on the atoms in the molecule that arise from the
different electronegativity or other features of bonding. Polar molecules may have
their existing dipole moments modified by the applied field. Orientation polarization
relates to the phenomenon of a permanent dipole moment as a result of polar

molecules. The total polarization of a medium, composed of polarizable polar
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molecules, is therefore

— N’Q —

P=N(a,+a,+ 3kT>E’ (10)

e

with N the number of molecules per m’, u the orientation polarizability, k the
Boltzmann constant, and 7' the temperature in K.

The terms ¢, and o, represent the electronic and distortion polarization in the

molecule, while the term 7 /3kT stems from the thermal averaging of permanent
electric dipole moments in the presence of an applied field.
The quantitative relation between the relative permittivity and properties of the

molecules is described by the Debye equation

A N\ ( Ty
=~ (a,+oy+
a2 3¢ o YT 3T

). (11)

@

The €, of materials is high if its molecules are polar and highly polarizable. This

equation shows that the permittivity is smaller if materials do not contain polar

molecules. Reduction of density N and polarizabilities &, and o, are also possible

ways to decrease the dielectric constant. Reducing the number of ionic bonds in the
material minimizes distortion polarization. The electronic polarization is minimized by
lowering the electron density in the material, i.e., introducing smaller elements.

The same expression, but without the permanent dipole moment contribution, is

called the Clausius—Mossotti equation

€, —1 N
€T+2—3—60(Ole+ad>. (12)

Although the value of the electric dipole moment is extremely important for
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predicting properties of dielectric materials, their calculation is difficult. In the case
of simple molecules the Stark effect is used to measure the electric dipole moment
of molecules for which rotational spectra can be observed. In the case of more
complicated systems, the polarizability and permanent dipole moment of molecules

can be determined by measuring €. at a series of temperatures. These measurements

facilitate the determination of molar polarizations and their slope and intersect versus

1
T give values of dipole moment and polarizability.

3) Film density and relative permittivity

The possibility to lower the molecular polarizability is limited. Equations (10)-(12)
show that number of molecules per unit of volume (film density) plays an important
role in reduction of the film permittivity. The effect of the density on the film
permittivity is stronger that the effect of molecular polarizability since reducing
density allows to reduce the dielectric constant to the extreme value close to unity.

Technologically, an important way to reduce the film density is introduction of
pores. Generally, porous films can be considered as two-component materials where
the solid skeleton has a dielectric constant close to the dense prototype and the
second component (pores) has dielectric constant equal to 1. The relative permittivity

of porous film €. directly depends on porosity

87.—1_ (51—1) ( )(82—1)
ol caezin. PN
_(1-p) eV (13)
(62+2>

In this equation €; is permittivity of material inside the pores, €, is permittivity of
the film skeleton, and P is the film porosity. The term P(e, —1)/(e, +2) is equal to

0 if the pores are empty, as experimentally demonstrated by Hrubesh and co-workers.
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4) Relative pemmittivity and frequency

When the applied electric field is an ac field, the frequency of the signal comes
into play. The polarization phenomena described above are very different for applied
electric fields with different frequencies.

For an applied field

E=F, ¢ (14)
the polarization vector is of the form
P= €€, — 1)5(;672@5 (15)
and gives rise to a current density
J=—iwe, (e, —1)Ey e, (16)

which is imaginary as long as €, is real. This will not always be the case as will

be discussed later.

Let us first consider the consequences for the polarization phenomena. Electronic
polarization follows the electric field almost instantaneously as only the displacement
of bound electrons is involved. The distortion polarization cannot respond as rapidly
to fast changing fields since it involves the displacement of entire ions. Both
electronic and distortion polarization are subject to a counter-active restoring force,
which gives rise to a resonant frequency.

In contrast, orientation polarization requires the motion of complete molecules. For
orientation polarization there is no counteractive restoring force. Therefore, it does
not give rise to a resonance at a critical frequency, as distortion and electronic

polarization do. The orientation polarization is, however, opposed by thermal disorder.
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At low frequencies the three polarization phenomena contribute to the real part of
the dielectric constant. The maximum frequency for orientation polarization is on the
order of 10° Hz. Above this frequency distortion and electronic polarization contribute
to the dielectric constant up to the resonance frequency for distortion polarization,
which is typically in the order of ~10" Hz, and beyond that only electronic
polarization is defining the dielectric constant. The resonant frequency of the
electronic polarization is typically beyond the frequency of visible light at ~10" Hz.

It follows from Maxwell’s equations that the refractive index (n,) relates to the

relative permittivity, beyond optical frequencies,

R =1 (17)

Because of the relation between the relative permittivity and the molecular

polarizability, one can relate n, to the molecular properties as follows:

1+ (2aN/3¢,) |2 alN 1
%=\ T 3e) 26, (1%
This expression leads to the Lorenz—Lorentz formula
=1 No(w)
: = (19)
n, +2 3¢

The characteristic response of the different polarization phenomena to the electric
field results in a frequency dependence which has not only an impact on the real
part of the dielectric constant, but the imaginary part is related to the counteractive
restoring forces in case of electronic and distortion polarization, and to the thermal

disorder in case of orientation polarization. The imaginary component of the dielectric
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constant corresponds to a current density within the dielectric that is no longer
exactly 7/2 out of phase with the electric field.

From the frequency dependence one should note that orientation polarization in
low-k dielectrics should be prevented as much as possible, not only for its
contribution to the dielectric constant but more importantly for the imaginary part of
the dielectric constant. Indeed orientation polarization leads to heat dissipation in a
frequency range that is envisioned within the application frequencies of

microelectronics systems.

5) Components of dielectric constant

Any two conducting plates separated by an insulator (dielectric) or a vacuum form
a capacitor (C) when applying a voltage (V). And the charge (Q) is stored at the
surface of the two plates. The dielectric constant which is degree of polarization of
insulating material is a definition of the capacitance divided by vacuum's capacitance.
However, the dielectric constant depends on the frequency of the electric field.

The dielectric constant of the film is composed of three polarizabilities, that is,

ktotal =« + Xionic + OZdipolar (20)

electronic

where « a and @, are electronic (~10'"* Hz), ionic (~10" Hz), and

electronic® ionic

dipolar (~10° Hz) polarizabilities, respectively, as shown in Fig. 4. From experiments,

we can distinguish three polarizabilities depending on the applied frequency. «

electronic

and ¢, can also be measured by ellipsometry (He-Ne laser: 632.8 nm) and Fourier
transform infrared spectroscopy (FTIR), respectively.

and o,

tonic

can be obtained from the square of refractive index (n”) and

Xelectronic

from Kramers-Kronig relation analysis, respectively. Thus, we could determine o

orient

as subtracting the two polarizations (Qjeqronic™ Quiporar) from the total dielectric

constant (k,,,) at a frequency of 10° Hz. Consequently, we can find which

20
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component is the most important contribution to the dielectric constant and why the
dielectric constant increases or decreases with deposition conditions and treatments
[41].

As shown in Fig. 4, the polarization is a frequency-dependent, intrinsic material
property [46,47]. In this section, dielectric constant and imaginary part of refractive
index are expressed as € and k, respectively, in order to clarify the difference
between them. The dielectric constant, €, can be divided into three components that
result from electronic, ionic, and dipolar polarization. The dielectric constants

measured at the region of microwave region due to electronic (Ae¢,.), ionic (Acg),
and dipolar contributions (Ae,) are as expressed in Eq. (21).

€, (at 1 MHz) = 1+ Ae, + A¢;,+ Ag, 21

The dielectric constant of the material can also be calculated from the refractive

UHF -
microwave Infrared gig{gt

Polarizability
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Fig. 4. Frequency dependence of the several contributions to the polarizability.
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index, as expressed in Eq. (22).
e, M) =n"(\)+E ) (22)

where n is a real part of refractive index, k£ is the imaginary part of a refractive
index, and A is the wavelength of a light source.

The pure electronic contribution to the dielectric constant (Ae,) was calculated
from the refractive index obtained in the visible-ultraviolet (vis-UV) region. Since the
extinction coefficient, k, of SiO,-based materials is normally negligible in this region,
the relative dielectric constant in Eq. (22) can be simply expressed as n°.

The ionic contribution to the dielectric constant (Aeg;) was calculated by subtracting
the dielectric constant at 632.8 nm, 1+4+e¢,  , from the dielectric constant the IR
region, 1+ Ae,+Ae,. To obtain the dielectric constant in the IR region, the

refractive index was calculated from the Kramers-Kronig dispersion relation. The

original Kramers-Kroing relation is expressed as in Eq.(23).

3P (23)

h

where n, is the real part of the refractive index at the i" wave number at i, and

k is the imaginary part of the refractive index (extinction coefficient).

The integration in Eq. (23) cannot be performed from zero to infinity since the
infra-red (IR) spectrum is obtained only in a finite region (650~4000 cm’). By
introducing the refractive index at 632.8 nm ( n, at v of 15,800 cm™), the above
integration is approximated in a finite region of the IR spectrum as is shown in Eq.
(24). The dielectric constant in the range from 4000 em’ to infinity is approximated
as the dielectric constant at 632.8 nm calculated from the refractive index by

ellipsometery, as explained in Eq. (22).
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v vk(v) f4°00 vk(v)
dv— |, 24
f 650 V0 — 0 v* — 158007 )

v;

where n_ is the refractive index at 632.8 nm (15,800 cm™). The IR region dielectric
e g

constants were calculated by Eq. (22) and (24).
The dipolar polarization was qualitatively estimated by the Clausius-Mossotti

relation in Eq. (25) [21].

= > — (o, + ) (25)

oy (dipolar polarizability) ,

W

where M is molecular weight, p is density, €, is the dielectric constant at 1 MHz,

T

€, 1s the vacuum dielectric constant, ¢, is the dipolar polarizability, p is the dipole

moment, k is the Boltzmann constant, and is absolute temperature.

Unlike electronic and ionic polarizabilities, dipolar polarizability is inversely
proportional to temperature, as is shown by Eq. (25). Therefore, the temperature
dependence of the polarizability per unit volume can imply that a dipole moment

exists in the film.
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2. SiOC(-H)/p-Si(100) interface charge

Metal-oxide-semiconductor (MOS) transistors were first produced on a commercial
basis in the 1963-1964 time period. At the same time, various charges associated
with the thermally oxidized silicon structure were observed to cause serious yield and
reliability problems. Subsequently, a number of investigations concerned with oxide
charges were started in various laboratories and many have continued to the present
time [48].

The meal-insulator-semiconductor (MIS) structure is by far the most important. But,
the exact nature of the Si-SiOC(-H) interface is not yet fully understood. An
appealing picture of the interface is that the chemical composition of the interfacial
region, as a consequence of thermal oxidation, is a single-crystal silicon followed by
a monolayer of SiO,«Cyp, that is, incompletely oxidized silicon, then a strained
region of the SiOC(-H) film roughly 10~40 A deep, and the remainder
stoichiometric, strain-free, amorphous SiOC(-H) film. For a practical MIS structure,
interface traps and oxide charge exist that will, in one way or another, affect the
ideal MIS characteristics [49]. The basic classifications of these traps and charges

are shown in Fig. 5.

1) Fixed charge (density): Qr (N

Positive charge, due primarily to structural defects (ionized silicon) in the oxide
layer less than 25 A a from the Si-SiOC(-H) interface. The density of this charge,
whose origin is related to the oxidation process, depends on oxidation ambient and
temperature, cooling conditions, and on silicon orientation. Since fixed charge density
cannot be determined unambiguously in the presence of moderate densities of
interface trapped charge, it is only measured after a low-temperature (~450 °C)
hydrogen treatment which minimizes interface trap density. Fixed charge is not in

electrical communication with the underlying silicon.
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The fixed charge densities, which are assumed to be located at the

insulator-substrate interface, were calculated from the expressions:

Ci
N,= q—A(Vfb-f— B, )- (26)

where C; is the insulator capacitance, ¢, . is the metal-semiconductor work function,
A is the area of the capacitor, ¢ is the electronic charge and V), is the flat-band

voltage of that C-V curve.

2) Mobile ionic charge (density): On (Vu)

Primarily due to ionic impurities such as Cu’, Li", Na', K', and possibly H". This
type of charge is located either at the metal-SiOC interface, where it originally
entered the oxide layer, or at the Si-SiOC interface, where it has drifted under an
applied field. Drift can occur because such ions are mobile in SiOC film at
relatively low temperatures. Immobile oxide charge can be distinguished from mobile
ionic charge by a bias-temperature aging experiment. Gate bias is applied for a given
length of time while the sample is held at a moderately elevated temperature. The
density of oxide fixed charge may change under this treatment, but the centers
responsible for this charge do not move. However, the mobile ionic charge can be
cycled back and forth between the metal-SiOC interface and the Si-SiOC interface by

this treatment without discharge, and the resulting ionic current can be detected.

3) Interface trapped charge (density): Qir (Vi)

Positive or negative charges, due to (i) structural, oxidation-induced defects, (ii)
metal impurities, or (iii) other defects caused by radiation or similar bond breaking
processes. They are located at the Si-SiOC(-H) interface. Unlike fixed charge or
trapped charge, interface trapped charge is in electrical communication with the

underlying silicon and can thus be charged or discharged, depending on the surface
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potential. Most of the interface trapped charge can be neutralized by low-temperature
(450 °C) hydrogen annealing. This charge type in the past has been called surface
states, fast states, interface states, etc. In one particular case, that of interface trapped
charge, it is common to express its density in terms of unit area and energy in the
silicon band-gap. Also, It is well known that the D,, distribution is U-shaped: D,, is
the relatively constant and as low as some 10 cm?eV' for the commonly used
(100) silicon surface (some 10" em™®eV!' for (111) case) around the mid-gap for
state-of-the-art gate SiO,, while it increases toward the band edges to be as large as
~ 10" cm”eV"' inside the conduction and valance bands. Here, the interface state
densities of the MIS structures are determined by comparing the quasi-static C-V
characteristics to the ideal C-V characteristics, allowing the absolute value of the
interface state density to be determined.

D,, values of the MIS structures are calculated by using the following expression.
The MIS capacitance at high frequencies, Cj, is the series capacitance of the

surface capacitance, C,, and the dielectric layer capacitance, C, :

C COI C; 2
H= 0+ 0 27
The MIS capacitance at low frequencies, C;p, is given by
1 1 1
= H 28
CLF C;u <09 + Czt> . ( )

where Cit is the interface trap capacitance. With Egs. (27) and (28), the interface

trap capacitance is calculated as

CGo=g——5 ) ()" (29)
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The interface state density, D,,, is then given by

G
where ¢ is the electronic charge while A is the arca of the electrode. Then
1+« CGr G Cyr C,.
p— 1 twrtar o tHF . 31)
© qA G, —Cyp G~ Cyp

4) Trapped charge (density): Q¢ (/Nor)

May be positive or negative due to holes or electrons trapped in the bulk of the
oxide. Trapping may result from ionizing radiation, avalanche injection, or other
similar processes. Unlike fixed charge, trapped charge is generally annealed out by
low-temperature (<500 °C) treatment, although neutral traps may remain. In general,
the densities of all of the charges except interface trapped charge may be determined
using the high-frequency capacitance-voltage (C-V) technique. More elaborate
measurement procedures such as “quasi-static C-V analysis” are required for interface
trap charge. The trapped charge densities, which were assumed to be located at the

dielectric/semiconductor interface, were calculated for the MIS structures. V, is

attributed to trapping of charges by the gate dielectric film.

The equation AQ,=AV, C, /qA was used to calculate the change of oxide
trapped charges between the first and the second C-V measurements. Where AQ, is
the change in the trapped charge, C . is the capacitance of SiOC(—H) dielectric film,

and AV is the change in flat-band voltage.
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3. Defect models of the Si-SiO, interface

Defects within or near the interfacial region cause interface trap levels. Such
defects range from stacking faults and micro-pores to various atomic or molecular
fragments left as a residue of imperfect oxidation. A problem with modeling interface
traps is that the structure and the chemical composition of the interfacial layer are
not known. However, the results of several workers indicate the presence of
non-stoichiometry at the interface and the electrically active centers [48].

Several specific defects may be responsible for interface traps produced by thermal
oxidation. Four different types of defect that could exist at or near the Si-SiO;
interface that might produce interface trap are (1) excess silicon (trivalent silicon),
(i1) excess oxygen (non-bridging oxygen), (iii) impurities, and (iv) states in oxide
charge induced potential wells.

As a consequence of oxidation, there may be trivalent silicon atoms or silicon in
excess of the stoichiometric amount in the SiO, at the interface, probably related to
incomplete oxidation of the silicon or to generation of vacancies in the silicon during
oxidation. In this type of defect the silicon atom shares three of its four valence
electrons with neighboring silicon atoms. Its fourth unsatisfied valence bond acts as a
hole and remaining neutral when empty.

In the normal SiO, lattice, oxygen atoms share electrons with adjacent silicon
atoms, forming a "bridge" between the two silicon atoms. When one of the Si-O
bonds is broken, the formerly bridging oxygen atom is now called a non-bridging
oxygen. It shares one of its two valence electrons with the remaining silicon atom,
and its unsatisfied valence bond acts as an electron trap becoming negatively charged
by electron capture and remaining neutral when empty.

Non-bridging oxygen, oxygen in excess of the stoichiometric amount in the oxide,
may be present near the interface for three reason: (1) excess oxygen associated
oxygen defects; (i1) the strain in the region near the interface might be relieved by

formation of this defect; and (iii) there are water-related electron traps near the
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Si-Si0O, interface that might be related to non-bridging oxygen defects.

Both trivalent silicon and non-bridging oxygen centers are known to react with
hydrogen. In this reaction the unsatisfied valence bond is satisfied for both types of
defect; hence such a reaction is likely to render these defects electrically inactive.
For non-bridging oxygen centers, reaction with water seems to render them neutral.
Thus both types of center are consistent with the observation that interface traps are
annihilated by annealing in hydrogen or water vapor.

There is some tentative experimental evidence that trivalent silicon exists in SiO»
and may act as interface traps. Nishi and Poindexter et. al. interpret their electron
spin resonance signals is found to increase or decrease in the same manner as
mid-gap interface trap level density under oxidation or annealing variations. Thus the
spin resonance signal appears to be related to mid-gap interface trap level density.
They conclude that the most likely source of the spin resonance signal observed in
their samples is trivalent silicon. However, conclusive evidence for the species
responsible for the observed spin resonance signal awaits the detection of hyperfine
structure which is a difficult measurement. The trivalent silicon defect is consistent
with a bond disorder model.

The third type of defect is an impurity atom at the interface. Because strain at the
interface creates a potential minimum for impurities, the interface can accommodate
many of the impurities incorporated in the relatively open SiO, lattice. There is also
a strained region at the metal-SiO, interface. Strained regions at either interface are
likely to act as sinks for impurities incorporated in the oxide.

The fourth type of defect is an oxide charge near the interface that induces an
attractive coulombic potential well in the silicon. The interface trap model based in
this defect has been discussed earlier in this section. There is evidence from low
temperature measurements that sodium ions drifted to the Si-SiO. interface induce an
interface trap band near the conduction band edge.

Using conductance measurements on thin oxides, Kar and Dahlke [50] obtained

evidence that metal impurities can cause interface traps. These workers diffused the
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metal evaporated onto the thin oxide surface all the way to the Si-SiO, interface by
heating the sample. Avalanche injection experiments, display interface trap buildup.
These interface traps appear to be donor type. The exact mechanism of their
formation is unknown. Another defect, associated with the cleavage of strained Si-O
bonds, is the E' center. This center consists of a non-bridging oxygen and a trivalent
silicon atom formed when an Si-O bond is broken. Such a defect is likely to result
from radiation damage.

The above-mentioned defect models, however, may predict that each kind of defect
has a single separate energy level and cannot explain the shaped continuous energy
distribution which is characteristic of the interface states. A bond model has been
proposed by taking account of bond distortions with a distribution of the bond length
or angle, which may be caused by local strain at the Si-SiO, interface. As shown in
Fig. 6, the calculation reproduces the continuous energy distribution in the upper and
lower halves of the band-gap by assuming a distributed bond length x for Si-O and
Si-Si weak bonds, respectively. It may be worth noting that the interface state energy
distribution extends toward inside the valence and conduction bands. At present, all
the above models remain qualitative and speculative since there seems no independent

experimental support.

31

Collection @ jeju



Zo o9 @'* u’@ i &6

"ﬁ/ E" ﬁ& e

32

)Collection @ jeju



4. Electrical conduction mechanism of insulator

Electronic conduction through thin insulating films has been the subject of
intensive theoretical and experimental investigation. This study is important both in
understanding transport phenomena and in the operation of practical devices. A
summary of the large number of theoretical and experimental work can be found in
several excellent references [51,52]. The primary concern of the conduction
mechanisms in thin insulating films is at high electrical field, since applied bias as
low as a few volts will induce electrical fields of order 104 to 106 V/cm in thin
films of 100A to 1,000A thick. Usually, the current passing through the insulating
layer could be due to ionic conduction or -electronic conduction. For ionic
conduction, ions move through the insulating film under the influence of a large
electric field, for electronic conduction in a large field, the mechanisms could be

classified as follows [49,53,54]:

Table 3. Basic conduction processes in insulators [49].

Voltage and temperature

Process Expression of the current * b
dependence
Schott] - 8 /e
Electrode E ‘ky J= A *TPexp( 4(@5 = v ac/dme; ) ~ T?exp(+av/V/T—qpp/kT
imited emission kT
imi
Frenkel-Pool — — JgE/4me.
current . J~ Eexp( 4(op gE/4e; ) o~ Vexp(+2avV/T—qpp/kT
. emission kT
Electronic : |
unnel or
conduction 4+/om * 3/2
Bulk field J~ EQexp(—A) = Vzexp(— b/ V)
- e, 3ghE
limited emission
current Space-charge-li Qe V2 e
mited Y
. . E %4
Ionic conduction J~ T exp(—AE,/kT) ~—F exp(—d/T)

® A *=effective Richardson constant, ¢b=barrier height, E=electric field, €;=insulator dynamic
permitivity, m*=effective mass, d=insulator thickness, A E ,=activation energy of electrons,

A E ,=activation energy of ions, and a=\ g/4ne d. °y=Ed. Positive constants independent of V'

orTare b, ¢, and d'.

33

@ jeju



1) Electrode limited mechanisms.

These mechanism including, tunneling and Schottky emission processed, are
operative in the vicinity of the contact/insulator interface. In this case, the current
-voltage (I-V) characteristics will be virtually thickness independent, because
essentially all the applied voltage appears across the metal-dielectric contact and very
little across the bulk. Conduction is limited by the transfer of charge from the
contact to the insulator, once charge is injected it has little difficulty migrating to the
other electrode.

(1) Schottky emission

The electrode-limited Schottky emission mechanisms can be understood as follows.
At the metal-dielectric constant, there is a potential barrier due to the work function
or electronic affinity difference between the metal and the insulator. an electron in
the metal may pass into the conduction band of the dielectric in two extreme way:
(1) tunneling from the metal through the forbidden band of the dielectric, and (ii)
jump over the Schottky barrier height.

The Schottky effect is due to the image-force lowering of the barrier height when
an electric field is applied. This can be seen by referring to Fig. 7. The line C and
B represents the bottom of insulator conduction band, the dotted line A and B
represents potential barrier @(z), the dotted line C and D represents the potential due
to applied field, which when added to the barrier potential @(x) produces the
potential step shown by the line AD, which is seen to be AP in the barrier height

due to the interaction of the applied field (£) with the image potential is given by

3
Ad= ( q* )1/2E1/2: E1/2, 32
AtK €, Bs (32)
q3 1/2
where =(——) 33
fs= e (33)
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and K =n’ is optical (high frequency) dielectric constant, n is the refractive index.
Because of the image-force lowering of the barrier, the electrode-limited current

obeys the Schottky-Richardson relation:

qP g
Js= AT exp(— ) exp B, (34)
A= 2qm*k:2
where = m (35)

In Egs. (32)~(35), A is called the Richardson-Dushman constant(equal to
120x(me/m*)A(cm - deg.)” where the temperature in °C and my denotes the mass of

an electron at rest, m* is the effective mass of the carriers in the insulator), (g is
the Schottky slope, @, represents a barrier height, ' is the applied electric field, %

is Boltzmann's constant, h is the Planck's constant, ¢ denotes the electronic charge,

€, 1s the permittivity of free space.

Ideal barrier

Metal Insulator

Fig. 7. The electrode-limited Schottky emission mechanism.
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(2) Fowler-Nordheim tunneling

In metal-insulator-metal (MIM) structure, a potential barrier becomes narrow as the

electric field increases. The width of potential barrier is about 10 nm. In this case,

the electron penetrates the potential barrier and transports to the opposite electrode.

This is called tunneling effect, and phenomenon of electron emission due to tunneling

effect is called high-field emission. Figure 8 shows a phenomenon of field emission

due to tunneling effect. Tunneling conduction mechanism is dependent on the electric

field and energy barrier, but is independent on temperature. Tunneling conduction

mechanism can be explained by Fowler-Nordheim analysis. That is,

Joy=FE 2 exp|—

where m  is the effective mass and 7 is the reduced Planck's constant.

4v/2m" (q®p,)*?

3¢hE I

\"\‘Ttmneh'ng effect
8 <@
——10m—o-—

Metal

Fig. 8. The electrode-limited Fowler-Nordheim tunneling mechanism.
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2) Bulk limited mechanisms

In this case sufficient numbers of charge carriers are injected into the insulator
conduction band by Schottky emission or tunneling. However, it is difficult for the
carriers to reach the other electrode because of bulk transport limitations. Bulk
limited mechanisms include space charge-limited, intrinsic, and Pool-Frenkel
conduction mechanisms.

(1) Space charge limited conduction model and ionic conduction

The magnitude and nature of the current flow changes markedly when the situation
is one in which a dominant trap or set of traps exists in the material. In this case,
the equilibrium concentration of mobile carriers is greatly reduced, since many of the
electrons in the system now occupy trap states. The space charge limited conduction
results from a carrier injected into the insulator, where no compensating charge is
present. Low electric field in the insulator, there are more thermally generated
carriers than the injected carriers. In this case, the thermally generated carriers are
dominant in the insulator. Then, the current density follows Ohm's law, which can be

expressed by [41]:

n,
Jonm= emypi— (37)

where, e is an electronic charge, n, a thermally generated carrier density, p a carrier

mobility, V an applied voltage, d a thickness of insulator. Region 1 in Fig. 9 obeys
Ohm's law. When an applied voltage across the insulator increases, there are more
injected carriers than the thermally generated carriers. Assuming I, to be a total
current of insulator inside and Ili; to be an injection current from cathode into
insulator, the injection current is greater than the total current inside the insulator. In
this case, the carriers injected from cathode to lowest unoccupied molecular orbital
(LUMO) of insulator form a space charge, and the current is limited by the space
charge layer. Let us assume that F(x) is the electric field at z along the normal

direction from metal surface to insulator inside and n(x) is the number of free
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electrons per unit volume. If there is no trap state in the insulator, then the space

charge limited current density (Jgor ) is given by:

dn
Jscro=ne uF—De(%), (38)

where p is a carrier mobility and D is a diffusion coefficient.

In Eq.(38), Poisson's equation is defined as

dFF  ne
F. W 9
where ¢(= eoer) is a dielectric constant. In Eq. (39), n is
€ dF
Tk (40)

LogJ

Ve Ve LogV

Fig. 9. Current-voltage characteristics of insulator (V;: transition voltage, Vrr:

trap-filled limit voltage).
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Substitution of Eq.(38) into Eq. (40) gives

¢ dF d’F ¢
JSCLC:;GEHF_Deﬁz’ (41)

when Einstein's relation, u/ D=¢/kT, is substituted

dF d°F ¢
Tscno= epl = k=52 (42)

where £ is Boltzmann constant. In Eq. (42), after ignoring the last diffusion term in

the right-hand side, and integration of the equation becomes,

Jscpc dr =epFdF, (43)
T+,
f Jscpcdr = eu/FdF, (44)
0
sl o
Jscre (x—i—xo)— €M§F ] (45)
2J. (xhz,) - 2J
FQZ SCLC 0 . SCLC(JI"‘JIO), (46)
€l 0
2J.
F= \/ S gty . (47)
EQ

And the voltage drop across the insulator can be expressed as

d
V= / Fda (48)

Replacement of Eq. (47) becomes
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d [2J.
V= / \/ scre (z —i—xo) dz,
0 €

[2J. d
€ 0

92 [2J,
=3 f;m [(d+zy ) — 32, (49)
If z,<d, one obtains
9 [2J
V== 755%3, (50)
v: 8. J
—== (=21, (51)
d? 9" ep
9 VvV
Jscre= S (52)

where, Eq. (52) is referred to Mott and Gurney equation. Region 2 in Fig. 9 can

be explained by Mott and Gurney equation. At low voltage and high temperature,
current is carried by thermally excited electrons hopping from one isolated state to
the next. this mechanism yields an ohmic characteristic exponentially dependent on
the temperature.

The ionic conduction is similar to a diffusion process. Generally, the direct current
(dc) ionic conductivity decreases during the time the electric field is applied. because
ions cannot be readily injected into or extracted from the insulator. After an initial
current flow, positive and negative space charges will build up near the
metal-insulator and the semiconductor-insulator interfaces, causing a distortion of the
potential distribution. When the applied field is removed, large internal fields remain

which cause some, but not all, ions to flow back toward their equilibrium position.
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(2) Poole-Frenkel emission

The Poole-Frenkel effect is the lowering of a Coulomb potential barrier when it

interacts with an electric field and is usually associated with the lowering of a trap

barrier in the bulk of an insulator. To experience the Poole-Frenkel effect, a trap is

required to be positively charged. That is, it must be positively charged when empty

and uncharged when filled, the interaction between the positively charged trap and

the electron giving rise to the Coulomb barrier, as shown in Fig. 10.

This process is the bulk analog of the Schottky effect at an interfacial barrier. The

difference is that Poole-Frenkel lowering of a Coulomb barrier A®,. is now given

by:
q3
A@P = (7*)1/2E1/2: ﬁPFEq/Q’
K €,

( q3 ) 1/2
where = =
Prr K €,

Bottom of conduction band: pgole-Frenkel effect
i J

3

Dy AD 5z \‘; 7 -~ Byf)= 4 (4T oy ¥)

i
]
]
]
1
1
]
1
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I
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]
]

Donor Ieveii_ :

Fig. 10. The bulk-limited Poole-Frenkel emission mechanism.
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is Poole-Frenkel coefficient, Note that 3., =20,.

Therefore, Poole-Frenkel effect can be written in the form:

BppE "2
rkT

q@d
kT

Jpp=CE eXP(_ )eXP[ ] (55)

where C'is a constant, which is proportional to the density of trapping centers, @,

is the depth of the donor level, r is a parameter, 1 <r<2, which takes into account

the trapping sites in insulator, 3, is the Poole-Frenkel constant. On plotting In (J/E)
vs. (1/kT), the resulting slope will be —sﬁd—i-ﬂPFEl/ 2, from which the Coulomb

potential barrier height @, can be obtained.
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Chapter III. Experimental and Analyses

1. Experimental procedures and deposition conditions

1) Experimental procedures

SiOC(-H) thin films were deposited on p-Si(100) substrates using a mixture of
dimethyl-dimethoxy-silane (DMDMS, C4H;20,Si) precursor and oxygen gas in a
plasma-enhanced chemical-vapor deposition (PECVD) system. Figure 11 show the
precursors of DMDMS. The DMDMS precursor is a nontoxic, colorless transparent
liquid with a purity of 99%; density of 0.865 g/cm3; a boiling point of 82 °C at
standard atmospheric pressure and the molecular weight 120.22 g/mol. It was
vaporized and carried by inert argon gas from a thermostatic bubbler to the reaction
chamber. Figure 12 shows the schematic of PECVD system, which the antenna is an
inductively coupled plasma (ICP) type. The plasma was generated using a radio
frequency (RF) power supply with a frequency of 13.56 MHz applied between the
two electrodes. To improve the SiOC(-H)/p-Si(100) interfaces, the silicon wafer was
cleaned wusing the RCA cleaning process and rinsed in deionized water before
depositing the SiOC(-H) thin films. To prevent recondensation of the DMDMS
precursor, we heated the bubbler and all the gas delivery lines, and kept them at a
constant temperature of 40 °C. Before depositing the SiOC(-H) thin films, the
chamber was evacuated to a pressure of less than 10~ Torr and the working pressure
was fixed at 100~700 mTorr. After the deposition, had been deposited 750, 500,
and 250-pm circular patterns of high-purity Al and Cu metals with a thickness of
300 nm were thermally evaporated by using a shadow mask. To form Ohmic
contacts, we evaporated the Al metal with a thickness of 200 nm onto the whole
back surface of the p-Si(100) wafer. To improve the electrical properties of the MIS

structure, the post-metallization was performed at 250 °C.
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Fig. 11. Schematic diagram of DMDMS precursor.
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Fig. 12. Schematic of PECVD (ICP type) system.
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2) Deposition conditions
In order to investigate the structural and electrical properties of the SiOC(-H)
films, we had fabricated three kinds of the deposition conditions such as, rf powers,

flow rate ratios and substrate temperatures as following:

(1) SiOC(-H) films deposited with various rf powers.

The SiOC(-H) films for various rf powers were deposited at room temperature,
which the rf powers were varied from 400 to 800 W. The total flow rate of the
precursors was maintained as 50 sccm, and flow rate ratio of R
(%)=[DMDMS/(O,+tDMDMS)]x100 was fixed at 80%.

(2) SiOC(-H) films deposited with various flow rate ratios.

The SiOC(-H) films for various flow rate ratios were deposited at room
temperature and 700 W of an rf power. The total flow rate of the precursors were
maintained as 50 sccm, and the flow rate ratio of R (%) = [DMDMS/(Ox+
DMDMS)|x100 was varied from 50 to 100%.

(3) SiIOC(-H) films deposited at various substrate temperature.

The SiOC(-H) films were deposited at room temperature, 100, 200 and 300 °C.
the rf power was fixed at 700 W, which the flow rate ratio of R (%) =
[DMDMS/(O,+ DMDMS)|x100 was fixed 50%, and the total flow rate of the

precursors were maintained as 50 sccm.

3) Fabrication of the Cu(Al)/SiOC(-H)/p-Si(100) MIS structures

The SiOC(-H) films for electrical properties of the Cu(Al)/SiOC(-H)/p-Si(100) MIS
structures were deposited at room temperature, and the RF power was 700 W. The
total flow rate of the precursors was maintained at 40 sccm, and the flow rate ratio,
R(%) = [DMDMS/(O,+#DMDMS)]x100, was fixed at 80%. The deposited SiOC(-H)
films were annealed at a temperature from 250 to 450 °C in a vacuum. After
annealing the films, top electrodes of the Al or the Cu metallization were deposited

by thermal evaporation, and the MIS capacitors were fabricated by lithography and
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the wet-etch technique, which the thickness of electrode is about 300 nm.

4) Experiments for the electro-physical properties

The charge trapping behavior of the  Cu/SiOC(-H)/p-Si(100)/Al  and
Al/SiOC(-H)/p-Si(100)/Al samples was studied using applied electric bias stress. The
Cu capacitors concurrently underwent bias temperature stress (BTS) at 175-275 °C
with a constant dc gate bias of +30 V corresponding to an initial electric field of 2
MV/ecm in the SiOC(-H). The samples were heated to the test temperature while a
bias was then applied for durations ranging from 10 to 40 min. The gate current
was monitored during the BTS treatment. When the stress period was over, the
capacitors were quenched immediately to room temperature to prevent the Cu’ ions
from back drifting. High frequency (1 MHz) sweeps from inversion to accumulation
were obtained at 20 °C before and after stressing. During the tests, the MIS
structures were vacuum tightened to a water cooled chuck. The current-voltage (I-V)
characteristics of the Cu/SiOC(-H)/p-Si(100) MIS structure were measured at various
temperatures from 15 to 200 °C by using a semiconductor parameter analyzer. The
capacitance-voltage (C-V) characteristics were measured for the MIS structure
Al/SiOC(-H)/p-Si(100)/Al at various frequencies ranging from 1 to 5 MHz by using

semiconductor parameter analyzer.
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Table 4. Experimental condition.

Plasma Source
rf power
Total flow rate
O, gas flow rate
DMDMS (Ar gas) flow rate
Initial pressure
Working pressure
Deposition time
Annealing temperature
Substrate temperature

Wafer

ICP
100~800 W
40 sccm
6~22 sccm
18 ~34 sccm
~107

300, 700, 100 mTorr

2~5 min
250~450 °C
100~300 °C

p-type Si(100)

@ jeju
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2. Analysis of the SiOC(-H) films

1) Plasma diagnostics

The plasma parameters were measured by using Langmuir (wise probe 2000, P&A
Solution) technique. A wise probe that can measure plasma densities and the electron
temperatures in real-time was installed on the chamber wall. A wise probe for
comparison was made of a stainless tip, | mm in diameter and 10 mm in length.
The probe current is measured through the current sensing resister. Optical emission
spectroscopy (OES) was performed by an optical fiber and a monochromator (Triax
series 320) equipped with a photomultiplier. Emission spectra measured the intensity
of light of various wavelengths emitted from the plasma chemical reaction. The light
emitted from the micro-plasma was collected by optical fiber and transferred to a
spectrometer. These spectra were measured using a calibrated spectrometer with a

resolution of 0.3 nm

2) Fourer transform infrared spectroscopy

The properties of the SiOC(-H) film such as bonding mode, spectrum of the full
width at half maximum (FWHM), peak position, related carbon concentration, peak
area ratio, have been characterized by Fourier transform infrared (FTIR) spectra.
FTIR spectroscopy (IFS-120HR/FRA-106S Bruker) was used to determine the related
Si-O-C bonding configurations in the film. All FTIR absorption spectra were acquired
with a resolution of 2 cm ' by using a Si wafer as a reference. The number of
scans was automatically chosen and averaged for each spectrum in order to ensure
an optimal signal to noise ratio. To compare the spectra, we subtracted a proper

baseline from all the recorded FTIR spectra.

3) X-ray photoelectron spectroscopy

Chemical state of the element, bonding energy and transition of each elements
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bonding energy according to carbon concentration distribution and annealing
condition, initial forming procedure and reaction mechanism are investigated by X-ray
photoelectron spectroscopy (XPS, ESCA 2000-Lab). The X-ray source was a
monochromatic Al ka (1486.6 eV) anode kept at 14 kV and 20 mA. Survey scan
spectra and narrow scan spectra of each element are proceeded at the pass energy of
100 eV and 20 eV, respectively. The base pressure in the analysis chamber was

5x10"° Torr.

4) Measurements of electrical properties

The electrical properties of the SiOC(-H) films, such as dielectric constant, leakage
current and breakdown voltage, are measured by C-V and I[-V measurements. The
applied voltages for C-V and I-V measurements are -60 V to 30 V and 0 V to 100
V, respectively. The dielectric breakdown is the dc voltage at which permanent
dielectric breakdown occurred and then the one is divided by film thickness. The
dielectric constant at 1 MHz and current-voltage (I-V) characteristics were measured

by a HP4280A(Agilent B1500) C-V meter and HP4140 B meter, respectively.

5) Measurements of mechanical properties

Nano-indentations were made using a Nanoindenter XP system (MTS, USA) with a
continuous stiffness measurement (CSM) and Berkovich diamond indenter with a tip
radius of approximately 80 nm. The nano-indentation system was fully calibrated
before the measurements by using fused silica as a standard sample. The
Nanoindentation experiments were carried out by loading to a maximum depth of
150 nm, unloading to 5% of the maximum load and holding for 20 s to correct for
thermal drift; and then completing the unloading. To obtain reliable data, we made a
minimum of nine indents on each sample. The elastic modulus (£) and the hardness

(H) of each sample were averaged with respect to the indentation depth.
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6) Measurements of thickness and refractive index
The thickness and the refractive index, deposition rate as a function of flow rate, rf power,
substrate temperature and annealed condition of the SIOC(-H) films were measured by an
spectroscopic ellipsometery (ST4000) at a wavelength of 632.8 nm. And the relationship
between film morphology and deposition, annealed condition could be seen from the

field emission scanning electron microscopy (FE-SEM, JSM-6700F) images.

7) High resolution transmission electron microscope
The diffusion behavior of Cu atoms and the interface structural morphology of
Cu/SiOC(-H)/p-Si(100) was characterized by high resolution transmission electron

microscope (HR-TEM, JEOL JEM 3010).

8) Auger electron spectroscopy
Atomic compositional depth profile analysis was performed by Auger electron
spectroscopy (AES, ULVAC PHI 700) with 5 keV Ar ion sputtering. The sample

stage was titled 15° while the sputtering rate for depth profiling was 0.6 A/s.
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Chapter IV. Structural and Electrical Properties of the SiOC(-H) films

1. SiOC(-H) films deposited with various rf powers

Figure 13 shows the electron density and electron temperature of the DMDMS+O,
bulk plasma as a function of the rf power measured by the Langmuir probe. The N.
and 7. increased monotonically with rf power. As the rf power increased from 100
to 800 W, the corresponding N. and 7., were found to be increased from 6.23x10° to
1.22x10"° c¢cm” and from 1.57 to 2.03 eV, respectively. It was observed that N,
gradually increases with increasing rf power up to 400 W, and then rapidly increases
for an rf power of 500 W and reaches a maximum value (1.22x10' c¢m™) for an rf
power of 800 W. On the other hand, 7. also linearly increases with increasing of rf
power up to 400 W and then drops suddenly for the rf power of 500 W, afterwards,
again increases gradually for rf powers up to 800 W. This rapid transition of the
plasma parameters are as shown in the Fig. 13. From these results, we clearly see
that the applied rf power in the PECVD chamber with DMDMS+O, precursors will
exhibit a rapid transition between electrostatic (£) and electromagnetic (H) modes of
the plasma discharge following the application of an rf power around 500 W. Mode
transition is determined by a sudden and huge change in the luminance [55]. The H
mode is characterized by a much higher luminance and plasma density, so this
transition may be connected with the dynamics of the atoms and the direct ionization
of the atoms by the electron impact [56]. At the H mode, many ionic and atomic
spectra are observed compared to the £ mode. During the generation of the plasma,
free electrons gain kinetic energy from the applied rf power and lose it in collisions
with neutral molecules and atoms. As the rf power is increased beyond 500 W,

which results in a full discharge of bulk plasma in the chamber, the internal
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Fig. 13. Electron density (/.) and electron temperature (7,) as a function rf power.
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energy of the gas molecules becomes high and the molecules can then be excited,
dissociated and ionized. Thus, a complete dissociation of the precursor take place,
leading to a greater abundance of reactive radicals and ions in the chamber.

Figure 14 shows the deposition rate of the SiOC(-H) as a function of rf power.
The deposition rate of the SiOC(-H) film increased rapidly with the rf power. We
performed the SiOC(-H) deposition process from a starting rf power of 400 W since
the film deposition did not occur at an rf power of 300 W. As shown in Fig. 14,
there are three different steps found during the deposition of the SiOC(-H) films
involving different rf powers. In this case, the deposition rate is almost proportional
to the N, and 7, which is directly evidenced by the different regimes as shown in Fig. 18.
The deposition rate is increased about 14 times for films deposited with an rf power
of 800 W (140 nm/min) compared with the rate for films prepared with an rf power
of 400 W (10 nm/min). Normally, the deposition rate of the SiOC(-H) films depends
on the plasma parameters, as the rf power increases, consequently, the electron
density increases rapidly which resulted in a higher deposition rate (see Fig. 13).

Figure 15 shows typical optical emission spectra of the DMDMS+O,+Ar bulk
plasma with different rf powers. During the plasma polymerization, the reactive
species first dissociated and then were deposited on the Si substrate to form the
SiOC(-H) film. From the emission spectra, the detected species were identified as Cs,
CH, CO, Hq, Cs, O, Hp, Hp, Si and Ar. All the peaks appearing in the emission
spectra are labeled as shown in Fig. 15. These reactive species come from the
DMDMS precursor in which the -CH; radicals were dissociated by the rf power.
This is an effect associated with increasing electron density or electron temperature
but the most important reason is probably the complete discharge of the DMDMS
precursor. All the emission lines increase with increasing rf power, above 500 W.
Their behavior for lower rf powers (<400 W) is questionable due to the very low
signals. However, a small deposition of the SiOC(-H) film could be possible with an
rf power of 400 W as is shown in Fig. 14.

Figure 16 shows the normalized emission intensity (Ix/Iar) of each species as a
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function of different rf powers, where I. in the emission intensities of each species.
The changes in the relative intensities of the CH, C;, C,, O, CO species and other
species are found to be linearly increased with rf power. This result means that the
methyl groups in the DMDMS precursor decomposed by releasing of one H, or Hg
ions. However, the relative intensities of the Si and SiO species remain almost
unchanged with variations in applied rf power. This is because, the molecular ions
with energies above 100 eV generally dissociate when striking the substrate surface,
the dissociation is considered only in terms of atomic ions [57]. Due to the greater
mass difference with  H ions (H, or Hg) one can expect the relative emission
intensities of the Si and SiO species to be unchanged. The dissociation of SiO, Si
and O taking place is due to the break up of the Si-O network chain by the
application of rf power. The broken Si-O chain is much easier, because the thermal
stability of the Si-O-Si bond in organosilicon compounds is lower than that of the
Si-O bond in SiO, [58].

Figure 17 shows the FTIR absorption spectra from 700 to 4000 cm™ of the
SiOC(-H) film deposited with various rf powers. The spectrum consists of several
bands or groups of bands occurring along the overall spectral range. The
characteristic band of the SiOC(-H) film showed absorption bands due to Si-O-Si (at
around 1055 cm'l), Si-O-C (at around 1105 Cm'l), Si-CH;3 (at around 950 and 1250
cm'l) and -OH (at around 3200-3700 cm'l) in addition to those of the Si substrate.
The Si-O-Si asymmetric stretching frequency of the SiOC(-H) film shows a very
strong infrared absorption band in the region of 1000-1250 ecm’'. This Si-O-Si
absorption band becomes broader or more complex, showing three or four
overlapping bands. There is a shoulder at about 1150 cm™ in all the absorption spectra,
assigned to the broad Si-O-C peak, which corresponds to the Si-O-C cage-link structure.
This structure produces a more porous nature in the SiOC(-H) film [40,43].

Figure 18 shows the deconvoluted bonding configurations of the Si-O-Si, Si-O-C,
Si-CH;, -CH; and -CH, related structures of the SiOC(-H) films deposited with

different rf power levels. Figure 18(a) shows the deconvoluted FTIR spectra of the
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Si-O asymmetric stretching and the -CH, bond in the wavelength region from 950 to
1250 cm™” and 2800 to 3050 cm’, respectively for the SiOC(-H) film deposited with
various rf powers. The broad Si-O-Si band between 950 and 1250 cm’ can be
resolved into four peaks. These peaks provide information about the composition of
the Si-O-Si structure. The peaks at 1060, 1082, 1124 and 1170 cm’ can be assigned
to the Si-O-Si stretching mode, and ring, open and cage link stricture of the Si-O-C
bonding modes, respectively. The presence of the cage link structure, which can
generally be recognized in FTIR spectra by an absorbance peak around 1170 cm’,
which is associated with the large angle Si-O-Si asymmetric stretch band, produces a
lower film density [59]. As the rf power increases, the -CH, peak area increases
which is an indication of more carbon content in the SiOC(-H) film (see Fig. 18(a)).
The -CH, stretching band from 2800 to 3050 cm’ consists of two or four
components. The four peaks at 2850, 2877, 2910 and 2970 cm’ can be assigned to
V'C-Hz, V'C-H;, v'C-H, and v'C-Hs, respectively. These peaks provide direct evidence
of the presence of methyl groups in the Si-O-Si network [60]. The intensity of these
peaks appear to become more pronounced with increasing rf power, indicating the
higher carbon content of the SiOC(-H) film. Figure 18(b) shows the deconvoluted
broad band structures from 700 to 900 cm’ and the Si-CH; symmetrical bending
band from 1240 to 1300 cm'. As shown in Fig. 18(b), at least five peaks are
necessary to get a good deconvolution of the band. The peaks at 730, 773, 810, 861
and 897 cm’can be assigned to the coupling of the Si-C stretching and the CHj
rocking modes in the Si-O-Si, Si-(CH3);, Si-(CH3),, Si-(CH3); and H-Si-O structures
[60], respectively. The single peak at 1272 cm’ over the region between 1240 and
1300 cm’ corresponds to the Si-CH; rocking mode. As the rf power increases the
absorption intensity of this peak is decreased. It is one of the characteristic peaks in
the FTIR spectra for this DMDMS precursor. This decreasing trend of the Si-CHj3
bending mode with increasing rf power is different from that of our previously

reported results [61].
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Figure 19 shows the relative carbon content due to the Si-CH; and -CH, bands of
the SiOC(-H) films as a function of rf power. The carbon content is deduced from
the deconvoluted FTIR data [see Fig. 18(b)] in the wavelength regions from 690 to
950 cm™ and 1250 to 1300 cm’'. However, the absorption band corresponding to the
region from 690 to 950 cm’ remains almost similar for all the films deposited with
different rf powers. On the other hand, for the region from 1250 to 1300 cm'l, the
absorption peak of the Si-CH; band decreased gradually with increasing rf power.
The relative carbon content in the SiOC(-H) film decreases sharply with increasing rf
power up to 700 W and then suddenly increase again for at an rf power of 800 W.
Concurrently, the -CH, stretching absorption increases rapidly up to an rf power of
700 W and then it decrease slightly for an rf power of 800 W. We can infer that
the rf power strongly influences the bonding configuration of the SiOC(-H) film. The
relative absorption area (%) of the Si-CH; group was found to decrease from 41 to
33% with an increase of rf power from 400 to 700 W. On the other hand, the
absorption area (%) of the -CH, related group was found to increase from 5 to 45%
with an increase of rf power from 400 to 700 W. As a result of that, the apparent
carbon content of the SiIOC(-H) film remains to be increased with increasing rf power.

Further, we observed that the SiOC(-H) film deposited at higher rf powers (>700
W), the deposition rate is reduced and at the same time the relative carbon content
is much lower compared to that of others. One likely reason for this phenomenon is
that at powers higher than the power (700 W) at which the DMDMS precursor can
be dissociated fully, it may be possible for CHs, CO and CO, molecules due to
break up of methyl radicals and diffused out the structure. There is clear evidence of
this result in the FTIR data shown in Figs. 18(a) and (b).

Figure 20 shows the Si 2p, C 1s and O 1s electron orbital spectra of the SiOC(-H)
film obtained with various rf power levels. The XPS narrow scan spectra were
recorded and then deconvoluted by using Gaussian peaks, as shown in the figure.

Figure 20(a) shows the Si 2p electron orbital spectra of each film. The Si 2p spectra
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can be deconvoluted into five peaks such as Si-C (99.6+0.1 eV), O-Si-CH;
(100.5£0.1 eV eV), 0:-Si-(CH3), (101.6+0.1 eV), O3-Si-(CHs)s (102.7+0.1 eV) and
Si-O, (103.6 eV) bonds [62,63]. As the rf power increases the integrated peak
intensities of each bonding configuration becomes more prominent. This result
conforms to the abundant presence of C atoms in the SiOC(-H) films. Figure 20(b)
shows the C 1s electron orbital spectra for the SiOC(-H) films with different rf
power levels. These C 1s spectra can be deconvoluted into six peaks. The results are
assigned as follows: C(Si)4 (282.4+0.1 eV), Si-C (283.2+£0.1 eV), C=C (283.8+0.1
eV), C-C/C-H (284.7£0.1 eV), C-O (285.6£0.1 eV), and C=0 (286.8£0.1 eV)
[64,65]. As the rf power increased, the precursor dissociated into smaller reactive
species. Through this effect more -CHs and Si-CH3; related groups become
incorporated into the Si-O-Si network. These groups can have the ability to form
different C bonding configurations such as Si-C, C-O, C-C, C-H, C=C and C=0O
during the polymerization process.

Figure 20(c) shows the O 1s electron orbital spectra of the SiOC(-H) films
deposited at different rf power levels. These spectra can be decomposed into four
components, namely, O-C (530.5+0.1 eV), SiCiO, (531.8£0.1 eV), O-Si (532.6+0.1
eV) and O-Si-O (533.740.1 eV) [62]. This result means that more carbon atoms are
attached to the Si-O chain, thus forming an SiOC(-H) film. The XPS data is in good
agreement with OES data, which is proof of the incorporation of carbon into the
SiOC(-H) film.

Figure 21 shows the relative emission intensity ratios as a function of rf power. It
is observed that the intensity ratio of CH/(CH+HqtHg) increases with increasing rf
power whilst the intensity ratio of (H,+Hg)/(CH+H,tHp) decreases. This result means
that the bulk plasma can be completely dissociated when the rf power is increased,

giving rise to more Si-C related bonds in the SiOC(-H) film.
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Fig. 20. XPS spectra of the SiOC(-H) films deposited with different rf powers: (a)

Si 2p electron orbital, (b) C 1s electron orbital and (c) O 1s electron orbital.
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Dielectric properties of the SiOC(-H) film depends on the bonding angle, the
dipole moment and the polarizability. The dipole moment can be calculated from

charge and bonding length, as expressed in equation
pw=Qd=4ded. (56)

where g is dipole moment, () is charge, d is bonding length, ¢ is ionic percent and
e is elementary quantum of electricity. In order to investigate the dipole moment of
the Si-O-C chain structure as a function of the bonding angle between Si-O and

Si-C bonds, we used the following expression,
Bsi—0—c= Hsi—oT tsi—c (57)

where pg, and pg, .~ are the induced dipole moments of the Si-O and Si-C
bonding molecules. The bonding lengths of Si-O of SiO structure and Si-C bonds of
SiC structure are 1.60 A [66]. In carbon incorporated SiOC structure, the bonding
length of Si-O bond increased to average 1.90 A, the bonding length of Si-C bond
decreased to average 1.85 A. The ionic percent of Si-O and Si-C bonds are 0.08
and 0.07, respectively [67]. And then, the dipole moment of Si-O and Si-C bonds
are 2.5x10”° Cm and 2.0x10™° Cm, respectively. The dipole moment usually reflects
the difference between the electronegativities of the carbon and the oxygen atoms
because the dipole moment of Si-O bond is large than that of Si-C bond. The

bonding angle can be calculated from Eq. (58).
- — 0
V=1, sin(;). (58)

where 6 is the bonding angle between the Si-O and the Si-C bonds. v is the wave
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number for the thermal oxide (SiO,), and % is experimentally obtained as the wave

number of Si-O-C open link. Figure 22 shows the dipole moment of the SiOC(-H)
films as a function of rf power. It is observed that the dipole moments is linearly
decreased from 1.13x10™° to 1.10x10”" C-m as the rf power increased from 400 to
700 W. To compared with FTIR and XPS data, the dipole moment of the SiOC(-H)
film was smaller than that of SiO, film and gradually decreased with increasing
carbon content incorporated in the film [68]. Because the dipole moment of
polyatomic molecules is the vector sum of bond moments, high-symmetry molecules
can have a zero dipole moment because the vector sum of their bond moment is
zero, even though they have very polar bonds (Si-O bonds). Since the structure of
SiO, film and [SiO4] tetrahedron is nearly symmetrical, its dipole moment was about
zero. If one of oxygen atom in the [SiO4] tetrahedral molecule is replaced by
carbon, the vector sum of the bond moments will then be non-zero. This is because
the dipole moment of SiOC is larger than that of SiO,. However, the dipole moment
of the [SiO,C;] tetrahedral molecule, which is formed by the substitution of two
carbon atoms for two oxygen atoms in [SiO4] tetrahedral molecule, is lower than that
of the [SiOs;C] tetrahedral molecule. This result is explained by the difference in
bond moments. Since the bond moment usually reflects the difference between the
electronegativities of the two atoms, the bond moment of Si-O is larger than that of
Si-CH,. The increased number of Si-O bond replacements for Si-C bonds results in
the reduction of the sum of bond moments in the molecular unit. Therefore, the
drastic decrease in the dipolar polarization of the SiOC(-H) films with increasing
carbon content is attributed to the reduction of the molar dipole moment as well as
the dipole density [68].

Figure 23 shows the dipolar polarizability as a function of rf power. The value of
the dipolar polarizability of the SiOC(-H) films deposited at different rf power was
found to decreased from 1.02x10* to 0.96x10* Fm’, respectively. From FTIR and

XPS results, we can infer that the SIOC(-H) films with more -Si-CH3 group have
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Fig. 22. Dipole moment of the SiOC(-H) films as a function of rf power.
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Fig. 23. The calculated the dipolar polarizability as a function of rf powers.
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lower polarizability. D. shamiryan et al. [65] reported that materials with chemical bonds of
lower polarizability then Si-O or lower density materials can be combined even lower &
values, where some silica Si-O bonds have been replaced with less polar Si-C bonds . A
more fundamental reduction can be achieved by using virtually all nonpolar bonds, such as
C-C or C-H, for example, in materials like organic polymers. The addition of CH; not only
introduces less polar bonds, but also creates additional free volume. Therefore SiOC(-H)
films are constitutively porous, dielectric constant will be decreased.

Figure 24 shows the dielectric constant and refractive index of the SiOC(-H) film
as a function of rf power. The values of the dielectric constant and the refractive
index were found to decrease from 3.06 to 2.44 and 1.45 to 1.40, respectively, with
an increase of rf power from 400 to 800 W (the lowest £ value of 2.21 for an rf
power of 700 W). However, the film deposited with an rf power of 800 W showed
a slight increase in dielectric constant. From these results, It is found that the
dielectric constant of the SiOC(-H) films is linearly proportional to the square of the
refractive index, n. The value of n° was calculated to have decreased from 2.10 to
1.96 as a function of rf power. This result can be understood in terms of the fact
that the dielectric constant is composed of electronic, ionic and dipolar components,
and the electronic dielectric constant is proportional to the square of the refractive
index. The decrease of the electronic diclectric constant in the SiOC(-H) film with
increasing carbon contents is attributed to the reduction of the dipole moment as well
as the film density. Therefore, the reduced electronic dielectric constant had a large
influence on reducing the overall dielectric constant because that the electronic
dielectric constant was responsible for more than 90% in the total dielectric constant
[68]. In this study, a very drastic reduction of the dielectric constant value was
obtained through an increase of rf power. One possible mechanism responsible for
the decrease of the dielectric constant in the SiOC(-H) films is that the complete
dissociation of the precursor molecule into smaller reactive species results in an

abundant significant incorporation of carbon via the -CH; network into the films.
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Figure 25 shows the leakage current density of the SiOC(-H) films as a function
of the rf power at 1 MV/cm. The leakage current density of the SiOC(-H) films
decreased with increasing rf power. As the rf power was increased from 400 to 800
W, the leakage current density decreased from 5.6x10° to 3.7x10” A/em’, and there
was no breakdown. This result indicated that the SiOC(-H) films exhibited the lower
leakage current density as well as the higher breakdown field. The best leakage
current density was obtained at an rf power of 700 W and was about 2.7x10”
A/ecm’. This result indicates that the electrical properties of the SiOC(-H) films is
strongly influenced by the rf power and the moderate rf power of 700 W is
favorable for the achievement of improved electrical properties. However, the leakage
current density increased slightly for the SiOC(-H) film deposited with an rf power
of 800 W. This result is in good agreement with structural data as shown in Figs. 18
(a) and (b), which may be attributed to the break up of methyl radicals in the
SiOC(-H) film at higher rf power. This effect implies that the SiOC(-H) films
deposited at the higher rf power had a compact structure with homogenous layers

which results in a lower leakage current density and a higher breakdown field.
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2. SiOC(-H) films deposited with various flow rate ratios of DMDMS/(DMDMS+Q0)

Figure 26 shows the deposition rate of the SiOC(-H) as a function of the
precursor flow rate ratio. The deposition rate of the SiOC(-H) films was found to
increase with O, flow rate. The decomposition of the DMDMS precursor is efficient
compared to that of O,, which the DMDMS precursor consists of the -CH; and the
-O-CH3s groups. Hence, reactive oxygen radicals are expected to be formed first and
to be adsorbed at the substrate surface. Oxygen radicals also activate and dissociate
the DMDMS precursor into highly reactive species that give rise to Si-C bonds.
Finally, oxygen radicals selectively oxidize the deposited Si-C bonds and form Si-O
bonds on the substrate. This selective oxidation highly depends on the oxygen radical
density. Therefore, a higher O, flow rate leads to a larger oxygen radical
concentration, which results in a higher deposition rate [69].

Figure 27 shows the FTIR absorption spectra from 700 to 4000 cm™ for SiOC(-H)
films deposited with various flow rate ratios from 50 to 100%. The spectrum consists
of several bands or groups of bands occurring over the entire spectral range, and it
is similar to Fig. 17. In order to understand the bonding configurations of the
Si-O-Si, Si-O-C, Si-CH; and -CHj; related structures, we deconvoluted the FTIR
spectra in their respective regions as illustrated in Fig. 28. Figure 28(a) shows the
deconvoluted spectra of the Si-O stretching bond in the region from 1000 to 1250
cm” for the SiOC(-H) film deposited with various flow rate ratios. This figure
reveals four bands with peaks at 1060, 1082, 1124 and 1170 cm'l, which can be
assigned to the Si-O-Si stretching mode and to the ring, open and cage links of the
Si-O-C bonding modes, respectively. As the flow rate is increased, the absorption
peaks corresponding to Si-O-Si and Si-O-C bonds become sharper, At the same time,
the former peak shifts towards a lower wave number region, i.e. a red shift, as

shown in Fig. 28(a).
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78

@ jeju



S H-Si-O bending As-deposited SiOC(-H) Films
$i-0-5i (C) Asym. Str.  R=[DMDMS/(DMDMS+0,) |x100
~

R=100%

Absorbance (a. u.)

R=50%

! 1 ! 1 1 1 1 I !

1000 1500 2000 2500 3000 3500 4000

Wave Number (cm™)

Fig. 27. FTIR spectra of the SiOC(-H) films deposited with various flow rate ratios.
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Fig. 28. Deconvoluted FTIR spectra of the SiOC(-H) film with various flow rate

ratios: (a) in the region from 1000 to 1250 cm’, (b) in the region from 700 to 950

cm'and (c) in the region from 2750 to 3050 cm’.
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This kind of frequency shift in the FTIR spectra can be related to changes in the

bonding characteristics [43]. This result shows that an increase in the DMDMS
precursor flow rate gives rise to a structural rearrangement by adding more carbon
atoms in the Si-O-Si network chain during the formation of the SiOC(-H) film. The
cage-link structures of Si-O-C are believed to be able to produce a nanoporous
structure, which results in a lower film density and, hence, a low dielectric constant
[45]. Figure 28(b) shows the deconvoluted spectra of the Si-CHj; rocking modes in a
region from 700 to 950 cm’', which consists of four components. The peaks at 740,
780, 821 and 890 cm’ can be assigned to the Si-O-Si stretching, Si-(CHas);,
Si-(CH3), and H-Si-O modes in the Si-CH; structure. There were no noticeable
changes and the peak positions appeared to be almost the same for all the samples.
Figure 28(c) shows the deconvoluted spectra of the -CH; related modes in the region
from 2825 to 3050 cm’ for the SiOC(-H) films with flow rate ratios from 70 to
100%, which were decomposed into four peaks. The integrated peak area increased
with the flow rate ratio and more pronounced absorption peaks appeared.

Figure 29(a) shows the XPS narrow scan spectra of Si 2p, C 1s and O 1s
electron orbital of the SiOC(-H) film obtained with various flow rate ratios. We
observed that the peak intensities of the Si 2p and the O 1s spectra decreased with
increasing flow rate ratio whereas the intensity of the C 1s spectrum increased.
When the DMDMS flow rate increases, the Si 2p peak shifts to lower binding
energy while the C 1s and the O Is peaks remain almost constant. The Si 2p peak
shift mainly results from the different electronegativities of silicon, carbon and
oxygen. To understand the bonding configuration in the SiOC(-H) films further, we
deconvoluted the XPS narrow scan spectra of the Si 2p and the C 1s peaks by
fitting the data with a number of Gaussian peaks. Figure 29(b) shows the curve
fitting of the Si 2p core level of each film. The Si 2p spectra can be deconvoluted
into four or five peaks, such as Si-C (99.4£0.1 eV), O-Si-(CHs3); (100.4+0.1 eV),
0,-Si-(CH3), (101.6£0.1 eV), Os-Si-CH; (102.8+0.1 eV) and Si-O, (103.6 eV) [59,60].
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Fig. 29. XPS spectra of the SiOC(-H) films: (a) Si 2p, C 1s and O 1s electron
orbital spectra for films various flow rate ratios, (b) deconvoluted Si 2p spectra and

(c) deconvoluted C 1s spectra.
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As shown in Fig. 29(b), the SiOC(-H) film with flow ratios of 50 and 60% are
almost like the Si-O, film structure as the flow rate ratio was increased, more C
atoms were incorporated into the Si-O-Si network, which resulted in a chemical shift
towards lower binding energy. This result conforms the abundant presence of C
atoms in the SiOC(-H) films. Figure 29(c) shows the C 1s electron orbital spectra
for the SiOC(-H) films with flow rate ratios of 70 to 100%. As shown in Fig.
29(a), the intensity of the carbon content is very low for the films with flow rate
ratios of 50 and 60%. These C 1s spectra can be deconvoluted into six peaks,
except for the film with a 70% flow rate ratio. The film with the flow rate ratio of
70% can be decomposed into only five peaks, in which the C(Si)4 peak was absent.
The fitted results are assigned as follows: C(Si)s (282.5+0.1 eV), Si-C (283.4+0.1
eV), C=C (283.9+0.1 eV), C-C/C-H (284.6+0.1 eV), C-O (285.4+0.1 eV) and C=0
(286.7£0.1 eV) [59,60]. As the flow rate ratio was increased, more -CH; and Si-CHj
groups were incorporated in the Si-O-Si network and they had the ability to form
different C bonding configurations, such as C-O, C-C, C-H, C=C and C=0 film. To
compared with Fig. 20, the Si 2p electron orbital spectra is a different binding
energy, and C ls and O l1s electron orbital spectra is very similar binding energy
and bonding modes. Figure 30 shows the dipole moment of the SiOC(-H) films as a
function of rf power. It is observed that the dipole moments decreased linearly from
1.13x107° to 1.07x10™° C-m as the precursor flow rate increased from 50 to 100%.
As the DMDMS/O, flow rate ratio was increased from 50 to 100%, the dipolar
polarizability decreased from 1.02x10* to 0.91x10* Fm’ as shown in Fig. 31. This
result suggests that the dipolar polarizability is much lower than that of other
polarizability component. It is well known that the values of the dipolar dielectric
constant is nearly zero because the dipolar polarizability on the SiOC bonding
structure is distributed randomly in the SiOC(-H) film [68]. Therefore, the influence
of the dipolar dielectric constant can be neglected for low-k dielectrics, whereas

high-k dielectrics have a dominant dipolar polarizability [70].
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Figure 32 shows the dielectric constant and refractive index of the SiOC(-H) film
as a function of flow rate ratio. The values of the dielectric constant and the
refractive index were found to decrease from 3.83 to 2.13 and 144 to 1.36,
respectively, with an increase of flow rate ratio from 50 to 100% (the lowest k&
value of 2.13 for a flow rate ratio of 100%). Furthermore, the value of n® was
calculated to have decreased from 2.07 to 1.85 as a function of the flow rate ratio.
The tendency related with k& oc n’ to the dielectric constant with various flow rate
ratio. From this result, it is clearly observed that very drastic reductions in the
dielectric constant value were obtained as the flow rate ratio was increased.

Figure 33 shows the leakage current density as a function of the precursor flow
rate ratio. The leakage current density was measured at 1 MV/cm from the [-V
characteristics of the SiOC(-H) films. As the DMDMS/O, flow rate ratio was
increased from 50 to 100%, the leakage current density decreased from 3.8x10° to
6.3x10° A/em’, and there was no breakdown. As observed from the I-V
characteristics, the SiOC(-H) film prepared with a 50% flow rate ratio broke down at
2.5 MV/cm and none of the other films broke down. The breakdown strength
increased with increasing DMDMS/O, ratio. From the FTIR and XPS analyses, this
result indicates that the electrical properties of the SiOC(-H) film are strongly
influenced due to the ratio of the Si-O-Si to Si-O-C bonds present, which can be
suitably modified by an appropriate choice flow rate ratio for the precursors during

the preparation of the SiOC(-H) thin films.
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3. SiOC(-H) films deposited at various substrate temperatures

Figure 34 shows the deposition rate of the SiOC(-H) film as a function of the
substrate temperature. The deposition rate of the SiOC(-H) film decreased gradually
with increasing substrate temperature. This result indicated that at high temperatures
the Si-O bond has a larger tendency to be adsorbed on to the growing film than
does the Si-C bond.

Figure 35 shows the FTIR spectra of the SiOC(-H) films deposited at various
substrate temperatures. The characteristic band of the SiOC(-H) film showed
absorption bands due to Si-O-Si (around 1040 cm'l), Si-O-C (around 1106 cm'l),
Si-CH; (around 800 and 950 cm’; 1250 and 1300 cm™) and -OH (3700-3800 cm™)
in addition to those of the Si substrate. There is a shoulder at about 1160 c¢m’ in
all the absorption spectra, which 1is assigned to a broad Si-O-C peak, and
corresponds to the Si-O-C cage-link structure, resulting in a more porous structure in
the SiOC(-H) film [43,45]. This spectrum is very similar to the FTIR absorption
spectra of the SiOC(-H) films with various rf power and flow rate ratios.

As the substrate temperature increased, the intensity of the Si-CH; bond decreased,
demonstrating that more oxygen atoms are incorporated into the Si-O-C ring-link
network. The precursors are dissociated into highly reactive species that form the
SiOC(-H) films with clearly separated peaks in the Si-O-Si and the Si-O-C
absorbance bands. With increasing substrate temperature, the Si-O-Si peak becomes
stronger due to rearrangement of the bonding configuration. It is one of the
characteristic peaks of the infrared spectrum of the SiOC(-H) film. The broad band
spectra from 950 to 1250 cm’ consists of overlapping vibration modes from various
bond structures, and the line shape of the film deposited at substrate temperature of
300 °C than that other results. In order to understand the bonding configuration of
the SiOC(-H) films, we deconvoluted the FTIR spectra into its four constituents, as

shown in Fig. 36 The bands with peaks centered at 1021, 1045, 1106 and 1160 cm’
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are assigned to the Si-O-Si stretching vibration, Si-O-C ring-link, open-link and
cage-link structures, respectively. From this deconvoluted data, the relative absorption
area of each bonding structure was deduced.

Figure 37 shows the relative absorption areas of the bonding structures in the
SiOC(-H) films as a function of substrate temperature. This result shows that the
Si-O-C cage-link mode remains almost constant (about 24%) whereas the Si-O-C
ring-link structure decreased (from 253 to 16.7%) with increasing substrate
temperature. The Si-O-C open-link structure decreased (from 28.6 to 21.7%) while
that of the Si-O-Si stretching mode was increased (from 29.3 to 38.5%) with an
increase of substrate temperature.

Figure 38 shows the relative carbon and Si-O-C(Si) content present in the
SiOC(-H) film as a function of the substrate temperature. The relative carbon content
is calculated by the following equation normalized to the peak height of the Si-O-Si
stretch mode in the FTIR spectra [71]. The relative carbon content (%)=[4. /
(4,+4.)]*100%, where A. and A4, are the absorption peak areas for the Si-CHj
stretching mode (from 800 to 950 cm’ and from 1250 to 1300 cm’) and the
absorption peak area of Si-O-Si (from 900 to 1250 cm™), respectively. The relative
content of carbon atoms decreased from 11.85 to 8.5% as the substrate temperature
increased from room temperature to 300 °C. However, the Si-O-Si stretching mode
increases with increasing substrate temperature. This effect is attributed to the lower
carbon concentration due to the Si-CHs; bonds being broken at elevated substrate
temperatures, which gives rise to an increased dielectric constant. This can be
explained by two factors: a decrease in the number of voids and an increased ionic
polarization caused by the decreased number of Si-CH; bonds [71]. Therefore, at
higher substrate temperatures, the weaker Si-CH; and C-H bonds leave the films with
a lower concentration of these bonds and the SiOC(-H) films become more oxygen
rich.

In order to understand the bonding configurations of the SiOC(-H) films in detail,

XPS analysis was further employed. Figure 39(a), (b) and (c) shows the XPS narrow
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scans of Si 2p, C Is and O 1s electron orbital of the SiOC(-H) film prepared with
different substrate temperature. The XPS narrow scane spectra were deconvoluted by
fitting the data with a number of Gaussian peaks. The Si 2p electron orbital spectra
consisted of five peaks as shown in Fig. 39(a) that were assigned to Si-C (98.7 eV),
O-Si~(CH3)3 (100.5+0.1 eV), O2-Si-(CH3)2 (101.6+0.1 eV), O3-Si-CH; (102.6+£0.1 eV)
and Si-O; (103.6 eV) [59,60] for the SiOC(-H) deposited at room temperature. The
binding energies that have been reported in previous studies are a little different
from each other and the fitting procedure is somewhat arbitrary, but it is worth
distinguishing the silicon in different states [72-74]. As the substrate temperature
increased, the intensities of the peaks due to the O,-Si-(CHj3), and O;-Si-CH; bonds
were increased due to the bonding rearrangement at elevated temperatures. The
SiOC(-H) films become oxygen rich as the substrate temperature increase, this is due
to Si-C bonds being broken at elevated substrate temperatures leaving Si-O bonds
dominant in the film. This is because the binding energy of the Si-C bond is lower
than that of the Si-O bond [75]. The high relative percentage of the O-Si-C peak in
the Si 2p spectra indicates that a randomly amorphous C-Si-O network was dominant
in the SiOC(-H) film. This result means that more oxygen atoms are attached to the
Si-O chain thus forming SiOC(-H) films at a higher substrate temperature. Figure
37(b) shows the C 1s electron orbital XPS narrow scan spectra of the SiOC(-H)
films deposited at different substrate temperature which comprises of three bond
components namely, Si-C (283.3+0.1 eV), C-C/C-H (284.6 eV), and C-O (286.2+0.1
eV) [64,65] for the films deposited at different substrate temperature. It is
interestingly observed that slight chemical shift in the binding energies in the
bonding structure as the substrate temperature increased which corresponds to the
oxygen rich SiOC(-H) films. Figure 39(c) shows the O 1s electron orbital XPS
narrow scan spectra of the SiOC(-H) films deposited at different substrate temperature
which is decomposed into two components namely, O-C (530.1+0.1 e¢V) and O-Si
(532.6 eV) [62], except for the film deposited at 200 and 300 °C. For the film

deposited at 200 and 300 °C, the O 1s narrow scan spectrum is well fitted into one
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peak at 532.6 eV (O-Si). This result means that more oxygen atoms are attached to
the Si-O chain thus forming SiOC(-H) film at higher substrate temperature. The XPS
narrow scans of Si 2p, C 1s and Ols spectra suggest that the major part of Si in
the SiOC(-H) film is bonded with oxygen atoms to form an expected randomly
Si-O-Si network. From these XPS results, we can infer that there are in good
agreement with that of FTIR data showing the presence of the cage-linked and the
ring-linked structure in the SiOC(-H) film. The various binding energies used for

identification of the chemical groups are shown in Table 5.

Table 5. The Si 2p, C Is, and O 1s electron binding energies of the SiOC(-H) films.

Si 2p (eV) C 1s (eV) O 1s (eV)
Substrate
Temperature 0-Si0- 0,-Si0- 03-SiO- C-C/
i- Si-O,  Si-C C-O O-C O-Si
(CHy; (CHa), (CHy), ~° °°° CH !
RT - 100.4 101.4 102.5 103.6 283.2 284.6 2862 530.1 532.6

100 °C 98.7 100.4 101.5 102.6 103.6 283.2 284.6 286.2 530 532.6

200 °C - 1004 101.7 102.7 103.6 283.1 284.6 286.1 - 532.6

300 °C - - 101.6 102.7 103.6 283.2 284.6 286.1 - 532.6

101




(@) |si2p 300 °C

200 °C
s
g
£
n
=
3
=
e

96 99 102 105 108

Binding Energy (eV)
Fig. 39. XPS narrow scan spectra of the SiOC(-H) films deposited with different

substrate temperature: (a) Si 2p electron orbital, (b) C 1s electron orbital and (c) O

1s electron orbital.
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Figure 40 shows the dielectric constant and the refractive index of the SiOC(-H)
films as a function of various substrate temperatures. It is found as a trend that both
the dielectric constant and square of refractive index increase slightly with substrate
temperature. The value of the dielectric constant and the refractive index of the
SiOC(-H) films deposited at different substrate temperatures was found to increase
from 2.22 to 249 and 136 to 1.45, respectively, as the substrate temperature
increases from room temperature to 300 °C. And also, the dielectric constant is
proportional to n’, which the value of n’ is about 2.11 at the substrate temperature
of 300 °C. Comparing the structural behavior as observed from FTIR and XPS data,
it is evident that the enhancement of oxygen rich atoms at higher substrate
temperatures in the SiOC(-H) film result in a slight increase of dielectric constant,
which can be attributed to the lower carbon concentration cause by the Si-CH; bonds
broken at elevated substrate temperatures, as shown in Fig. 38. This can be explained
by two factors: the decrease in the number of voids caused by the decreasing
number of Si-CH; bonds [71,76]. Therefore, at higher substrate temperatures, the
weaker Si-CH; and C-H bonds are broken, leaving the films with a lower

concentration of these bonds, and making the SiOC(-H) films more oxygen rich.
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Chapter V. Mechanical Properties of Low-k SiOC(-H) film

The mechanical properties of the low-k SiOC(-H) thin films were obtained by
using the pyramidal Berkovich diamond indenter. The hardness and elastic modulus
of the SiOC(-H) film were calculated from the load-displacement data followed the
analytical method developed by Oliver and Pharr [77]. From the load-displacement
data, the projected contact area, A, is deduced from an empirically determined shape
function 4=F(d) which describes the cross-sectional area of the indenter at a distanced,
back from its tip; more specifically, the contact area is determined by evaluating the
shape function at the contact depth, i.e., A=F(hc). Once the contact area is known,

the hardness follows from its normal definition

(59)

and the effective elastic modulus, E., which accounts for elastic displacements in

both the SiOC(-H) film and the indenter, is evaluated from
1 S.
E .= —vi——, 60
eff ﬁ 2 I_A ( )

Where f is a constant with a value of 1.034 for a Berkovich indenter [77] and S is
contact stiffness. Finally, the elastic modulus of the SiOC(-H) film is extracted from

the effective modulus by using

[ (61)
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Where E; and +; are elastic modulus and Poisson’s ratio for the indenter (diamond)
and £, and 7, are those of the SiOC(-H) films. However, with the continuous

stiffness measurement option, the stiffness of the contact area is measured directly at
every point during the loading process. Hence, the hardness and elastic modulus can
be measurement accurately and continuously as a function of the depth of the
indentation.

Figure 41 show the typical load displacement (P-h) curves obtained during
nanoindentation of the SiOC(-H) film, which the SiOC(-H) films were deposited at
various substrate temperatures (RT, 100, 200 and 300 °C) with rf power of 700 W
and precursor flow rate ratio of 80%, and the thickness of all samples is about 600
nm. The maximum indentation depth is 150 nm corresponding to an applied load of 1.4
mN. During the nanoindentation test, the force and displacement were recorded as the
indenter tip was pressed into the surface of the SiOC(-H) film with a prescribed
loading and unloading profile. With the known geometry of the diamond indenter tip,
the depth of an indentation yields the area of contact between the indenter and the
material being indented. Thus, the shape of the continuous P-h curve obtained on a
film usually reflects the mechanical properties of that material.

Figures 42 and 43 show the elastic modulus (£) and hardness (H) as function of
displacement of the SiOC(-H) films deposited with different substrate temperatures,
respectively. In order to avoid the substrate effect on the SiOC(-H) film, we used
films with a thickness greater than 600 nm for the nanoindentation measurements.
From the mechanical properties data shown in Fig. 42 and 43, both the elastic
modulus and hardness of the SiOC(-H) thin films deposited with different substrate
temperatures are determined to be in the range from 19 to 30 GPa and from 2.2 to
3.5 GPa, respectively, at an indentation depth of 100 nm. It is observed that the
value of £ and H was found to be a minimum for the SiOC(-H) films deposited
with lower and higher substrate temperatures. From these results, we can infer that

the density of the SiOC(-H) film may be reduced when the films are prepared at
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lower substrate temperatures. The higher concentration of the alkoxy groups (namely,
C-O, C=0, C-C and C=C), which have a relatively poor mechanical property, lead to
the lower hardness and elastic modulus. This is because more amount of carbon
atoms are attached to the Si-O-Si chain network which resulted in the nano-porous
structure in the SiOC(H) film. Because the amount of carbon concentration affects
the values of the mechanical properties of the SiOC(-H) films. Therefore, the voids
formed in the SiOC(-H) films are responsible for lower mechanical properties and the
low dielectric constants. The wvalues of the mechanical properties reported in our

present investigation are higher than that of previous studies [78,79].

Indentation Load (mN)

Displacement (nm)

Fig. 41. Example of a typical load - displacement curve obtained during
nanoindentation measurement of the SiOC(-H) films prepared at different substrate

temperatures.

109

@ jeju



50

45 | e 300°C <>
L A 200°C <><> )

~ 40 v 100 °C OO
“ O
T I & RT . ;
@) ) .
< 35| . . .
z | o
= OQQ. o® °
-g 0F ° OQQQQ.. [ ]
e R .oooo&&&@
g Br MO“"“<.><><><><><> AAA
z I <;<><><><><><><><> AAAAAAAAAAVVV
= _%%%%%%%wvwwwv

15

! 1 ! 1 1 1 1 " ! I ! 1 !

20 40 60 80 100 120 140 160

10

L
0
Displacement (nm)

Fig. 42. Elastic modulus values of the SiOC(-H) films with different substrate

temperatures.

110

@ jeju



e 300°C
A 200°C
4l v 100°C
& RT
? [ N J
% ) ...Oo°"°0°°"°°000.o°°
-’ ° .....
§ 3F A.......o...
A AAA
EoL Ymu@m@@wemmeeevegvv .
: k OOOC
= WM@WW%%%OQOOOOOQO
A
210 © <
v <><>
<><X><>
1 L 1 L 1 N L " | . \ ) . . 1

0 20 40 60 80 100 120 140 160

Displacement (nm)

Fig. 43. Hardness values of the SiOC(-H) films with different substrate temperatures.

111

@ jeju



Chapter VI. Electrical Properties of the Cu(Al)/SiOC(-H)/p-Si(100)

MIS Structures

1. Charge trapping properties of the Cu(Al)/SiOC(-H)/p-Si(100) MIS structures

The study of traps in the dielectric film is extremely important since the presence

of oxide traps significantly affects device performance. Therefore, the origin of oxide
traps should be clearly understood in order to control the traps. In this study, the
charge trapping behavior of the Cu/SiOC(-H)/p-Si(100)/Al and
Al/SiIOC(-H)/p-Si(100)/Al samples was studied using an applied electric bias stress.
Figures 44(a) and (b) shows the C-V curves before and immediately after the
application of electric bias stress to the Cu/SiOC(-H)/p-Si(100)/Al and
Al/SiOC(-H)/p-Si(100)/Al1 MIS structures, respectively. The bias stress was applied to
the MIS structures for different durations, and the biasing voltage was maintained at
+30 and -30 V. The C-V curve shifted towards a positive voltage over time. The
positive shift of the flat-band voltage (V) for both MIS structures shows that mainly
electrons are trapped inside the SiOC(-H) dielectric film. However, the larger shift of
Vp indicates a higher amount of negative trap in the dielectric film. The Vj shifts
are positive for p-type substrates, indicating a trapped negative charge, in effect. The
probability of hole injection is much smaller than electron injection for the SiOC(-H)
dielectric film. For a low-voltage range, the possibility of generating defects due to a
hydrogen related species is also very small [80-82]. For a p-type silicon substrate,
the Vj shift increased monotonically with injection fluences.

Figures 45(a) and (b) shows the C-V curves before and immediately after the
electric bias stress (V,=-30 V) for different durations for the as deposited and annealed

Cu/SiOC(-H)/p-Si(100)/Al and Al/SiOC(-H)/p-Si (100)/Al MIS structures, respectively.
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The positive Vj shift after applied bias stress implies electron trapping for both Cu

and Al metallization of the SiOC(-H) films. As the annealing temperature increased,
both the capacitance value increased for the Cu and Al MIS structures. At the same
time, the difference in flat band voltage AV, between non-stress and the stress
fluences increased with increasing annealing temperature. This result means that the
stress-induced charges increased with the injected fluence for both MIS structures and
this increase, is attributed to the generation of localized defects and/or fixed charges
at the interface region ([83,84]. The value of Vp was -18 V for as-deposited
non-stress (do not stress) Cu/SiOC(-H)/p-Si(100)/Al structure, and -32 V for annealed
structure at 450 °C. The values of Vp was -11 V for as-deposited non-stress
Al/SiOC(-H)/p-Si(100)/Al structure, and -26 V for the structure after annealing at 450
°C. This could be due to the work function difference between these two metals (the
work function is 4.65 eV for Cu and 4.28 eV for Al). However, the value of AV}
for as deposited non-stress Cu/SiOC(-H)/p-Si(100)/Al structure is 6 V and for the
annealed structure at 450 °C, it is 15 V. In comparison the value of AV, for the
as-deposited virgin Al/SIOC(-H)/p-Si(100)/Al structure is 5 V and for the structure
annealed at 450 °C, it is 9 V.

The fixed charge densities, which were assumed to be located at the
dielectric/semiconductor interface, were calculated for the MIS structures. Vp is
attributed to the trapping of charges by the gate dielectric film. Figure 46 shows the
plot of the fixed charge density as a function of the annealing temperature of the
Cu/SiOC(-H)/p-Si(100)/Al and Al/SiIOC(-H)/p-Si (100)/Al MIS structures. The fixed
charge density was predicted by calculation to increase with increasing annealing
temperature for the virgin MIS structure. For the Cu/SiOC(-H)/p-Si(100)/Al structures,
the fixed charge increased from 1.6x10" cm™ to 2.5x10"° cm™ whereas this charge
increased from 0.6x10" cm™ to 2.7x10"* cm™ for Al/SIOC(-H)/p-Si(100)/Al structures,
with increasing annealing temperature. This behavior may be due to thermally-induced

localized charges generated at the interface of the MIS structures.
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Figure 47 shows the relation between the trapped charge density and the injected
electron fluence of the as-deposited and the annealed Cu/SiOC(-H)/p-Si(100)/Al and
Al/SiOC(-H)/p-Si(100)/Al MIS structures at a constant electric bias stress of V,=-30
V. The equation AQ,.=C.AV; was used to calculate the change of oxide trapped
charges between the first and the second C-V measurements [85] where AQ,. is the
change in the fixed oxide charge, C. is the capacitance of the SiOC(-H) dielectric
film, and AV is the change in the flat-band voltage. The post metallization
annealing condition could also affect the trap density. It was observed that the
trapped charge density increased with increasing annealing temperature. For lower
annealing temperature (7<250 °C), the trap charge density showed saturation after a
linear increment with the injected fluence. However, at higher annealing temperatures
(T=350 °C), the trap charge density increased exponentially with the injected
fluences as shown in Fig. 47. As the injection fluence continued to increase for a
given bias stress voltage (Vs=-30 V), the mid-gap of the trapped charge will
gradually shift toward the Si substrate, which contributes to the increase in the Vp
shift with the increase of non-stress V. In other words, the value of AV tended to
increase. This result is in good agreement with the data shown in Figs. 44 and 45.
The values of various interface charges for SiOC(-H)/p-Si(100) structure determined
from C-V curves are shown in Table 6.

Figures 48(a) and (b) shows the energy distribution of the interface state density
before and after bias stressing (V,=-30 V) with different durations of as-deposited
and annealed Cu/SiOC(-H)/p-Si(100)/Al and Al/SiOC(-H)/p-Si(100)/Al MIS structures,
respectively. Both MIS structures revealed the most of similar energy density
distribution of the interface states before and after electrical bias stress for different
durations. Although the charge in the interface traps at the flat-band point is not
known with certainty, we suspect that interface traps in the upper half of the silicon
band-gap are donor-like, and that their charge state is negative when filled with an
electron. Under this assumption, the effect of interface traps on the measurement of

oxide charge was explored [82]. However, it was found that the interface state
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Table 6. The values of various interface charges for SiOC(-H)/p-Si(100) structure

determined from C-V curves

Fixed charge density Trapped charge density Interface state density
Annealing
C Al
Temperature Cu Al Cu Al (x1 O}llcm'z (x10"em
1 12 -2 1 12 -2 1 11 -2 1011 -2
(x10"ecm™)  (X107%em™)  (x10 em™) (x10 cm™) eV'l) eV'l)
RT 1.58 0.58 0.85 1.25 0.02 0.53
250 °C 2.15 1.67 1.61 1.71 0.01 1.24
350 °C 2.28 2.13 1.73 1.45 0.38 1.87
450 °C 2.61 2.73 241 1.52 0.99 2.76

density at the Si mid-gap was lower for the non-stress MIS structures than for the
stressed structures. Noticeable changes in the interface state density distribution were
observed in the as-deposited and annealed structures of the virgin and electrically
stressed  Cu/SiOC(-H)/p-Si(100)/Al MIS structures, as shown in Fig. 48(a). After
electrical stress, the interface state increment indicated that the hydrogen-related
incorporation of the trivalent silicon dangling bond at the interface with H and/or
OH had formed. This can be explained by the breaking of the hydrogen-related bond
in the -Si-H and -Si-OH species at the interface during electrical stressing [86].
Therefore, interface generation is closely related to hydrogen termination and
hydrogen releasing (bond breaking) at the SiOC(-H)/p-Si(100) interface. On the other
hand, only a slight difference was observed for the <case of the
Al/SiOC(-H)/p-Si(100)/Al MIS structures, as shown Fig. 48(b).

In order to obtain a better understanding of the electrical bias stressing effects of

the Cuw/SiOC(-H)/p-Si(100)/Al and ASIOC(-H)/p-Si(100)/Al MIS structures, we
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deduced the relation between the interface state density and the electron injection
time. Figures 49(a) and (b) shows a plot of the interface state density as a function
of the electron injection time for the as-deposited and the annealed
Cu/SiOC(-H)/p-Si(100)/Al and Al/SiOC(-H)/p-Si(100)/Al MIS structures at an electric
bias stress of V,=-30 V, respectively. The interface state density of the
Cu/SiOC(-H)/p-Si(100)/Al MIS structure increased gradually with increasing annealing
temperature and with stressing duration, as shown in Fig. 49(a). However, the
interface state density of the Al/SiOC(-H)/p-Si(100)/Al MIS structure did not
significantly affect either the annealing temperature or stressing duration, as shown in
Fig. 49(a). This result is in good agreement with the data shown in Figs. 44 and 45.

Figures 50(a) and (b) shows an HR-TEM image of the as-deposited and annealed
(450 °C) SiOC(-H)/p-Si(100) interface  structures, respectively. A  smooth
SiOC(-H)/p-Si(100) interface with a flatness comparable on an atomic scale was
observed for the as-deposited structure as shown in Fig. 50(a). However, a dense
layer appeared at the SiOC(-H)/p-Si(100) interface annealed at 450 °C, which is
attributed to the diffused state at the interface. This HR-TEM data is also in
agreement with the C-V characteristics of the bias-stressed as-deposited and annealed

MIS structures.
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2. Cu diffusion behavior in Cw/SiOC(-H)/p-Si(100) MIS structures

The low resistivity of Cu films compared to Al films helps reduce the resistance
and capacitance of an RC delay. The major problem with Cu metallization is its
high diffusivity in silicon, silicon dioxides and other dielectrics used in integrated
circuits. Therefore, it is important to develop an effective diffusion barrier between
the SiOC(-H) film and Cu to prevent Cu diffusion. This session investigated the Cu
diffusion behavior in low dielectric SiOC(-H) films. Cu/SiOC(-H)/p-Si(100)/Al, a MIS
structure, was subjected to BTS at various temperatures with a dc bias of 30 V. The
role of Cu” ions on the properties of the resulting SiOC(-H) films is discussed based
on the results of AES and HR-TEM.

Figure 51 shows the C-V characteristics of the Cu/SiOC(-H)/p-Si(100)/Al, MIS
structure annealed at various temperatures with a BTS of V=30 V at 225 °C. As
the BTS time increased, the Vjp shifted more towards the negative region of the C-V
curve. For example, with a BTS time of 40 min, the Vp was -15, -18 and -34 V
corresponding to the MIS structures annealed at 250, 350 and 450 °C, respectively.
A ‘decrease in inversion capacitance with different BTS conditions was observed
using p-type Si(100) substrates. All the annealed MIS structures showed clear
accumulation, depletion and inversion regions except for the sample annealed at 250
°C with a BTS time of 0 and 10 min. The difference in C-V characteristics might
be caused by the positive charge carrier due to chemical bonds, such as -CHj; or
Si-CH3 and Si-H, incorporated into the SiOC(-H) film with an annealing process. On
the other hand, the decrease in inversion capacitance might be caused by the
diffusion of Cu atoms, which can produce a deep donor level of 0.49 eV above the
valence bond. As a result, generation-recombination centers near the intrinsic levels
can reduce the carrier life in such a way that inversion capacitance increases the
oxide capacitance [87,88]. Prolonged BTS resulted in a significant Vp shift, a

decrease in inversion capacitance and a distortion of the C-V characteristics, as
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shown in Fig. 51. A positive flat-band voltage shift revealed an increase in the
positive charge (Cu') in the SiOC(H) film. Therefore, the drift diffusion of Cu’ ions
was studied carefully by determination of the shift in Vs in the C-V curve of the
MIS structures before and after BTS. The values of the flat-band voltage shift are

shown in Table 7.

Table 7. The values of the flat-band voltage shift of Cu’ ion in the SiOC(H) film.

Measurement temperature

175 °C 200 °C 225 °C
Annealing Stress time (min)
Temperature
10 20 40 10 20 40 10 20 40
Flat-band voltage shift (V)
250 °C 5.8 8.1 10 6.2 9.6 13.2 9.3 12.0 14.1
350 °C 53 6.9 11.9 5u) 11.2 17.1 9.3 14.5 17.5
450 °C 5.7 7.8 13.2 7.7 14 16.7 12.4 18.2 20.8
Measurement temperature
250 °C 276 °C
Anncaling Stress time (min)
Temperature
10 20 40 10 20 40
Flat-band voltage shift (V)
250 °C 10.2 13.7 17.7 13.6 22.6 -
350 °C 10.8 13.4 17.7 13.9 25.7 -
450 °C - - - - - -
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Figure 52 shows the flat-band voltage shift of the Cu’ ions (AVf +]) as a

bl Cu
function of the BTS time with various temperatures at an applied electric field of 2
MV/ecm for the Cu/SiOC(-H)/p-Si(100)/Al MIS structure. The SiOC(-H) films
deposited at RT were annealed at temperatures ranging from 250 to 450 °C. Every
data point represents the mean of 10 tested MIS structures. The MIS structures

stressed between 175 and 225 °C showed minor changes in the flat-band voltage of

the Cu’ ions (Y/fb[@+]) with changes in the stressing time, while the structures
stressed between 225 and 275 °C had a higher Aqu[ ] of Cu atoms, as shown in

Figs. 52 (a), (b) and (c). For the sample with the BTS of V=30 V at 225 °C, the

AV, cu+y values of the samples with the stress time of 20 min obtained about 12,

14.5 and 18.2 V at annealed temperature of 250, 350 and 450 °C. A significant V,

shift was observed with increasing post-annealing of the MIS structures and BTS
time. This may be due to the higher level of Cu' ions entering into the SiOC(-H)
dielectric film during the extended BTS treatment. However, for the MIS structure
annealed at 450 °C, the C-V characteristics failed under the BTS conditions of 250
and 275 °C, as shown in Fig. 48(C). The general trend clearly suggests the
continuous injection of Cu' ions and the rapid injection of Cu' ions at high
temperatures [89].

The drift rate of Cu’ ions can be determined from the gradients of the lines fitted
using the following expression to quantify the diffusion [90].

dlCu’] P Cox d(AVfb[Cuﬂ)

& q dt 62)

where [Ouﬂ is the Cu atom concentration per unit area, C,y is the dielectric stack
capacitor per unit area, and ¢ is the magnitude of the charge on an electron
(1.63><10'19 C). This equation assumes that the Cu’ ions drift to the SiO»/Si interface.
The initial drift rate is determined by the change in the electric field in the dielectric

with time due to the accumulation of Cu’ ions.
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Figure 53 shows Arrhenius plots of the Cu' ions drift rate in the
Cu/SiOC(-H)/p-Si(100)/Al, MIS structure at different annealed temperatures. The Cu’
ions drift rate of the samples with annealed temperature of 250, 350 and 450 °C
increased from 4.07x10° to 1.41x10" ions/cmzsec, from 9.12x10° to 5.25x10"
jons/cm’sec and from 3.73x10" to 5.75x10" jons/cm’sec as a function of the stress
temperature. The drift rate of the Cu' ions in the material increased with increasing
annealing  temperature. ~ The  estimated activation  energy (£,) of the
Cu/SiOC(-H)/p-Si(100)/Al MIS structures under BTS was 0.58, 0.26 and 0.22 eV at
annealing temperatures of 250, 350 and 450 °C, respectively, indicating a decrease
with increasing annealing temperature. The £E, values derived from the BTS
treatments for the Cu/SiOC(-H)/p-Si(100)/Al MIS structures were compared with those
reported previously [91]. The E, for the Cu’ ion in porous spin-on deposition (SOD)
dielectric (0.71£0.04 eV) was higher than that reported for the diffusion of the Cu’
ion in silica xerogels (0.42-0.55 eV) [92]. In addition, the E, of the Cu’ ion derived
for the low-density PECVD dielectric (0.84+0.05 eV) is comparable to that reported for
a similar dielectric type, such as MSQ (0.81 eV )[92] and methyl-doped SiO, (0.76
eV). For thermal SiO,, the E, of the Cu' ion was 1.02+0.12 eV, which is similar to
that reported by Shacham-Diamand et al. [87] (0.93+£0.2 eV) and slightly lower than
that reported by McBrayer et al. [93] (1.82 eV). In general, for field assisted
diffusion, the diffusion of the Cu’ ions will be greater than that induced by thermal
stress alone. Hence, the activation energy derived from the BTS experiments is
expected to be lower [94]. However, other parameters, such as the analysis procedure
used to derive the FE, temperature range, bias employed, and environment, may
produce different values.

The distribution of the atomic concentration was determined by AES analysis of
the as-deposited and annealed Cu/SiOC(-H)/p-Si(100)/Al MIS structures before and
after the BTS treatment, as shown in Fig. 54. In this figure, the symbols of an open
uptriangle, open circle and open diamond stand for the spectra of the Si, C and O

atoms for the deposited SiOC(-H) layer, while the symbol of the downtriangle stands
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for the spectrum of the Si atom for the substrate silicon. The SiOC(-H) films are
uniform in composition and have a smooth interface. The stoichiometric compositions
of the samples obtained were found to be SiO;;C,; when annealed at 250 °C and
350 °C while the composition SiO;,C;g was obtained at annealing temperature of
450 °C. However, the as-deposited sample showed a non-uniform structure with a
stoichiometric composition of SiO;(Cs;s. We can see that the impurity carbon atom
on the Cuw/SiOC(-H) surface were removed with sputtering in about 100 sec, which
is equivalent to the removal of a sample thickness of about 6 nm. The impurity
carbon atom was adsorbed into the Cu/SiOC(-H) surface, when the sample was
exposed to air. When the carbon atoms are sputtered around 100 to 850 sec, they
were contaminated partially during the deposition of Cu metal. The Cu/SiOC(-H)
interface of all the samples were seen to contain a mixture of Cu, O, C and Si
atoms, and the thickness was about 10 nm. The depth of the Cu diffusion layer was
about 8 nm for samples annealed at 250 °C and 350 °C while the BTS, with depth
of about 4 nm, was deeper than the BTS obtaining in the as-deposited sample, in
the absence of applied stress. Howerver, the depth of the Cu diffusion layer of the
sample annealed at 450 °C with BTS treatment is deeper, as shown in Fig. 54(b).
The AES data clearly shows that the diffusion rate of the atomic species involved
increased with increasing annealing temperature and BTS treatment [as shown in Fig.
54(a)]. A Cu atoms diffusing through the bulk may remain associated with SiO  or
continue diffusing, so it can either react to form a Cu silicide or a Cu oxide [95].
For example, as shown in the inset of Fig. 54(b), the chemical state of the O I1s-O
(KLL) plot of the Auger parameter band for silicon-oxygen compounds shows two
distinguishable energy states [as shown in the circular region in Fig. 54 (b)]. The
Cu,0/CuO metal oxide becomes the source for Cu'/Cu'" available for diffusion in
annealed samples with the BTS. In addition, the oxidation of Cu,O to CuO is slower
than the oxidation of Cu to CuO, as reported by Rodriguez et al. [96]. Therefore,
in such cases, the product of diffusivity and solid solubility of Cu’" in the oxide is

insignificant compared to that of Cu’ in the dielectric film [97]. Moreover, it can be
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assumed that primarily singly ionized Cu atoms are injected into the dielectric layer.
In other words, a notable red-shift in the kinetic energy was observed, which was
attributed to the larger amount of Cu atoms into the SiOC(-H) dielectric film. The
injection of Cu atoms leads to charge build up in the SiOC(-H) dielectric film and a
larger increase in the Vp in the C-V characteristics. When the concentration of Cu
atoms in the SiOC(-H) dielectric film reaches a critical value, a conduction path that
links the cathode and anode may form, triggering dielectric breakdown [96], as
observed in the case of the Cu/SiOC(-H)/p-Si(100)/Al MIS structure annealed at 450
°C. In addition, the C-V characteristics failed under the BTS of 250 and 275 °C, as
shown in Fig. 52(C).

The diffusion behavior of Cu atoms was further confirmed by HR-TEM. Figures
55(a) and (b) show an HR-TEM image of the as-deposited and annealed at 450 °C
Cu/SiOC(-H)/p-Si(100) interface structures, respectively. The Cu metal thickness of
Fig. 55(a) and 55(b) is about 35 nm. Smooth Cu/SiOC(-H) interface was observed in
the as-deposited structure, as shown in Fig. 55(a). However, a diffused interfacial
layer (about 10 nm) was observed in the Cu/SiOC(-H) interface annealed at 450 °C
after BTS treatment, as marked by the white arrow. Thickness of diffused interfacial
layer corresponds to thickness of Cu/SiOC interface determined by HR-TEM analysis.
The presence of Cu at the interface was confirmed. The diffused interface layer
increased with increasing annealing temperature and BTS treatment. This result agrees

to the C-V and AES data.
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Fig. 55. HR-TEM image of the Cu/SiOC(-H)/p-Si(100) interface structure for (a)
Non-BTS, and (b) after annealed at 450 °C with BTS.
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3. Electrical conduction at the Cw/SiOC(-H)/p-Si(100) MIS structures

Cu interconnect processes make large demands on a dielectric material’'s integrity,
such as with standing increasingly aggressive bias temperatures and minimizing metal
diffusion; otherwise, once metal ions penetrate into a low-k dielectric, the intrinsic
dielectric property will dominate the electrical performance of the interconnecting
system [98-101]. An important reliability issue associated with low-t£ materials is the
high leakage current. Knowledge of the nature of the carrier transport could provide
insight into leakage behavior and into the origin of the breakage processes. Thus, the
intrinsic electrical characteristics of low-k dielectrics are an important factor for
reliability and must be carefully assessed. In this session, the electrical conduction
mechanisms of Cu/SiOC(-H)/p-Si(100) MIS structures were investigated using their
temperature dependent 1-V characteristics.

Figure 56(a) shows the I-V characteristics of as deposited and annealed
Cu/SiOC(-H)/p-Si(100) MIS structures for various measurement temperatures. Most of
the MIS structures did not show breakdown until operating the electric field up to
3.7 MV/cm, excepting the as-deposited structure measured at 200 °C. This result
demonstrates that the annealing process (up to 450 °C) prevents breakdown even at
higher electric fields because annealing significantly changes the number of Si-OH
bonds and the amount of moisture trapped in the SiOC(-H) films, which influences
the orientation of the polarization in the film [102] and thus improves the interface
property. However, the leakage current densities of the as-deposited and the annealed
samples were found to increase with both increased annealing and measurement
temperatures. For example, the leakage current densities at 2 MV/em were 1.05x10”
and 6.18x107 A/em” for the as-deposited and the annealed Cu/SiOC(-H)/p-Si(100) MIS
structures, respectively. On the other hand, a significant increase (of about one order
of magnitude) of the leakage current density with increasing measurement temperature

was observed for the annealed samples, as shown in Fig. 56(a).
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The the leakage current density of the samples with annealed temperature of RT,
250, 350 and 450 °C increased from 1.05x10” to 2.04x10” A/em’, from 3.24x10” to
6.65x107 A/em’, from 6.04x10” to 4.75x10° A/em’ and from 6.18x107 to 2.19x107
A/em’ as a function of the stress temperature. This result is attributed to the higher
number of the Cu’ ions that had diffused into the SiOC(-H) dielectric film due to
high diffusivity at elevated temperatures. The leakage current increases with annealing
temperature due to thermally excited energetic electrons in the dielectric film. The
current densities of the Cu capacitors were about two or three orders of magnitude
higher than those of the Al capacitors, as we have previously described [103]. It has
been speculated that the Si-CHj;, Si-H, Si-OH, and -Si(CHj); bonds incorporated in
the DMDMS precursor can be broken in the thermally-induced SiOC(-H) dielectric
films, which in turn can significantly affect the interfacial properties and cause an
increase in copper diffusion [104]. Figure 56(b) shows the leakage current density at
an applied electric field of 2 MV/ecm as a function of the measurement temperature
for as-deposited and annealed MIS structures. The as-deposited MIS structures
showed an almost constant leakage current density as 1.5%x10° A/em® for various
measurement temperatures. However, the annealed MIS structures showed a rapid
increase of the leakage current density (by about one to two orders of magnitude)
with increasing measurement temperature. This is an important result because Cu has
a high diffusivity at higher temperatures and requires a diffusion barrier between the
Cu and the SiOC(-H) films [105,106].

The conduction mechanism of the Cu capacitor was investigated by examination of
the J-E data in terms of the Schottky emission (SE) and the Poole-Frenkel (PF)
mechanisms. The SE generated by the thermionic effect is caused by electron
transport across the potential energy barrier via field-assisted lowering at a
metal-dielectric interface [49]. The PF emission is due to ficld-enhanced thermal

excitation of trapped electrons from the insulation into the conduction band [49].

Figures 57 show the leakage current densities (J) versus E'Y? of the as-deposited

and the annealed Cu/SiOC(-H)/p-Si(100) MIS structures measured at various ,
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temperatures, respectively. As shown in Fig. 57(a), a linear relationship was obtained
from the InJ versus E /2 plot suggesting SE for mid-range electric fields (0.5 to
2.25 MV/cm) and the PF mechanism at higher electric fields (beyond 2.25 MV/cm)
[107]. The as-deposited MIS structure underwent a current transition from SE to PF
conduction. The current transition from SE to PF conduction of the samples with the
stress temperature of 150 °C and 200 °C has became as 2.5 and 2.0 MV/cm.
However, in the case of annealed Cu/SiOC(-H)/p-Si(100) MIS structures, only the SE
mechanism dominated, and the structures did not show any PF emission (see in Fig.
57(b)). Moreover, the temperature-dependent I-V measurements clearly demonstrated
the effect of Cu drift diffusion on the electrical properties of the porous SiOC(-H)
films. The leakage current densities of the two conduction mechanisms are expressed
as follows [49];

For Schottky emission;

ﬂSE E V2 ¢SE

A 2
J=A T?exp( o T

), (63)

Bsg= (63/471'606)1/2. (64)

where e is the electronic charge, ¢, is the dielectric constant of free space, € is the

high- frequency relative dielectric constant, A" is the effective Richardson’s constant,
T is the absolute temperature, ¢g, is the contact potential barrier height at the
surface, and k; is Boltzmann’s constant.

For the PF-dominated current density, we have

ﬂPF E1/2 - ¢PF

7= hesp( =), (65)
Bpp= (63/71'606)1/2. (66)
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where J = o E is the low field current density, o, is the low field conductivity, and
¢pp 1s the potential barrier height of the trap potential well. The PF transport
mechanism is a result of a lowering of the barrier height of traps in the dielectrics.
In order to determine which mechanism was dominant, the theoretical and the
experimental values of (¢, and (3, were extracted and compared (see Tables 8 and
9). The theoretical values were calculated using Eqgs. (63) and (60), taking the
measured dielectric constant of the SiOC(-H) films as the & value. The theoretical
and the experimental values of Bgy and [pp are listed in Tables 8 and 9. We
observed only the SE mechanism in our MIS structures; we did not measure the

experimental value of [pp.

By rearranging Eq. (63) into a relationship between In.J/T? and 1/7T, we calculated

the Schottky barrier height (¢pp) as follows:

J r * ]. ¢SE /BSE\/E

Table 8. The values of the dielectric constant and the constant [ for

Cu/SiOC(-H)/p-Si MIS structures.

Annealing Experimental e Theoretical [, Theoretical 3,
Temperature (C) (C-V) (x 10 Jem” V" ) (x 10* J em"™/V"?)
R.T 1.99 4.29 8.59
250 2.14 4.15 8.30
350 2.70 3.69 7.39
450 3.07 3.46 6.93
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Table 9. The experimental values of (g (x10%* ] cml/z/Vl/z) for as-deposited and

annealed Cu/SiOC(-H)/p-Si MIS structures measured at various temperatures.

Experimental (g, ( x 10> J em'*/V"?)
Annealing

Current measurement temperature (C)

Temperature ()

15 50 100 150 200
R.T. 3.97 3.88 4.92 7.23 7.61
250 3.73 3.72 3.84 391 3.70
350 4.23 3.73 3.71 3.75 3.77
450 3.78 3.75 3.69 3.74 3.81

Figure 58 shows the temperature dependence of the SE dominated leakage current
of the as-deposited and the annealed Cu/SiOC(-H)/p-Si(100) MIS structures. The
InJ/ T? versus 1/T plot shown in Fig. 58 clearly fits a straight line, as expected for
a thermionic emission. The InJ/T? values of all samples decreased as a function of
stress temperature 1/7". The Schottky barrier height could be calculated from a slope
of the InJ/T? versus 1/T plot. Figure 59 shows the relationship between the
Schottky  barrier height and the annealing temperature wused for the
Cu/SiOC(-H)/p-Si(100) MIS structures. The the Schottky barrier height of the samples
annealed at temperature of RT, 250 °C, 350 °C and 450 °C obtained 0.326, 0.281,
0.233 and 0.145 eV. The value of ¢y decreases with increasing annealing
temperature. The trap height of the PF conduction mechanism for the as-deposited
Cu/SiOC(-H)/p-Si(100) MIS structure was calculated to be 0.365 eV, which is higher
than the Schottky barrier height of 0.325 eV. As there was no noticeable PF
mechanism in the annealed MIS structures, we could not calculate the PF trap height

for those samples. Many factors affect the barrier height, such as the work function
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of the electrode metal, the electron affinity of the dielectric film, and the surface
states. Nevertheless, the decrease in barrier height and the increase in both the
leakage current density and the dielectric constant of the SiOC(-H) film are attributed
to the penetration of Cu’ ions.

In order to evaluate electrical conduction at much higher temperatures, the samples
annealed at temperature of 500 °C. Figure 60 shows the leakage current density of
the Cu/SiOC(-H)/p-Si(100) MIS structures annealed at 500 °C measured at various
temperatures. All samples showed a breakdown voltage. The breakdown field strength
decreased with increasing measurement temperature, as shown in Fig. 60. The
breakdown field is about 2.35, 2.06, 191, 1.87 and 1.59 MV/cm for the
measurement temperature of 15 °C, 50 °C, 100 °C, 150 °C and 200 °C. Therefore,
the breakdown field of the sample measured at low temperature was much higher
than that measured at high temperature. These results are attributed to the injection
of Cu’ ions into the SiOC(-H) dielectric film, thereby deteriorating the film’s quality.
The leakage current density and the electrical degradation originated either from bond
(Si-H and Si-OH) breakage of the SiOC(-H) dielectric film due to Cu’ ion drift or

from impact ionization due to injected electrons. The inset of Fig. 60 shows a plot

of InJ/E? as a function of 1/E. Linear regions were obtained beyond electric fields
in the range between 1.2 and 2 MV/cm, corresponding to various measurement
temperatures, indicating Fowler-Nordheim (FN) tunneling just prior to dielectric
breakdown. Table 10 shows the FN tunneling region corresponding to various
measurement temperatures. Tunneling plays an important role in dielectric breakdown,
and the high thermal (annealing and measurement temperature) stress in the tunneling

region is a major cause of the dielectric breakdown in the SiOC(-H) film [108,109].
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temperatures (inset: plot of In.J/E? versus 1/E showing Fowler-Nordheim tunneling

prior to dielectric breakdown).
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Table 10. Fowler-Nordheim tunneling region of the Cu/SiOC(-H)/p-Si MIS structures

annealed at 500 °C for various measurement temperatures.

Current measurement Fowler-Nordheim tunneling
temperature (°C) region field (MV/cm)
15 222 ~ 2.28
50 1.62 ~ 2.06
100 1.34 ~ 1.91
150 1.06 ~ 1.87
200 0.68 ~ 1.59
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Chapter VII. Frequency Dependent C-V and G/w-V Characteristics
of Low-k SiOC(-H) Films

The physical and the electrical properties of MIS structures strongly depend on the
preparation conditions of the films and on the formation of interfacial layers. In
addition to I-V measurements, the C-V and the G/w-V characteristics of MIS
structures have been extensively studied to determine the effects of the interfacial
layer on the characteristics of MIS structures [110-114]. The electrical properties at
the interface of a low dielectric/semiconductor SiOC(-H)/p-Si(100) structure are
known to influence the characteristics of the device. The performance of an MIS
structure depends on various factor, such as the presence of localized interface states
at the SiOC(-H)/p-Si(100) interface, cleaning, the interface preparation process, the
metal to-semiconductor barrier height, the interfacial dielectric layer formation, and
the series resistance [115,116]. Therefore, if these issues are to be better understood,
a more detailed investigation of the interface state of the SiOC(-H)/p-Si(100) structure
based on frequency dependence is required. In this session, the electrical and the
dielectric properties of an Al/SiOC(-H)/p-Si(100)/Al MIS structure were studied using
C-V and G/w-V measurements over a frequency range from 1 kHz to 5 MHz. We
examined the frequency dependence of the AIl/SiOC(-H)/p-Si(100)/Al MIS structure
and calculated the series resistance, the dielectric constant, the dielectric loss, the loss
tangent, and the ac electrical conductivity by applying the admittance method.

Figures 61(a) and (b) show the frequency dependence measurements of the C-V
and G/w-V characteristics of Al/SIOC(-H)/p-Si(100)/Al structures at room temperature,
respectively. As shown in Fig. 61(a), each C-V curve has three regimes of
accumulation-depletion-inversion region, but with a considerable voltage-axis shift due

to the presence of interface states. The flat band voltage shifted more towards the
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Fig. 61. (a) C-V and (b) G/w-V characteristics of the Al/SiOC(-H)/p-Si(100)/Al MIS

structures measured at different frequencies.

157

Collection @ jeju



negative region of the C-V curve with increasing measurement frequency. In the
accumulation region for a given applied bias voltage, the capacitance increases with
decreasing measurement frequency. The capacitance of such an inhomogeneous layer
at the semiconductor-dielectric interface [p-Si(100)/SiOC(-H)] acts in series with the
dielectric capacitance, thus causing frequency dispersion. This effect occurs because at
lower frequencies the interface states can follow the ac signal and yield an excess
capacitance, which depends on the frequency. The applied ac signal causes the Fermi
level to oscillate about the mean positions governed by the dc bias, when the MIS
structure is in the depletion region [117]. In the high-frequency limit (f>100 kHz),
however, the interface states cannot follow the ac signal. This makes the contribution
of the interface state capacitance to the total capacitance negligibly small [117]. As
can be seen in Fig. 61(b), the values of conductance give a peak in each frequency
of about -1 V. Such a behavior of the G/w peaks was attributed to a particular
distribution of interface states between SiOC(-H)/p-Si(100) interface. Additionally,
appreciable frequency dependent dispersion is evident at the depletion region. As
shown in Figs. 61(a) and (b), C and G/w are more sensitive to frequency, at
relatively low-frequencies, the value of C decreases with increasing frequency whereas
the value of G/w increases with increasing measurement frequency. The values of
various parameters for the MIS structures were determined from the C-V and G/w-V
characteristics at various measurement frequencies at room temperature and are given
in Table 11. As shown in Fig. 61(a), the capacitance of the Al/SiOC(-H)/p-Si(100)/Al

MIS structure was strongly dependent on the values of series resistance ([7,), the
density of interface states (/N,,) and the frequency of the ac signal superimposed on
the dc applied bias (see Table 11). The higher values of C' at low frequencies are
due to excess capacitance (C,) resulting from the N, in equilibrium with Si. In

order words, at low frequencies, the N, state can follow the ac signal and

consequently do contribute appreciably to the MIS capacitance. The G/w-V

characteristics of the MIS structure at different frequencies (in Fig. 61(b)) increase
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Table 11. The values of various parameters for Al/SiOC(-H)/p-Si(100)/Al MIS

structures determined from C-V and G/w-V characteristics at the different

frequencies.
f(kHz) Va (V) C (F) Glo (F) Ny (eV'em?) R, (Q)
1 0.1 5.59x 107" 3.06x 10" 3.99x 10" 1.19 x 10°
5 0.6 5.67x 10" 2.14x 10" 3.05x 10" 185509
10 0.9 4.96x 107" 1.67x 107" 1.82x 10" 96640
50 -1.8 6.11x 10" 1.27% 10™" 2.42x 10" 10399
100 2.6 6.52x 107" 1.09x 107" 2.69x 10" 3982
1000 3.6 7.09x 107" 1.28x 107" 5.80x 10" 394
5000 4.8 7.26x 10" 3.08x 10" 2.11x 10" 195

with increasing frequency. These behaviors may be different at low and intermediate

frequencies, depending on the relaxation time the of /V,, states and the frequency of

the ac signal. From the above discussion, it can be concluded that under applied bias
voltage (V), the interface states are responsible for the observed frequency dispersion
in C-V and G/w-V curves. Depending on the relaxation time of the interface states
and the frequency of the ac signal, there may be a capacitance due to interface
states in excess of the depletion layer capacitance.

In order to extract the value of R, in the MIS structures, several methods have

been suggested [118,119] and we have used the following expression to calculated the

R,

S

Gma

R = ,
i ana-l-(a)Cma)Q

(68)
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Where C and G, represent the measured capacitance and conductance,

ma
respectively in the strong accumulation region. By comparing the imaginary and real

part of the corrected admittance one can obtain the corrected capacitance (C.) and

conductance (G,) as the following [118],

(O - , 69
T Tt (69
N Gm+(a)Cm)2a 20
= a2+(ow)2 . (70)
where
a=C,—[G2+(wC,)*R, (71)

In this study, The value of R, for the Al/SiOC(-H)/p-Si(100)/Al structures for the
various experimental parameters was calculated. Figure 62(a) shows the R, as a
function of applied voltage for the various frequencies. As can be seen in Fig. 62(a),
the R, gives a peak depending on the frequency in the voltage range about -1 to 1
V and this peak disappears at sufficiently high frequencies. Also, we obtained the
frequency dependent 7, at various reverse bias voltages as shown in Fig. 62(b). It is
clearly seen in Fig. 62(b) that the R, is independent of voltage at high frequencies

(=50 kHz). As a result of that, we can say that at sufficiently high frequencies the

N__ states cannot follow the ac signal and consequently cannot contribute to the MIS

58
capacitance.

In order to obtain the real MIS capacitance and conductance or correction
capacitance (C.) and conductance (G./w), at two different high frequencies for both
the C-V and G/@w-V characteristics measured under forward and reverse biases, were

corrected for the effect of R, by using Egs. (69) and (70).
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Figures 63(a) and (b) show the voltage dependent plot of the corrected C.-V and
G/w-V for two frequencies (1 and 5 MHz), respectively. When the correction was
made on the C-V plot for the effect of R, the values of the corrected capacitance
almost remains the same with decreasing voltage, especially under reverse bias. The
accumulation region is shown enlarged in the inset of Fig. 63(a). On the other hand,
the plot of the corrected conductance increased slightly with decreasing voltage,
especially under reverse bias. The accumulation region is shown enlarged in the inset of
Fig. 63(b). The plot of the corrected conductance gives a small peak, proving that the

charge transfer can take place through the interface. The frequency and applied

voltage dependence of the dielectric constant (E/), dielectric loss (6”), dielectric loss

tangent (tand) and ac electrical conductivity (o,) of Al/SiOC(-H)/Si/p-Si(100)

structures were determined for the various frequencies from the following expressions

[120,121].
..
G = c (72)
where
Cy=€4(A/d,,) (73)

A is the area of the sample, d,, is the interfacial dielectric layer thickness and ¢, is
the permittivity of free space (60=8.85><10'14 F/cm). In the strong accumulation
regions, the maximum capacitance of the MIS structure corresponds to the oxide
capacitance (C,, = C, ). The imaginary part of the dielectric loss (e”) is determined

from the knowledge of the measured conductance G, by use of the following

relation,

€'=—— (74)
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Fig. 63. The voltage dependent plot of the corrected (a) C-V and (b) G/w-V for the

frequencies 1 and 5 MHz. Inset showing the enlarged part of the accumulation

region.
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Then the dielectric loss tangent (tand) was calculated from the relation,

4

tand= 66—, , (75)

and, the ac electrical conductivity (o,.) was evaluated using the following expression,
0,.=wCtand (d/A) =€ we,. (76)

The frequency dependence of the ¢, ¢ and tand of the Al/SiOC(-H)/p-Si(100)/Al

MIS structures are presented in Figs. 64(a) and (b), respectively. From the calculated
values of capacitance and conductance, the values of the e/, ¢ and tand were found
to be strongly influenced by the measurement frequency. As can be seen from the
Fig. 64(a), the value of ¢ decreases with increasing frequency whereas the dielectric
loss € showed an opposite trend to that of the ¢. This is the normal behavior of a
dielectric material [SiOC(-H)]. The value of ¢ and ¢ were found to be of 2.68 and
0.07 measured at 1 kHz. This result shows that the strong low-frequency dispersion,

that characterizes the frequency dependence for the € and € of
Al/SiOC(-H)/p-Si(100)/Al MIS structures which is in consistent with the data as
shown in Fig. 64(a). However, in general, there are four possible mechanisms that
may be contribute to the low-frequency dielectric behavior of MIS structures. These
mechanisms involve the electrode interface, the ac electrical conductivity, the
dipole-orientation and the charge carriers [117]. In principle, at low-frequencies and
temperature, all the four types of polarizations processes, i.e., the electronic, ionic,
dipolar, and space charge polarization contribute to the values of ¢ and €. On
raising the frequency, the contributions of the space charge, dipolar or the ionic

polarization become ineffective leaving behind only the electronic part. Furthermore,

the decrease in € with increasing frequency can be explained by the fact that as the
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frequency was raised, the space charge polarization had less time to orient themselves

in the direction of the alternating current field. However, the value of € increases
with increasing frequency, which can be attributed to the high interface traps formed
at the SiOC(-H)/p-Si(100) interface that adversely influences the electrical properties
[117]. In our work, we can conclude that the Si-O bonds can be converted to Si-C
by addition of the -CH; groups giving rise to compensation of the positive and
negative charges at the interface, as a result, the reduction of interface states arises
[122,123]. The variation of the loss tangent (tand) with respect to frequency of
Al/SIOC(-H)/p-Si(100)/A1 MIS structure is shown in Fig. 64(b). As shown in Fig.
64(b), the value of tand increases with increasing frequency in the range of 1 kHz
to 5 MHz. Theses experimental results revealed that the values of the el, ¢ and tand
had a strong dependence on the measurement frequency. The capacitance of the MIS
structure at high frequencies in the accumulation region is controlled basically by the
dielectric properties of the bulk insulator [124].

Figure 65 illustrates the dependence of the ac electrical conductivity on the
frequency. This figure depicts the variation of the ac electrical conductivity (o,.) with
frequency (in the frequency range 1 kHz-5 MHz) at room temperature for the
Al/SiOC(-H)/Si/p-Si(100) MIS structure. It was found that the ac electrical
conductivity generally increases with increasing frequency and especially of note was
the sharp increase in o, after about 1 MHz. Similar behavior was also observed in
previous literature [124-126]. This behavior can be attributed to a gradual decrease in
R, with increasing frequency.

The C and G/@w of Al/SiOC(-H)/Si/p-Si(100) structure as a function of frequency at
a fixed gate voltage was measured. Figures 66(a) and (b) show the capacitance (C)
and conductance (G/w) in the depletion and the weak inversion region as a function
of frequency in the voltage range from O to 5 V in steps of 1 V. As can be seen
from Figs. 66(a) and (b), the measured values of C and G/w at the depletion region

decrease with increasing frequency in the frequency range of 1 kHz to 1 MHz. From
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this figure, it was observed that the changes in C and G/w take place over a wide
frequency range. Also the measured C in the weak inversion region increased rapidly
at low frequency and then decreased gradually for further increases in frequency.

This behavior is attributed to the presence of a continuous distribution of NV, , which

CER

leads to a progressive decreasing response of the N, with the applied ac voltage

[127]. However, the measured G/@ follows a similar trend for both the depletion and
weak inversion region in a decreasing manner with increasing frequency. In addition,
the higher values of C and G/w at low frequency are due to excess capacitance and

conductance resulting from the NN, states being in equilibrium with the

semiconductor so that they can follow the ac signal. It can be concluded that under
forward bias (0-5 V) the interface states are responsible for the observed frequency
dispersion in the C-V and G/w-V curves.

Figure 67 shows the variation R, as a function of frequencies measured at the

fixed gate voltages in the depletion and the weak inversion regions. Thus, R

depends strongly on the applied voltage at a frequency less than 50 kHz. Also, at
high frequencies, /=100 kHz, the charges at the interface states cannot follow an ac
signal. From this data, it is clearly seen that the R, is dependent both frequency and
voltage and changes from region to region. These behaviors suggest that the trap
charges have enough energy to escape from the traps located at AIl/SiIOC(-H)

interface in the Si band gap [128].
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Chapter VII. Conclusion

In this research, low-k SiOC(-H) thin films were deposited on p-Si(100) substrates
by using PECVD with DMDMS precursor and oxygen gas precursors. The diagnostic
of bulk plasma states were analyzed by the Langmuir probe and optical emission
spectroscopy during the film deposition. The bonding characteristics and the chemical
groups present in the SiOC(-H) films were investigated with FTIR spectroscopy in
the absorbance mode and the XPS. I-V and C-V characteristics of the SiOC(-H)
films were measured for the MIS structure, Cu(Al)/SiOC(-H)/p-Si(100), in order to
study the interface behavior. Comparative studies concerning the structural and the
electrical properties were discussed based on the formation of the SiOC(-H) film.

1) During the plasma polymerization, the reactive species are dissociated and then
deposited on the Si substrate to form the SiOC(-H) film. As the rf power increased
from 100 to 800 W, the corresponding N. and 7. were found to be increased from
6.23x10° to 1.22x10" em” and from 1.57 to 2.03 eV, respectively. This elevated
electron density at higher rf powers leads to a higher deposition rate of the
SiOC(-H) film. Also, a complete dissociation of the precursor had taken place for rf
powers greater than 500 W. As a result of this process more radicals and ions had
been created. From this result, we can infer that the electron density increase and
more radicals are produced when the rf power is increased.

2) The FTIR spectra of all samples deposited with various conditions, such as flow
rate ratio, rf power and substrate temperature, were generally broad and overlapping
due to the complex stoichiometry and the amorphous nature of the films. The
characteristic band of all SiOC(-H) films showed absorption bands due to Si-O-Si
(around 1055 cm™), Si-O-C (around 1055 cm™), Si-CH; (around 950 and 1250 cm™),
CH, (1457 and 2955 cm™) and -OH (around 3200 to 3700 cm) in addition to those
of the Si substrate. There is a shoulder at 1150 cm’ in all the absorption spectra,

which was assigned to the broad Si-O-C peak corresponding to the Si-O-C cage-link
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structure and resulting in a more porous nature in the SiOC(-H) film.

3) As the applied rf power was increased, the -CHs; groups present in the
DMDMS precursor dissociated into smaller reactive species such as CH, C and O,
without the formation of CH, and CH; radicals and then the CH radical dissociated
further into C, He., and Hp radicals, respectively. The O,-Si-(CH3), and O3-Si-CHjs,
0;-Si-(CH3); and C-C/C-H bonding configurations of the SiOC(-H) film increased in
number with increasing rf power, whereas the Si-O, bond decreased in number.
These bonding structures help to reduce the k& value of the SiOC(-H) films. The
dielectric constant of the SiOC(-H) films decreased as the rf power was increased
due to the incorporation of Si-C related bonds attributed to the lower dipole
polarizability. The film deposited with an rf power of 700 W showed the lowest
dielectric constant of 2.21 and a refractive index of 1.33. Furthermore, the best
leakage current density achieved was about 2.7x10° A/em’ at 1 MV/em.

4) When the flow rate ratio was increased from 50 to 100%, chemical shifts were
observed both in the FTIR and XPS data. An increase in the DMDMS precursor
flow rate gives rise to a structural rearrangement through the addition more carbon
atoms in the Si-O-Si network chain during the formation of the SiOC(-H) film. This
result indicates that the cage-linked structures of the Si-O-C bond are able to
produce a nano-porous structure, which results in a lower film density and, hence, a
low dielectric constant. The electrical characterization of the SiOC(-H) films revealed
improved properties with increasing precursor flow rate ratio. This effect indicates
that the flow rate influences the formation of the interface and that with increasing
of flow rate, the Si dangling bonds at the interface were decreased in number due to
the incorporation of carbon atoms, which resulted in an improvement of the interface
of the SiOC(-H)/p-Si(100) structure. A dielectric constant as low as 2.1 was obtained
for the as-deposited SiOC(-H) films prepared with a flow rate ratio of 100%. The
leakage current density was found to be 3.7x10” A/cm’.

5) In order to investigated the influence of the substrate temperature on the

properties of SiOC(-H) films, the films were deposited at wvarious substrate
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temperatures with an rf power of 700 W and a working pressure of 700 mTorr. The
chemical and structural nature of these films was characterized by XPS and FTIR.
The results obtained indicated that the SiOC(-H) films exhibit clearly distinguished
bonds of the type Si-O-Si and Si-O-C. As the substrate temperature was increased
the dielectric constant of the SiOC(-H) film also increased due to Si-C bonds being
broken, leaving the film rich in Si-O bonds. The lowest dielectric constant and
refractive index of the films deposited at room temperature were found to be 2.22
and 1.36, respectively.

6) The detailed mechanical properties of the SiOC(-H) thin films prepared with
different substrate temperatures and deposited on p-type Si(100) substrates by using
PECVD with DMDMS and oxygen gas as precursors. Nanoindentation studies were
carried out to determine the mechanical properties of the SiOC(-H) films. The
hardness and the elastic modulus of the SiOC(-H) films prepared with different
substrate temperatures were measured to be in the range from 2.25 to 4.5 GPa and
from 20 to 35 GPa, respectively. The values of the hardness and elastic modulus
were observed to increase with increasing substrate temperature. From the analyses of
a typical FTIR absorption spectra over the range of 400 to 4000 cm’, the SiOC(-H)
films showed various bonding configurations, such as the Si-O-Si(C), the Si-CHs, the
-OH and the CH, bonds in the films. This result implies that the -CH; group in the
SiOC(-H) film, as an end group, was broken when the substrate temperature was
increased, thereby reducing the film density and increasing the values of the
measured mechanical properties.

7) The interface state density, the fixed charges, and the trapped charge density
were calculated for the Cu/SiOC(-H)/p-Si(100)/Al and Al/SiOC(-H)/p-Si(100)/Al MIS
structures under an electrical bias stress for different time durations. The positive
shift of Vjy after applying bias stress implies that electron trapping has occurred for
both Cu and Al metallization of the SiOC(-H) films. As the annealing temperature
was increased, both the capacitance value and Vj increased for the Cu and Al MIS

structures. Both MIS structures revealed mostly a similar energy distribution of the
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density of interface states before and after electrical bias stress for different durations.
The fixed charge increased from 1.6x107 to 2.5x10” cem > for Cu/SiOC(-
H)/p-Si(100)/Al structures and from 0.6x10"> to 2.7x10” cm > for AlSIOC(—
H)/p-Si(100)/Al structures with increasing annealing temperature. This effect was
caused by the stress-induced charges generated at the interface of the MIS structures.
The interface state density of the Cu/SiOC(-H)/p-Si(100)/Al MIS structure gradually
increased with both increasing annealing temperature and stressing duration. However,
the interface state density of the Al/SIOC(—H)/p-Si(100)/Al MIS structure was not
significantly affected by either the annealing temperature or the duration of the stress.
8) The diffusion phenomena of Cu’ ions in the SiOC(-H) films with the
Cu/SiOC(-H)/p-Si(100)/Al1 MIS structures after annealing was evaluated by C-V
measurements with a flat-band shift caused by bias-temperature stress (BTS). The
C-V curve revealed a shift in the Vj due to Cu' ion diffusion in the SiOC(-H)
dielectric film. The Vp corresponding to the MIS structures annealed at 250, 350 and
450 °C with a BTS time of 40 min was -15, -18 and -34 V, respectively. The
activation energies (£,) of the Cu/SiOC(—H)/p-Si(100)/Al MIS structures under BTS
at annealing temperatures of 250, 350 and 450 °C were 0.58, 0.26 and 0.22 eV,
respectively. The diffused interface layer increased with increasing annealing
temperature and BTS treatment. The drift diffusion experiments indicated that the Cu’
ion drift rate in the SiOC(-H) films increased with increasing annealing temperature.
9) The electrical conduction mechanism of the as-deposited and the annealed
Cu/SiOC(-H)/p-Si(100) MIS structure was considered as a function of the applied
electric field measured at different temperatures, The leakage current densities of the
as-deposited and the annealed MIS structures increased with both increased annealing
and with increasing measurement temperature. The current densities of the Cu
capacitors were about two or three orders of magnitude higher than those of Al
capacitors. As-deposited MIS structures showed the two kinds of the electrical
mechanisms; namely, SE mechanism for midrange electric fields (0.5 to 2.25 MV/cm)

and PF emission mechanism at higher electric fields (beyond 2.25 MV/cm). In
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contrast, the annealed MIS structures showed only SE conduction. The value of the
Schottky barrier height decreased with increasing annealing temperature. The Schottky
barrier height decreased from 0.326 eV for the as-deposited MIS structures and to
0.145 eV for the MIS structures annealed at 450 C. The PF barrier height for the
as-deposited Cu/SiOC(-H)/p-Si(100) MIS structure was calculated to be 0.365 eV. All
samples showed voltage breakdown after annealing at 500 ‘C. The breakdown field
strength decreased with increasing measurement temperature. Form these results and
the FTIR analysis, we can infer that the leakage current density and electrical
degradation originated either from the bond (Si-H and Si-OH) breakage of the
SiOC(-H) dielectric film due to Cu' ion drift or from the impact ionization due to
injected electrons.

10) The series resistance, dielectric constant, dielectric loss, loss tangent and ac

electrical conductivity of the Al/SIOC(-H)/p-Si(100)/Al MIS structures were calculated.

R, strongly depended on the applied voltage for frequencies less than 50 kHz. ¢

S

decreased with increasing frequency whereas the dielectric loss ¢ showed a trend

opposite to that of €. The values of ¢ and e were calculated as 2.68 and 0.07,
respectively at 1 kHz. The ac electrical conductivity increased with increasing
frequency. From these results, we knew that the behaviors of the dielectric properties
of the SiIOC(-H) film were strongly influenced by the frequency due to the presence
of interface states, the fixed surface charge, and the series resistance of the
Al/SiOC(-H)/p-Si(100)/Al MIS structure.

11) In our study, the high quality SiOC(-H) films formed at an rf power of 700
W and the flow rate ratio of 80% by using PECVD with DMDMS and oxygen gas.
The SiOC(-H) films had a low dielectric constant of about 2.1, which the bonding
structure have a cross-linking structure with nano-pore due to the combined Si-CH,-Si
bond and Si-O-Si network. Futhermore, we defined the interface charge phenomena
and the Cu’ ion diffusion in the SiOC(-H) film at the Cu(Al)/SiOC(-H)/p-Si(100)/Al

interface under electrical bias stress for different time durations.
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