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Abstract

An electron cyclotron resonance (ECR) microwave plasma processing
system consisting of a plasma chamber and a processing chamber as well as
a new apparatus called the "species selector and energy controller (SSEC)"
is described in detail. Silicon dioxide (SiO») films fabricated using this
system without and with the SSEC are used for various experiments to
demonstrate that the SSEC can effectively suppress the damaging effects
resulting from the bombardment on the substrates and the on-growing
films by energetic particles and photons produced in the plasma during
film deposition, as well as effectively reduce the upstream diffusion of the
reactant gas from the processing chamber to the plasma chamber thus
suppressing the formation of microdust particles due to the heterogeneous
gas phase reaction. The growth for the films fabricated without the SSEC
is due mainly to mass-limited reaction and that with the SSEC is due to
surface rate-limited reaction. The electronic properties of the SiO, films
fabricated with the SSEC at temperatures higher than 250 °C approach
those of high-quality thermally grown silicon dioxides for a range of film

thicknesses from 100 A to 1000 A under this investi gation.

The current-voltage (I-V) characteristics follow closely the Fowler-
Norheim (FN) relation implying that at least in this region the motion of
the electrons is controlled by their interaction with the lattice rather than
by their interaction with traps in the forbidden gap, and that the injected
electrons may travel quite a distance before being effectively trapped.
There is no evidence of electron impact ionization taking place prior to

dielectric breakdown. After the onset of FN injection, the current density

v



in the leading filament could reach a value as high as 10 A/cm? at the
breakdown field, which could therefore cause thermal instability in the
filament. Dielectric breakdown may be initiated by thermal destruction
and followed by impact ionization leading to a sharp increase in current at

the breakdown field.

The effects of microwave plasma radiation on properties of metal
oxide silicon (MOS) systems have also been studied. The effects are
strongly dependent on the temperature during radiation, indicating that
there are two processes takin(;z place during radiation; one is the defect-
creation and the other is the defect-annihilation. However, most of the
radiation-induced defects and charges can be annealed out by a standard

post metallization annealing (PMA) treatment.
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1

Introduction

The basic device for very large scale integrated (VLSI) circuits is the
metal oxide silicon field effect transistor (MOSFET), and the basic
insulator material for this device is the silicon dioxide film. The
conventional method for fabricating SiO, films is based on thermal
oxidation of silicon, which involves a temperature of about 1000 °C. Such
high temperature processing gives rise to severe temperature sensitive and
diffusion related problems for microelectronic devices, and thus
temperature or the process thermal budget is one of the major limiting
factors for high density, high performance, and short channel MOS VLSI
[1.1]. The process thermal budget is related to the maximum time at a
given processing temperature that can be tolerated while retaining adequate
control of dopant diffusion, particle contamination, thin film uniformity,
and reproducibility for the grown or deposited layers. For the deposition
of thin films the thermal budget can be reduced by the use of low
temperature plasma processing. Among many techniques so far put
forward for the deposition of thin films, the plasma enhanced chemical
vapor deposition (PECVD) technique has been considered to be one of the
most flexible for depositing or etching dielectric and semiconducting
films of various compositions and properties. Because of its flexibility the
plasma processing technique opens a new direction in the future for ultra
large scale integrated (ULSI) circuit fabrication, for which a cluster of

multi-processing chambers is integrated into a closed system [1.2, 1.3], to
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minimize foreign particle contamination and to prevent harmful chemical

waste from leaking out to the environment.

There are three different types of PECVD, systems available at
present, namely, the direct PECVD |1.4], the remote PECVD [[.5], and the
downstream PECVD [1.6]. For the direct PECVD the substrates are
located in the region where activated species are produced for the reaction
at the substrate surfaces to form thin solid films. Because of the direct
exposure to the plasma, the ionic and electronic bombardment can be
utilized to densify the bulk of the films, which is beneficial for some
applications such as the fabrication of hydrogenated amorphous silicon
films [1.7,1.8]. However, this technique has some drawbacks such as the
micro-dust particles formed due to heterogeneous gas phase reaction,
which tends to stick on the growing film surfaces causing an uneven or
rough surface profile. Furthermore, the ionic bombardment would
damage the substrates and the on-growing films during deposition. Plasma
is also a source of energetic photon radiations such as soft-X ray and
ultraviolet light. These radiations have been known to be harmful to the
properties of electronic devices fabricated using silicon based materials
[1.9-1.15]. For the remote PECVD, the substrates are placed close to the
plasma region but are not in contact to the plasma itself. In this case an
external energy source is used to produce a plasma containing activated
species. These activated species are then allowed to react with the reactant
gas, which is injected in front of the substrate surface. With this technique,
the effects of ionic and electronic bombardment on the substrates and the
on-growing films can be greatly reduced but the effects of photon radiation

prevail. For the downstream PECVD, the substrates are located far away
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from the plasma region where they do not see the plasma; so that, the
growing films are not subjected to the bombardment of any energetic
particles including photons. However, another drawback is that the
activated species may lose a large portion of their energy during
transportation to the substrate surface, which may cause a reduction in
their reaction rate at the substrate surface. It should be noted that all the
above processes are performed in an open channel where the reactant gas

such as SiHy is free to diffuse upstream toward the plasma region.

The PECVD techniques which have been used in industry employ
radio-frequency (rf) radiations for plasma excitation of a gas mixture.
Microwave frequency radiations have also been used for plasma excitation
in recent years. Microwave plasmas under ECR conditions have been used
as ion sources [1.16, 1.17]. Subsequently, these ion sources have been
further developed into plasma enhanced or activated chemical vapor
deposition [1.4, 1.7] and plasma etching [1.18-1.20] systems based on the
interaction of relatively energetic ions and activated species with the

substrate surface.

In low temperature deposition of SiO, films using ECR microwave
plasmas in the past seven years, it has been found that microdust particles
are always formed during film deposition although silane is injected at a
downstream position. As a result, the deposited films usually yield poor
current-voltage (I-V) and capacitance-voltage (C-V) characteristics though
some physical properties of the films are similar to those of thermally
grown SiO; films. Trial and error experimental experiences have led to
the conclusion that to deposit good quality thin SiO, films, three conditions

must be met: i) the system must be able to prevent the back diffusion of
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SiHy4 from entering the plasma region in order to reduce the heterogeneous
gas phase reaction due to the discharge of SiH4 to form microdust particles
in the plasma chamber; ii) the system must be able to suppress all of the
energetic particles from bombarding the substrates and the on-growing
films in order to reduce damage on the substrate surfaces and defects in the
bulk of the films; and iii) the system must be able to provide sufficient
activated species for the chemical reaction taking place at the substrate

surface in order to maintain a good reaction rate for film deposition.

In this thesis, new approach to meet these three conditions for the
deposition of silicon dioxide films will be described. In chapter 3, It will
be shown that with a proper control of the species generated in the plasma
such as electrons, ions, and excited atoms, silicon dioxide films with high
quality similar to thermally grown dioxide can be fabricated by the ECR
microwave plasmas. Chapter 2 presents a brief review of literature related
to the fabrication techniques and properties of silicon dioxide films. In
chapter 4, the effects of deposition parameters on the properties of SiOy/Si
systems are discussed in some detail. A great deal of work reported in the
past few years has dealt with the SiO, films with thicknesses of 300-500 A.
Film thicknesses below 500 A may be used as gate oxide layers for MOS
devices, while thicker films with thicknesses 500-1000 A may be used as
isolation layers for multi-level metalization in VLSI. One of the objectives
in this investigation is to find out whether the dielectric behavior is film-
thickness dependent in the thickness range potentially used for
microelectronic applications, and if so, to study the electron-trap
interaction through this thickness dependence. The results and discussion

about this thickness dependence are given also in chapter 4. Since the
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effects of microwave plasma radiation are important because in practice

PECVD or etching of films may involve the exposure of devices to plasma

even for a short period of time. A study of these effects has been carried

out.

Chapter 5 deals with this subject. The final conclusions of this

research are given in chapter 6.
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Review of Literature Related to Fabrication
Techniques and Properties of Silicon Dioxide Films

In general, (wo common techniques for the synthesis of silicon
dioxide (Si0;) films in the microelectronic industry are the thermal
oxidation and the chemical vapor deposition (CVD). The thermal
oxidation process is well established, but under certain conditions it is
limited by the process thermal budget. The CVD processes, especially the
plasma enhanced CVD (PECVD) processes, provide a much lower process
thermal budget. However, the PECVD processes are still not fully
developed and understood. The following is a brief review of the PECVD
processes presently available and the properties of SiO, and SiO,-Si

systems.

2.1 Plasma enhanced chemical vapor deposition

The film deposition processes involve three major steps: (i) the
creation of a flux of condensable species (neutral or excited atoms or
molecules and ions), (ii) the transportation of these species to the substrate,
and (iii) the growth of a film on the substrate surface. The most important
step of these is the creation of the condensable species. In the plasma
enhanced chemical vapor deposition (PECVD), the condensable species are
created from a plasma that is formed due to electrical discharge of a gas or
a gas mixture at low gas pressures. In principle, the PECVD techniques

can be classified into two main categories: (1) the direct PECVD in which
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the reactant gases are subjected to direct current (dc), radio frequency (if)
or microwave plasma excitation, and the substrates are directly exposed to
the plasma [2.1, 2.2], and (2) the indirect PECVD in which plasma
excitation is selective, and the substrates are positioned outside the plasma
region [2.3-2.4]. In the following sections, the fabrication of SiO, films

using these techniques will be described.

2.1.1. The direct PECVD techniques
[n the direct PECVD, the gases (SiHy and N»O or O,) are mixed in a
vacuum chamber and the plasma is formed by electric discharge of this gas
mixture using dc, rf, or microwave excitation. The chemical reaction in
the direct PECVD is often expressed as [2.5]:
Sub. Temp.

[A(gas) + B(gas)|* &= (C(solid) + D(gas) 2.1)

Plasma

where A and B are the gas reactants, the star (x) indicates the gas mixture
of A and B excited by electric discharge; C is the deposited solid film; and
D is the gas phase byproduct. The location of the substrates is normally
close to an electrode, and the substrate sometimes functions itself as an
electrode in the case of dc plasma or direct capacitive coupled rf plasma.
For the inductive coupled rf plasma or microwave plasma, a substrate
holder is normally used to hold the substrates, which is then placed inside
or behind the plasma volume. The dc, rf, and microwave plasma
processing systems used for the direct PECVD are now briefly described as

follows.

A. The direct current (dc) plasma system

When a dc potential (>1 KV) is applied between two electrodes in a
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Figure 2.1. Schematic diagram of a dc plasma CVD system (after Suzuki et al [2.7]).

gas or a gas mixture at Jow pressures, most of the space between the two
electrodes is filled with a bright glow known as the glow discharge.
Adjacent to the cathode is a comparatively dark sheath known as the dark
space. There is a similar sheath at the anode, but it is too thin to be clearly
seen [2.6]. A typical dc PECVD system is schematically shown in Fig. 2.1
[2.7]. The separation between the anode and the cathode is about 3 cm.
The gases are fed through the gas inlet on the top of the plasma chamber on
one side, and the discharge gases are pumped out of the chamber through
the gas outlet at the bottom of the chamber in the opposite side. Typical
operating pressures are between 2 to 200 torr [2.7]. The dc plasma system

can be used for deposition and etching of films. However, the dc plasma
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system is not an ideal system for PECVD of SiO, films because of the

continuous bombardment on the substrates and the on-growing films by the
high energy particles under a dc field, which would cause a serious damage

on the SiO; films and the SiO,-Si interfaces.

B. The radio frequency (rf) plasma system

A plasma can be excited by a radio frequency power source. If the rf
power input to a gas or a gas mixture is carried out by a coil, the method is
often referred to as the "inductive coupled" [2.8]. If the rf power input to
a gas or a gas mixture is carried out by the electrically biased clectrodes,
the method is referred to as the "direct capacitive coupled." The direct
capacitive coupled (DCC) rf plasma has a high degree of flexibility for
controlling the film deposition over a large area. A typical radial flow
DCC rf plasma system is shown in Fig. 2.2 [2.9]. The system consists of
two parallel circular plate electrodes. The upper electrode is connected to
a rf generator through an impedance matching network. The radio
frequency used is 13.56 MHz (normally allowed for industrial
applications). The wafers sit on a lower electrode surface which is
electrically grounded. The gas inlet is at the center of the lower electrode,
and the gas or gas mixture flows outward in radial direction. A magnetic
drive assembly permits rotation of the lower electrode, thus randomizing

the substrate position and optimizing the deposition uniformity.

In the plasma chamber electrons, oscillating in the high frequency
field, gain sufficient energy from the field to fragment, excite, and ionize
the gas molecules. The condensable species created in the plasma will then

diffuse to the electrode to contribute to the growth of the film. The DCC
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Figure 2.2. A typical direct capacitive coupled rf plasma system (after Rosler 12.9)).

rf plasma is generally produced at a pressure of about [ torr and input
power of 20 to 1000 watts. The concentrations of ions and electrons
depend on the pressure and are of the order of about 1010 to 10!! cm-3 at |
torr. Since the radicals are formed in the bulk of the plasma, the chemical
processes are more prone to the occurrence of gas phase reactions
involving these radicals (homogeneous reaction) [2.10]. The gas phase
reactions would then produce dust particles to contaminate the on-growing
films. The probability of the homogeneous reactions can be reduced by
decreasing the electrode spacing and the radical density. However, the
electrode spacing can not be arbitrarily reduced. It is always larger than
the extent of the dark space at the operating pressure and is commonly
about a few centimeters [2.10]. On the other hand, reducing the ion density

by decreasing the gas pressure is not favored because the ion density
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reduces rapidly as the pressure is decreased [2.11].

The direct PECVD of SiO; films using DCC rf plasmas can yield an
extremely high deposition rate (>1000 A/min) but the films tend to contain
impurities, are porous, unstable, and have very poor electrical properties
[2.12].  Furthermore, for the direct PECVD the problem of ion
bombardment and other effects due to high energetic plasma environment

cannot be avoided.

To reduce the homogeneous reactions in a DCC rf plasma, Batey et al
[2.12] have suggested diluting the gas mixture with He gas. The SiO; films
deposited using He as the diluting gas exhibit good electrical properties
(breakdown strength of about 10 MV/cm and the interface trap density of
the order of 2 x 1010 eV-I cm2). It is believed that the He atom has a large
cross section for excitation by energetic electrons, which makes the plasma
relatively easy to excite and helps to keep the plasma less energetic. Also,
because the gases are diluted, the fragmentation of the reactants is
prevented, thereby avoiding the homogeneous chemical reaction to form
dust particles. However, this technique requires a very large gas flow
throughput that may limit the flexibility of changing the process variables
(i.e., pressure and gas flow). Furthermore, the discharged gas mixture
includes the SiHy gas; thus, the probability for the gas phase reaction may
be reduced but not completely removed. In addition, the substrates are
emerged in the plasma volume so that ion bombardment on the substrate
surface and the on-growing films is still a concern for the deposition of

high quality thin films.

What has discussed so far is related mainly to the low density rf
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Figure 2.3. Schematic diagram of high density rf TCP system (after Singer |2.11]).

plasma. A variety of promising new rf plasma sources that are able to
deliver high density plasmas at low pressures are beginning to emerge.
These are the inductive coupling plasmas (ICP) and the transmission
coupled plasmas (TCP). The former is used for the indirect PECVD and
will be discussed later in the next section. The latter has been developed
for fine pattern etching at low pressures. Typical rf TCP system is shown
in Fig. 2.3. The rf power is coupled to the plasma via a spiral antenna
through a dielectric plate. The plasma volume is directly beneath the
dielectric plate and is not dependent on the distance between the substrate
holder and the dielectric plate. The TCP can be produced at a pressure of
about 300 mtorr and has an ion density of the order of 1012 cm3. The
substrates sit on the substrate holder and face the plasma volume, which is
similar to the DCC rf plasma system. This new technology is still under

development. However, the possibility of homogeneous gas phase reaction
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and radiation damage to the SiO; films or the SiO,-Si systems are not ruled

out if this system is used for the direct PECVD of SiO, films.

C. The ECR microwave plasma system

Microwave power can be supplied to a gas or a gas mixture simply by
placing a gas discharge tube inside a wave guide or a cavity at the location
of high electric fields. However, this technique has several disadvantages
such as the sputtering of the discharge tube and the surrounding structures
[2.13-2.14]. Subsequently, an external magnetic field is used for confining
the plasma close to the center of the tube, thus preventing such a sputtering
effects [2.15 - 2.18]. When a microwave plasma is subjected to an external
magnetic field perpendicular to the electric field vector of the
electromagnetic excitation, electrons and ions are forced to assume circular
or helical paths around the lines of force of the magnetic field. Hence, the
electrons and ions are confined in the direction perpendicular to the
magnetic field vectors. The angular frequency of the electron rotation
increases with increasing magnetic field. When this frequency reaches the
angular frequency of the microwave excitation, the electron cyclotron
resonance (ECR) condition sets in. The schematic diagram of the ECR
microwave plasma system is shown in Fig. 2.4 [2.19]. Microwave power
(usually with the frequency 2.45 GHz) is introduced into the plasma
chamber through a rectangular wave guide and a window made of fused
quartz plate. The plasma chamber is typically 20 cm in diameter and 20
cm in height and operates as a microwave cavity resonator (TE;;3).
Magnetic field coils are arranged around the periphery of the chamber for
the ECR microwave plasma excitation. Reactant gases are introduced

through two respective inlets into the plasma chamber and the processing
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Figure 2.5. The floating potential as a function of the distance from the substrate holder

to the ion attraction window at gas pressure 2x 10-4 torr and at microwave
power 100 watt (after Machida et al [2.19]).
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chamber. The plasma chamber and the magnet are water-cooled. A
divergent magnetic field is used to guide the ions to move to the substrate.
The floating potential measured at the substrate holder depends on the
distance from it to the plasma extraction window. Typical results for this
dependence are shown in Fig. 2.5. The energy of the ion bombardment is

found as high as about 20 eV [2.19].

The ECR microwave plasma systems have been used for the deposition
of SiO; films. The best quality SiO, films deposited by direct ECR
microwave plasmas have a breakdown strength approaching 10 MV/cm
[2.20], but the oxide trapped charge and the interface trap density are
larger than those of the best thermally grown oxide films. The high
interface trap density may be due to the damage at the interface by the ion
bombardment. Many reports have dealt with the damage of the MOS
devices by the ECR microwave plasmas during etching [2.21-2.22].
However, photon radiation from the plasma may be the main cause for the
defects created in the SiO, films deposited by direct ECR microwave

plasmas.

2.1.2. The indirect PECVD techniques

The objective of the after glow PECVD (indirect PECVD) is to reduce
the damage due to radiation from the plasma and to reduce the dust particle
formations due to SiH, gas discharge. In general, the gas containing
oxygen such as N2O or O or CO; is electrically discharged to produce
excited oxygen species. These species are then transported from the
discharged region to the substrate location. Then the excited oxygen

species will be mixed with the gas containing Si (SiH,) for the chemical
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reaction on the surface of the substrate. The chemical reaction pathway in

the remote PECVD is often written in a general form as follows:

, Sub. Temp. )
[A(gas)|* + B(gas) p~ C(solid) + D(gas)  (2.2)

The transportation of activated oxygen species to the reaction zone is
usually carried out by an inert gas such as Ar or He with a high flow rate.
The indirect PECVD can be grouped into the remote PECVD and the
down stream PECVD depending on their configuration. These systems are

now briefly described.

A. The remote rf PECVD system

Figure 2.6 shows the remote rf PECVD system using an inductive
coupled plasma source. Gases delivered into the top of the reactor are
excited in the glass tube, and then transported out of the discharge region
into the main chamber. The length of the excitation region is about 10 cm,

and the distance between the plasma and the substrate is also about 10 cm.

A great deal of works has been published about the structure of the
Si0, films and the formation of the SiO, films using this system [2.5, 2.23,
2.28,2.43]. For the deposition of good quality SiO, films, the helium gas
has been used as a carrier gas to transport the excited oxygen to the
processing chamber. A typical flow rate is 100 sccm for gases delivered
through the top gas inlet port. The nominal pressure in the chamber is 0.3
torr. Under these conditions the mean free path for two body gas phase
collisions is less than a millimeter. The use of a high gas flow rate and a
high gas pressure is for the prevention of SiHy to diffuse into the plasma

chamber, and, like the direct PECVD, the He gas also acts as the diluted gas
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Figure 2.6. Schematic Diagram of the remote rf PECVD plasma system, (after
Lucovsky et al [2.23]).

to prevent the homogenous gas phase reaction. Even though the substrate

is located about 10 cm away from the plasma source, it can see the plasma

volume, so the problem of photon impinging on the substrate surface and

the on-growing films may still be a big concern.

B. The downstream PECVD system

In the downstream PECVD system, the substrates are located as far as
60-70 cm away from the plasma discharge volume [2.24,-2.26]. A typical
downstream PECVD system is shown in Fig. 2.7 employing a microwave
discharge tube. The mass flow controllers are used to deliver gas to a 5 cm
diameter quartz tube via gas inlet #1. A typical gas flow rate is 760 sccm.
In this arrangement, the plasma is confined in the 5 cm diameter quartz

tube. Active species then transport down the long quartz tube of 7.5 cm
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Figure 2.7. A typical downstream PECVD system (after Doziba et al |2.24]).

in diameter and 60 cm in length, to the deposition chamber. The substrates
are mounted vertically onto a stainless steel heating stage. SiH, (10 %
dilution in He) at a flow rate of 50 sccm is admitted into the chamber in
front of the substrates via gas inlet #2 for chemical reaction with the
incoming active species from the transfer tube. The downstream plasma
system has been used successfully for the deposition of SiNy [2.24] and SiO,
films [2.24-2.26]. The electrical quality of SiO, films is close to that of the
high quality thermally grown oxide films [2.3]. One of the disadvantages
of the downstream PECVD is that it needs a very high gas flow rate in
order to transport the active species to the deposition chamber. This may
then limit the possibility for the system to be scaled up because the

uniformity of the films may become a big concern.
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2.2. Properties of silicon dioxide films

The major properties of SiO; films for microelectronic application are
their physical and electronic properties. The former deal mainly with the
structure, the composition (stoichiometry) and the density of the films,
while the latter deal mainly with the charges and defects in the bulk of the

film and at the SiO,-Si interface.

2.2.1. Physical properties

The common techniques for the physical characterization of SiO, films
are the infrared absorption (IR) spectroscopy and the ellipsometry. Both
techniques are non-destructive, easy to operate, and fast to obtain the
information. In the following, the use of infrared absorption spectroscopy

and ellipsometry to characterize the SiO, films will be discussed.

A. The infrared (IR) absorption spectroscopy

Silicon dioxide, whose common name is silica, exists in many
allotropic forms. Most of them are found in nature in abundant quantities,
and some are made under certain laboratory conditions. The well know
silica is quartz, tridymite, cristobalite, and amorphous vitreous silica. All
these forms are built from the same fundamental structural unit, the SiOy4
tetrahedron. In other words, each silicon atom is surrounded by four
oxygen atoms in the tetrahedral structure as shown in Fig. 2.8. Each
oxygen atom is bonded to only two silicon atoms forming a Si-O-Si angle,
denoted by 6. This angle varies from one allotrope to another [2.27]. The
SiO, films used as insulation layers in the MOS devices are synthetic either
by thermal oxidation or by chemical vapor deposition processes. The
structure of these films are generally of amorphous vitreous silica and vary

from stoichiometry (SiOy) to sub-oxide (SiOy). In either case, the
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Figure 2.8. The basic SiO; units: (a) SiOy tetrahedral unit, (b) Adjacent units sharing a
corner oxygen atom.
covalency is still preserved. The angle 0 is dependent on the film growth
process and the deposition parameters. For example, the PECVD films
deposited at substrate temperatures ranging from 200°C to 350°C have 0
varying between 140° and 144°, and the thermally oxide films grown at
temperatures between 800 °C and 1150 °C have 6 varying from 147° to
150° [2.28]. For stoichiometric SiO, films, the angle 0 is related to the

frequency of the Si-O-Si stretching absorption peak vy, of the infrared

absorption spectrum following the relation [2.29, 2.43]:

e v 2(ysin2 %) +B(cos2 %) 23)

Mg

Where y and f are the central and non central force constants, respectively,
and mo is the mass of the oxygen atom. Thus a reduction in 6 would cause
a decrease in V. The change in v,, towards a lower value is directly
related to an increase in the film density [2.31]. In other words, the
reduction in the bond angle causes the film density to increase. However,

for the sub-oxide (SiOy) films, other factors may also contribute to the
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Figure 2.9. A typical infrared absorption spectrum of the silicon sub-oxide.

shift of v, towards a lower value. Thus, it is necessary to investigate
other properties that appear in the IR absorption spectrum. Three
principal Si-O-Si absorption modes in the infrared region are the
stretching, the rocking, and the bending. These modes are assigned as
follows: the stretching at 1080 cm-!, the rocking mode at 805 cm-!, and
the bending mode at 465 cm-! [2.30]. A typical IR spectrum of SiOy is
shown in Fig. 2.9. This spectrum shows the Si-H and Si-OH absorption
peaks that could appear in the CVD SiO, films. The dominant features in
IR absorption spectrum of the SiO, are associated with the stretching
motion of the oxygen atom. This vibration has been described as a rigid
sub-lattice mode in which the oxygen and silicon atoms move in

opposite directions [2.31]. This means that all the oxygen atoms around a
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given silicon atom of the basic SiOy, building block move with the

opposite phase. There are three ways in which the IR spectrum can be used

for the evaluation of the SiO, films, and they are [2.32].

I) The full-width at the half maximum (FWHM), the peak frequency
(Vm), and the ratio (R;gr) of the shoulder height (Sp) to the

maximum absorption of the Si-O-Si stretching band, a(Vv,,), near
1080 cm-!, are strongly influenced by the bond characteristics such

as the stoichiometry, the density, and the porosity of the films.

2) The intensity of the absorption band near 3650 cm-! (2.74 um) and
3400 cm-! (2.94 wm) due to hydrogen bonded hydroxyl groups and

absorbed water are related to the porosity of the oxide.

3) The impurities other than hydroxyl groups or water can be detected

by their characteristic absorption bands.

The relationship between the absorption band and the number of bonds

can be estimated by [2.33]:

. 2.4
NB=K J @dv ¢4

2.5
NB:KJ a(v) dv )
where NB is the number of bonds per cm3, v is the frequency, K is the
constant related to the oscillated strength, and o(v) is the absorption
coefficient which is given by

_A 2.6)
a(v) ;
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where A and d are the absorbance and the film thickness, respectively. In

practice, the total absorbance can be written as:

o(v) dv = a(vy).(FWHM) (2.7)

where a(Vv,,) is the maximum absorption coefficient at v,,. The
relationship between vy, and the oxygen concentration in the film has been
proven theoretically [2.34] and confirmed experimentally [2.31, 2.34]. It
has been shown that v, scales monotonically with the oxygen concentration
with the value of 1075 c¢cm-! for stoichiometric SiO, to the value of 940
cm-! for oxygen doped amorphous silicon films by simulation [2.34]. A
unit of Si-O-Si, shown in Fig. 2.10, is used for this calculation. This unit
consists of six atoms X (X could be Si or oxygen) around the two Si atoms.
If X is an oxygen atom, v, will shift from 940 cm-! to 1080 cm-!, and thus
Vm increases proportionally with increasing number of the neighboring
oxygen atoms. This assumption is based on the fact that the frequency for
the occurrence of the absorption peak for an isolated Si-O-Si bond in ion
implanted Si is at 940 cm-!, and that for a Si-O-Si bond in SiO; is at 1080
cm-l. The whole spectrum is then a sum of seven spectra from seven
clusters with different numbers of neighboring oxygen atoms. Hence, in a
random distribution of Si-O-Si bonds, the probability for the presence of
Si-Si and Si-O-Si bonds can be calculated by.

P(Si) = P(Si-Si) = 2-3x_
(S1) = P(Si-Si) 21~ %) (2.8)
P(0) = P(Si-O-Si) = —2X__ (2.9)

2(1 - x)
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Figure 2.10. A unit Si-O-Si used by Morimoto et al [2.34] for the calculation of the Si-O

bonds in a sub-oxide system.

where X is the oxygen content . Morimoto et al [2.34] have calculated the
values of v, from equations (2.8) and (2.9) as a function of the oxygen
content and their results are shown in Fig. 2.11. The solid curve
represents the theoretical results and the points are the experimental
results from Chao et al [2.35].  Thus, the shift in v,, towards the lower
wave number alone does not indicate whether the film is stoichiometric and
high density or silicon sub-oxide. A combination of vy, FWHM, and R
must be considered before any conclusions about the properties of the SiO,
film can be drawn. The FWHM indicates the sharpness of the stretching
absorption peaks. The FWHM is strongly influenced by the bond strain,
stoichiometry, and porosity of the films as well as the presence of
impurities in the films [2.30, 2.32]. However, the FWHM is not influenced
by the film density in the stoichiometric SiO, films [2.32] as in the case of
the stretching peak frequency. The FWHM can be as low as 60 cm-! for
the stoichiometric thermally grown oxide or more than 100 cm-! for the
chemical vapor deposition SiO, films. If the film thicknesses are greater
than 100 A, the FWHM will not depend on the film thicknesses. However,
the FWHM is influenced by the film thicknesses under 100 A [2.36]; the
thinner the film the larger is the FWHM. This may be due to the presence
of a silicon-rich transition layer at the SiO,-Si interface. In the evaluation
of the SiO, films by the IR spectroscopy, the film thicknesses should be

greater than 100 A in order to reduce the error due to the influence of
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Figure 2.11. The frequency for the peak absorption of the Si-O-Si stretching mode as a
function of the O content (after Morimoto et al [2.34]).

such a transition layer.

B. The ellipsometry

Another parameter which provides useful information about the film
properties is the refractive index, which can be measured by ellipsometry
[2.37, 2.38]. Two parameters measuréd from ellipsometry are the
Azimuth angle ¥ and the phase difference A, which are defined on the basis

of the ratio of the complex Fresnel reflection coefficients rp and rg for the

27
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parallel polarization (p) and the normal polarization (s) upon reflection

from a surface, respectively. This ratio is given by:
r :
R(A.¢) = T% = tan el (2.10)
which depends on the light wavelength, A, and the incident angle, ¢. Since

rp and rg depend on both the complex refractive index of SiO, which is

given by:

n*=n-ik (2.11)

and that of Si given by:
n:::ns—ilx'S (2.12)

the values of n and k can be determinated form the measured values of A

and W, if ng and k, are known.

The refractive index is directly related to the density of the film. The

relation derived by Gladstone Dale [2.39] is given by:
p=ki(n - 1) (2.13)

and that due to Lorentz-Lorenz (L-L) formula [2.40] by:

=k 2= 1 2.14
P n?+2 (2:14)

where n is the refractive index, and k; and k, are constants. Figure 2.12
shows the plot of equations (2.13) and (2.14) in comparison to the
experimental data. It can be seen that the simple Gladstone Dale equation,
which is based on the assumption that the materials are basically the same

except for variation in the porosity or the openness of the structure, is
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Figure 2.12. Density-refractive index relationship for various forms of silicon dioxide
(after Pliskin [2.25]).

fitted better than the simple L-L formula. The relationship between the

refractive index and the density of the SiO, films has also been found

experimentally to follow a linear dependence [2.32]:
p=-4.789 + 4.785n (2.15)

However, Archer [2.41], in the study of SiO, film growth by various
processing techniques, has concluded that the linear dependence between n
and p is only true for the stoichiometric SiO, films. Non-stoichiometric

SiO; films such as the silicon rich (SiOx) films grown by PECVD are
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often found to have a higher refractive index than the thermally grown
oxide. The high refractive index in silicon rich films can be explained as
due to the replacement of Si-O by Si-Si bonds. This can be understood
quantitatively in term of the L-L formula where two factors may
contribute to this phenomenon, and they are: (i) the decreases in the molar
volume as the Si content increases; and (ii) the difference between the
polarization of Si-O bond and that of Si-Si bond [2.43]. By taking these
into account, the L-L formula can be rewritten as |2.44]:

Bl dn NS (g (2.16)

n+2 3 V5
where N is the Avogadro number, Vy, is the volume, the sum is taken over
the polarities a; of Si-O and Si-Si bonds, and f; is the fraction of each bond
type. In summary, It is emphasized that an early conclusion on the
ellipsometric results may lead to a wrong interpretation because a low
density (n < 1.46) and silicon rich (n>1.46) film could yield an apparent

refractive index similar to that of the thermally grown oxide (n~1.46).

2.2.2. Electronic properties
Electronic properties of SiO, films are generally measured by means
of the MOS devices. The electrical measurements provide information

about defects that can not be detected either by the FTIR or ellipsometry.

A. Electric conduction

Electric conduction in the SiO; is generally electrode-limited because
of their wide band gap (8.8 eV) and consequently high energy barrier at
the interface to metal electrode. It can also be said that the electric
conduction is not bulk-limited because the SiO, film has a low density of

traps in the forbidden band gap [2.44] and a relatively high electronic
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mobility in the conduction band [2.45]. The energy-band diagram of the
MOS capacitor structure is illustrated in Fig. 2.13 for a p-type silicon
substrate. The barrier height ¢s from the silicon conduction band edge to
the oxide conduction band edge is about 3.25 eV and that ¢sh from the
silicon valence band edge to the oxide valence band edge is about 3.8 eV
[2.46]. The work function ¢ varies from 2.5 eV for magnesium to 4.2
eV for Silver [2.47]. In the dark, electric conduction is due to either
Schottky emission of electrons over the barrier ¢m, or Fowler-Norheim
(FN) tunneling through the triangular barrier into the oxide conduction
band. However, the latter has been experimentally confirmed to be
responsible for the electric conduction at room temperature |2.48, 2.49].
Emission of holes from the valence band of the silicon into the valence
band of the oxide is not expected to play an important role because of a
higher barrier height [2.50]. With a positive gate voltage, the silicon
surface will be degenerated into an n-type behavior regardless the bulk
doping because the metal work function is always smaller than the Si work
function. In this case, silicon acts as an electron injecting contact, and the
current becomes limited by the injection of electrons from the vicinity of
the silicon conduction band edge through the triangular barrier into the
oxide conduction band. According to Lenzinder et al [2.46], the injection
of electrons into SiO, follows the FN theory for electrons injected into
vacuum at high fields but for SiO,-Si systems the following corrections
should be included: (1) the electron effective mass (mg) in the SiO,
conduction band and (2) the image force, which causes the lowering of the
barrier height. Even though the corrections have been made, the

experimental results agree with experimental results only at high fields. On
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Figaure 2.13. The energy band diagram of a typical MOS device with p type Si as the

substrate.

the basis of experimental results, Ron et al [2.51] have suggested that the
image potential may not be that important, but the defects at the Al-SiO,
interface may be the main cause for the differences in the values between
the theoretical and the experimental results. In fact, Weinberg [2.52] has
reported that the image force correction for large barrier height is quite
negligible because the image potential rounds the top of the barrier height
only; thus, it hardly alters the tunneling distance. Indeed, only 2%
correction in the slope of the barrier height and 4% correction in the mass
of the electron are needed for the FN current derived without the image
force correction [2.53]. The FN current without the image force

correction is simply written as [2.52]:

J=CF%F (2.17)
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where
3
C=—T0e _ (2.18)
167%hmg ¢,
_4emyt (2.19)
3qh(pm)?

where F is the applied field, q, me, and h are electronic charge, electron
mass, and Plank's constant, respectively. The conduction process in Si0O,
films is not affected by the film thicknesses in the range of 200 and 1500 A
because the required electrical field to produce a given current density is
independent on oxide thicknesses [2.48]. The FN current is also
independent of substrate type, doping concentration, and injection
clectrode. However, for film thicknesses under 100 A, the charge
trappings inside the oxide can distort the electric field across the oxide and
deviate the FN current away from the ideal one [2.54]. A typical I-V
curve on a MOS capacitor with an aluminum electrode is shown in Fig.
2.14. The I-V curve consists of four defined regions: the displacement
current (A), the FN current (B), the saturation (ledge) current (C), and the
EN current (D). The threshold for electron injected into the stoichiometric
Si0; films is about 5-6 MV/cm, and it shifts to a lower electric field if the
films become silicon rich [2.85]. The ledge in the I-V curve can be used
for studying trapping [2.86]. For a ramp rate r, the current increases
rapidly with the time according to the FN equation (2.17). As the current
and, hence, the trapping rate increases, an internal field rapidly builds up
which opposes the electron injection as [2.86]:

dn; _Oj \ - p 2.20
d q(t t) (2.20)
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Figure 2.14. A typical 1-V curve for oxide on n-type Si with Al electrode (after
Solomon [2.86)).

AF = (ggi) (1 - %) 2.21)

where n; and N; are the filled and total effective trap surface
concentrations, respectively, o is the trap effective cross section, J is the
current density, q is the electronic charge, X is the distance of the centroid
of the charge from the cathode and d is the oxide thickness. When the rate

of increase of this internal field approaches the ramp rate r, the current

tends to saturate at the value [2.86]:

j=[—%8L j(1-X 2.22
][O(Nt—nt)]( d) (2.22)




35

This saturation persists until all of the traps are filled, whereafter the
current follows a FN curve displaced from the original by a field AF

which is given as:

AFL = (AN () ) (2.23)

Therefore, the trapping parameters can be simply obtained from the width
of the ledge and the current at which it occurs. The FN technique coupled
with the capacitance-voltage technique can be used to distinguish between
charge trapped near the interface between the SiO, and the cathode and
bulk charge. For example, if the FN and the C-V shifts are equals, the
charges in the oxide are far from the interface between S1O, and the
cathode; however, if the C-V shift is larger than the FN shift, the charge is

close to the interface between the SiO, and the cathode.

B. Electric breakdown phenomena

The yield and the reliability of the MOS devices depend on the electric
breakdown strength of the SiO, films. Electric breakdown in the SiO,
films can be influenced by the device parameters such as bias polarity,
ramp rate, electrode material, etc. For a p-type silicon MOS system with a
negatively biased gate , the silicon surface is in accumulation mode and the
entire applied voltage appears across the oxide. With a positively biased
gate, the silicon surface can be either in depletion or inversion mode
depending on the magnitude of the applied voltage and the minority carrier
generation rate. In the thermal equilibrium, the maximum voltage across
the silicon is equal to the maximum amount of band bending allowed or
about 1 volt. This is a small correction factor for sample that breakdown

at roughly 50 V or more. However, when the carrier generation rate is
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slow in comparison to the voltage ramp rate a deep depletion can occur;
then most of the applied voltage can be seen across the depletion region in
the silicon. This could cause avalanche breakdown in the silicon which, in
turn, could possibly trigger the breakdown in the SiO, films. Thus, the
device under test is required to be illuminated by a strong light to increase
the carrier generation rate in order to prevent the avalanche breakdown in
silicon. It is found that the average value of the maximum breakdown
strength for the accumulation mode can be about 0.4 MV/cm less than that
for the depletion or the inverted mode [2.55]. Because of this potential
difficulty, the measurements of the breakdown strength of the SiO, film
with a p-type silicon substrate are normally carried out in the accumulation
mode. For the MOS devices with an n-type silicon substrate, the behavior
is the same as that with a p-type silicon substrate but in the opposite

polarity.

The self-healing tends to be dependent on the polarity of the biased
voltage. The self-healing occurs for both polarities of the biased voltage,
but it is much less frequent when the breakdown strength is measured in
the depletion mode. For example, for self-healing to occur in a negatively
biased gate MOS devices with a p-type silicon substrate, a thinner Al gate
electrode and a thicker SiO, layer are required [2.55]. Klein [2.56] has
reported that the resistance of the discharge path is about an order of
magnitude greater in the depletion mode (positively biased) than in the
accumulation mode (negatively biased) for the MOS devices with a p-type
silicon substrate. Thus, the initial current surged through the discharge
path is an order of magnitude greater in the accumulation mode. The high

current (in the accumulation mode) breakdown may vaporize the discharge
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path and, hence, self-heal more effectively than the low current (in the

depletion mode).

Less self-healing occurs in thin SiO, samples [2.55]. The fraction of
high field breakdown events decreases with increasing oxide thickness
[2.57]. Experimentally, the maximum breakdown strength of silicon
dioxide film depends on film thickness, which may be expressed by an

empirical equation Fp,, & d-X with 0.2< x < 0.6 [2.57-2.58].

The thickness of the gate electrode also influences the self healing
events. The thicker the aluminum electrode, the fewer the self-healing
breakdown events [2.55], and therefore the final breakdown strength
appears lower. The minimum energy, W, required for evaporating the
discharge path for self-healing depends on the capacitance area S, and oxide
thickness d as:

(2.24)

W= 8;35 (VZ-V3)

where Vi is defined as the threshold voltage such that no samples undergo
self-heal for breakdown voltage lower than V.. However, all samples with
a breakdown voltage higher than V. are self-healed. V, is the minimum
voltage remaining across the capacitor during a self-healing breakdown

event [2.56-2.57].

The area of the electrode can also influence the breakdown. Figure
2.15 shows the fraction of high field breakdown P as functions of the
electrode area for three Al electrode thicknesses. The relationship between
the final breakdown and the electrode area is often used for the calculation

of the defect density, 1), which is expressed as [2.49]:
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Figure 2.15. The fraction of the total number of breakdowns, P, as a function of the area
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-LnP =nS (25)

Choice of electrode materials does not influence breakdown to any
significant extent. For example, magnesium, chromium, aluminum,
molybdenum, gold, and platinum give similar breakdown distributions with
the maximum breakdown strength over 8 MV/cm [2.55]; however the
electric conduction depends strongly on electrode materials, and many
orders of magnitude difference in current levels at a fixed electric field

may happen just because of different electrode materials [2.49].

Substrate doping has a rather small influence on the breakdown
strength of the SiO; films with thicknesses above 500 A. A high substrate
doping reduces the breakdown strength by a few percent at the most. The
effects of doping become as large as 20% when SiO, thicknesses are

reduced to below 200 A. Also, phosphorous has more influence on the
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breakdown strength than boron. This may due to the fact that phosphorous

segregates to the silicon during the SiO, growth while boron diffuses into

the oxide [2.59-2.61].

C. Electrical breakdown theory

Many models have been put forward to explain how wearout in thin
insulators would lead to breakdown. These models are generally based on
the assumption that the breakdown occurs in two steps [2.62]: (1) During
the wearout phase, defects or traps are created inside the oxide [2.63] and
at the SiO,-Si interface [2.64] due to the electrical stressing in the oxides
and the current flowing through the oxides. (2) When the concentration of
these defects becomes high enough to lead to the creation of a locally high
current density then thermal runaway ensures [2.65]. Many techniques
have been developed for studying thin oxide wearout and breakdown;
however, it has been difficult to couple the two steps. One of the
difficulties has been the lack of a consistent model describing the triggering
mechanism causing the breakdown [2.66]. A model for trap generation
involving impact ionization near the anode has been proposed [2.67]. This
model appears to quite describe accurately the wearout and the breakdown
in oxide thicker than 200 A [2.68]. Another model involving the breaking
of bonds and the creation of holes in the silicon near the anode and the drift
or diffusion of these broken bonds into the silicon dioxide has been
suggested [2.69]. However, questions have been raised concerning whether
sufficient energy is available in the incoming carries to trigger this process,
particularly in thinner oxides [2.68]. The most recent models are related to
the trap generation due to the bombardment of hot electrons inside the

oxide [2.70, 2.87]. The physical model that has been used to describe
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wearout in thin insulators (<120 A) is shown in Fig. 2.16. During high
electric stressing traps, are generated inside the oxide and at the oxide
interfaces by high field emission of the electrons from the SiO,-Si system.
The emission of electrons is accompanied by the generation of the positive
trap centers to conserve charge. The trap centers are stable at room
temperature, and may be accompanied by motion of the atoms whose
atomic bonds have been broken, as shown in Fig. 2.17. The traps, thus,
become permanent inside of the oxide and subsequent recapture of an
electron would not remove the trap from the silicon oxide structure. The
only way to remove the traps would be the use of a high temperature
annealing step. These traps are generated, more or less, uniformly
throughout the oxide. When the field in the oxide during trap generation
exceeds 6 MV/em, high field generation of the traps occurs [2.71, 2.72].
The traps are generated at different energy levels below the oxide
conduction band edge. There was a higher probability of generating
shallow traps than of generating deep traps, thus shallow traps are
generated early in the stress cycle or at lower stressing voltages, while the
deeper traps are generated later in the wearout process. This energy
dispersion relationship of the traps is supported by the measured fluence
and field dependence of trap generation. No impact ionization has been
found in this study, and this model can explain well the breakdown in thin

oxide.

D. Defects in the Si0,-Si systems
Electronic defects are the limiting factor in the performance of
devices involving a metal oxide semiconductor structure. The fundamental

defects in the SiO,-Si systems are the interface trapped charges and the



41

Poly
silicon gate

B

~H— =

Oxide

Silicon substrate
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Figure 2.17. The model for atomic movement accompanying bond breaking and trap
generation (after Dumin [2.70])
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oxide trapped charges [2.73] . These charges can be calculated on the basis
of the capacitance-voltage (C-V) and the current voltage (I-V)
characteristics [2.74]. The nature, location, and sources of these charges

have been studied extensively in the past three decades [2.74].

i. Defects at the Si0,-Si interface

The interface trapped charges, Qy, arc located at the SiO,-Si interface
(within 10 A of the Si-Si09 interface) [2.74]. The interface trap density Dy,
and the silicon surface energy level are related by a U sharp characteristic.
There are 3-models that have been put forward to explain this U-shape
characteristic distribution, and they are the coulombic, the bond, and the

defect models. These models are described briefly as follows:

a. The coulombic model

The coulombic model is proposed by Goetberger et al [2.75]. Based
on this model, charges in the oxide induce potential wells in the silicon;
within these wells are identified with interface trap levels. For the most
part, such interface trap levels are located in energy levels near the silicon
band edges. The mid-gap levels are expected only if many charges are
clustered together producing a deep potential well. However, such clusters
are unlikely, thus, the density of the mid-gap levels is expected to be
smaller than the density of shallow trap levels, giving a  U-shape

distribution.

b. The bond model
Laughin et al [2.76] have suggested that the distribution of bond
angles or stretched bonds at the silicon surface is related to the distribution

of interface trap levels because the strain from SiO, causes a distortion on
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the silicon side of the interface. The distortion of the Si-Si bonds produces
anti-bonding level in the upper half of the silicon band gap and bonding
level in the lower-half of the silicon band gap. This produces a shallow
trap level at the band edges whereas a layer of distortion is needed to
produce trap levels near the mid-gap. However, this model is based upon

the argument by analogy and is not quantitatively proven.

On a different approach Sakurai et la [2.77] have reported that Dj, is a
result of the bond stretching at the interface. Using the tight-binding
model for the silicon and the Beth Lattice model for the SiO,, Sakurai et al
have shown that the stretched Si-O bonds at the interfacial plane can cause
trap levels in the lower half of the band gap, and that oxygen vacancy or
stretched Si-Si bonds can cause trap levels in the upper half of the band
gap. Furthermore, the silicon dangling bonds at the SiO,-Si interface can

produce trap levels near the mid-gap.

¢. The defect model

The defects within or near the interfacial region are caused by
stacking faults and micro-pores as well as various atomic or molecular
fragments left as a residue of imperfect oxidation. Two most common
defects are assumed for interface traps, which are: excess silicon [2.78],

and impurities [2.79].

The excess silicon at the Si-SiO, interface is due to non-complete
oxidation of the silicon or vacancies in silicon during oxidation. Hence, the
silicon atom shares three of its four valence electrons with neighboring
silicon atoms. The remained unsatisfying valence bond acts as a hole trap

becoming positively charged after capturing a hole and remaining neutral
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when empty. There is some tentative experimental evidence that trivalent
silicon exits in SiO, and may act as interface trap. Nishi [2.80] and
Poindexter et al [2.81] have reported that the spin resonance signal Py in
the Si-SiO, interface behaves in the same manner as the mid-gap interface
traps under oxidation or after annealing. They believe that the electron
spin resonance signals are due to trivalent silicon, and the excess silicon at
the Si-SiO, interface results in the interface trap charges. The P, center
acting as defects in the SiO»-Si system are the defects which have been the
most thoroughly studied. It occurs in two different variations depending on
silicon interface orientation. On (111) silicon, it has one form, a silicon
atom bonded to three other silicon atoms in the silicon surface at the
interface, with a non-bonded orbital normally containing one
(paramagnetic) electron, and directed perpendicular to the interface into
the SiO; as shown in Fig. 2.18a. On (110) silicon, the same center occurs
in two of the four crystalographically possible orientations, along the
nominal (111) bond directions aimed into the oxide as shown in Fig. 2.18b.
On (100) silicon, there are two kinds of the P, center. The Py, center is
essentially like the lone Py, variant occurring on (111), but is aimed along
the two allowable (111) directions at the interface. The Py has a different
chemical structure and is thought to be due to the =Si-O- defects at the

surface as shown in Fig. 1.18c.

The other types of defects are impurity atoms at the interface. Because
the 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 strain region at the metal-SiO,

interface. Strained regions at either interface are likely to act as a sink for
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Figure 2.18. The Py, centers in the SiO3-Si system for (a) (111) Si, (b) (110) Si, and
(c) (100) Si.

the impurities to incorporate. This model has been confirmed

experimentally by Kar et al's work [2.79], which shows that metal

impurities can induce interface traps.

ii. Oxide Charges
Oxide charge includes the mobile-ionic charge, the oxide-fixed
charge, and the oxide-trapped charge. In the following, these charges will

be discussed separately.

a. Mobile impurity ions
The mobile impurity ions are normally due to positive alkali ions
(Na*, K*, Li*) in the oxide. These ions will drift when the gate is biased

and heated at temperatures above 100 °C. However, other ions such as H+

or H30™ will drift under bias at room temperature. Thus, in some cases the
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mobile impurity ions can cause device instabilities even at room
temperature. All mobile impurity ions can be gettered at elevated
temperature (>900 °C) using a complexity agent such as phosphor silicate

glass.

b. Oxide fixed charge

The candidate for the oxide fixed charge is the non-bridging oxygen
atom. In a normal SiO, lattice, oxygen shares 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 atom. The non-bridging oxygen atom
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 defects at the SiO,-Si interface may be due to: a) the strain
in the region near the interface and b) water related electron traps near the
Si0, interface. Non-bridging oxygen could act as negatively charged
centers when the water-related traps capture energetic electrons. However,
because electrons are seldom present in the conduction band of the Si0,,
the formation of negatively charged centers may be impossible. More
probable may be the loss of an electron from a non-bridging oxygen center
near the SiO,-Si interface to the silicon, making it a positively charged

center leading to the formation of the oxide fixed charge [2.88].

¢. The oxide trapped charge
The possible candidate for oxide trapped charge (Qqy) is the E' center.
The E' center is associated with oxygen vacancy sites. Electron spin

resonance (ESR) measurements indicate that an electron localizes
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preferentially onto one of the two silicon dangling bonds directs into the
vacancy, and that the other silicon atom is positive charged, relaxes out of
the vacancy towards a planar configuration as shown in Fig. 2.19 [2.84].
Most of the Qo can be annealed out by low temperature annealing in the
forming gas. The Qu is usually located either near the metal-SiO,
interface or at the SiO,-Si interface. One exception is that if the oxide
traps are introduced by ionizing radiation such as X-rays, electrons,
neutrons, etc., then they may be located anywhere in the oxide. That is

why sometimes Q is called the radiation induced trapped charge.

e ot
Oxygen vacancy sife Positive center SiO3

Neutral center Si09

Figure 2.19. Diagram representation of the formation of an E' center.
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3

The Close Proximity Plasma Processing System

In chapter 2, the principles and performance of various plasma
processing systems, which have been put forward, were described. These
systems cach have their own short-comings and to overcome these, a close
proximity plasma processing (CPPP) system has been developed. This
system is in fact an ECR microwave plasma processing system consisting of
a plasma chamber and a processing chamber as well as a new apparatus
called the "species selector and energy controller (SSEC)." With this new
SSEC apparatus, the substrates can be placed close to the plasma and this is
why this system is called the CPPP system. In the present chapter, this
system will be described in some detail. Some experimental results will
then be presented to demonstrate that the properties of SiO,/Si systems with
the SiO; fabricated by the CPPP system are much better than those with the
SiO, fabricated by the conventional ECR microwave plasma processing

system without the SSEC apparatus.

3.1. The ECR Microwave CPPP system and the SSEC

The ECR microwave CPPP system is shown schematically in Fig. 3.1.
A magnetron operating in a continuous mode at a frequency of 2.45 GHz is
used to generate the microwave power. The plasma chamber and the
processing chamber are constructed as a stainless steel wave guide, 34 cm
long with standard dimensions of the WR-284 wave guide. A turbo-

molecular pump is used in conjunction with a chemical rotary pump for
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evacuating the system to a base pressure of 10-¢ torr. The operating
pressure for film deposition is in the range of 104 to 10-! torr, and is
monitored by a capacitance manometer. A water cooled coil is mounted
around the plasma chamber to provide an axial magnetic field for
confining the plasma in the transverse direction and creating an ECR
condition. The plasma chamber and the processing chamber are physically
separated by the SSEC and therefore they can not see each other, as shown
in Fig. 3.1. The end of the plasma chamber is vacuum sealed by a quartz
window, and the end of the processing chamber by a stainless steel
substrate supporter flange. The microwave power is fed through the
quartz window in the TE o mode. The plasma chamber and the processing
chamber can be heated to any temperature up to 400 °C by a thermostatic-
ally controlled heating element surrounding the chambers. For the
fabrication of SiO, films, a gas containing oxygen (N,O) or oxygen at a
flow rate of 10 sccm is fed into the plasma chamber via gas inlet | and a
gas mixture containing silicon (10% SiHy4 in Ar) is fed into the processing
chamber in front of the substrate via gas inlet 2. The substrate supporter is
mounted in such a way that substrate surfaces are perpendicular to the
chamber axis, and it can also be heated to any temperature up to 400 °C by
a thermostatically controlled tungsten lamp inserted beneath the table
surface. An electrical feed-through also facilitates the plasma

characterization and the control of the substrate temperature.

The basic function of the SSEC is to suppress the traffic of the
energetic electrons, ions, and photons in order to avoid their bombardment
on the substrates and the on-growing films. Under the ECR condition, the

magnetic field confines the plasma around the plasma chamber axis, thus
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Figure 3.1. The ECR microwave CPPP system consisting the plasma chamber and the
processing chamber separated by the SSEC apparatus.
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preventing energetic electrons and ions from bombarding the surrounding
structures and reducing the electron loss to the chamber walls and hence
reducing the electromagnetic power required for sustaining the plasma.
The plasma chamber contains a mixture of ions, electrons, neutral atoms
and molecules, activated atoms and molecules, oxidizing species, as well as
photons of various energies. The SSEC acts as a filter tending to filter out
the charged particles and photons and also to block the diffusion of reactant
gas from the processing chamber to the plasma chamber because with the
SSEC the pressure in the plasma chamber can be maintained slightly higher
than that in the processing chamber. Figure 3.2 illustrates the flow of
various particles from the plasma chamber to the processing chamber via
the SSEC. In the plasma the charged particles (ions and electrons) gain
their energies from the input microwave power. Since the microwave is
reflected from the SSEC, the charged particles after passing through the
SSEC, will not regain their energies. The substrates are located close to
the plasma region but separated by the SSEC, and the distance between the
substrates and the SSEC is about 5 cm. One of the major functions of the
SSEC is to remove the majority of charged particles. Without biasing,
there is still a small number of charged particles reaching the processing
chamber. If the amount is small, the electric fields created by a small ion
sheath would also be small. As the mean free paths at the gas pressure used
are much smaller than the distance between the substrate and the SSEC,
multiple particle collisions would also occur. It is therefore likely that the
kinetic energy of the remaining ions impinging on the growing films would
be small. The activated species diffuse through the SSEC to the processing

chamber, and most of them have the chance to arrive at the substrate
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Figure 3.2. Illustrating the flow of particles between the plasma chamber and the
processing chamber and the function of the SSEC.
surface to react with SiHy injected there to form solid SiO, films. This is

why this system is called the CPPP system.

The SSEC is placed at about the edge of the coil generating magnetic
fields or behind the plasma volume. The SSEC can be designed in several
ways depending on what functions the SSEC is desired to optimize. Figure
3.3(a) shows the design of the SSEC used for this investigation. It is made
of stainless steel and consists of two walls separated by a distance of 1 cm.
The two walls have openings so that the gases, due to the slight pressure
difference between the plasma and the processing chambers, can channel

between the two walls. The gas species and other particles will collide with
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one or both walls before they can enter the processing chamber. Thus,
high energy particles will lose a large portion of their energy before
entering the processing chamber. This SSEC also blocks completely the
photon radiation directed to the substrate, and suppresses the charged
particles (ions and electrons) from entering the processing chamber thus
avoiding the impingement of both photons and charged particles on the
substrates and the on-growing films, which is the major cause of the defects
in the deposited films. The energy of the precursor species can be
controlled by the walls in the SSEC. The energy tends to decrease as the
number of walls is increased or as the separation between them is
increased. The energy of precursor species can also be controlied by
regulating the gas pressure difference between the plasma and the
processing chambers. In most cases, the operating pressure is in the
range of 10-3 to 10-! torr, for which the gas flow is laminar. The main
stream of the gas flow will be located primarily at the center of the
chamber cross section [3.1], while the gas convection current which carries
SiH4 will flow along the chamber wall in the direction opposite to the gas
main stream. The first wall of the SSEC creates a resistance to the main
stream of the gas flow, thus making the pressure in the plasma chamber
slightly higher than that in the processing chamber. The first wall of the
SSEC also acts as a shield to block the flow of charged particles (ions and
electrons). The second wall of the SSEC acts as a barrier to block the
convection current and to change its direction so that it will mix with the
incoming gas flow from the plasma chamber. Figure 3.3(b) shows that the
individual wall can be isolated from the chamber wall so that it can be
biased with a positive or negative dc voltage to eliminate completely

electrons or ionic particles. It should be noted that a mask-screen grid
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Figure 3.3(b). Schematic diagram of the SSEC with external dc biasing.
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with tiny windows biased with suitable voltage may be capable of repelling
one type of charged particles (e.g. negatively charged electrons) and
accelerating the other type (e.g., positively charged ions). Such a grid has
been used to control the impinging ion energy in microwave plasma
etching [3.2]. In this case a negative bias is used. If two such grids, one
biased with a negative voltage and the other biased with a positive voltage,
are placed in parallel between the plasma and the processing chambers, this
method can effectively suppress charged particles (ions and electrons) from
bombarding the substrates and the on-growing films. However, the biased
grid cannot block the photon radiation nor can it stop the diffusion of SiH,
into the plasma chamber. The SSEC with dc biasing is shown in Fig. 3.3 in

which the separation between any two of the three walls is 0.5 cm.

3.2. Optical emission spectra of the oxygen plasma

Figure 3.4 shows the schematic diagram of the experimental set-up for
the measurements of the optical emission spectra (OES) of the plasmas.
The optical emission from the plasma was sampled through a quartz
window and a metal screen mesh. A telescope was used for focusing the
emitting light onto one end of an optic fiber cable, which was then guided
toa 25 um slit of a Jarrell-Ash Monospec 27 spectrometer equipped with a
1200 grooves/mm grating and 1024 diode array EGG-PARC multi-channel
analyzer. The OES were measured for three cases: (a) pure oxygen
plasma, (b) oxygen + 5% of SiHy in Ar without the SSEC, and (c) oxygen
+5 % SiH4 in Ar with the SSEC. O, gas was used rather than N,O gas
because the oxygen plasma OES is much simpler than the OES of N,O for

producing a clear picture about the reactant gas diffusion from the
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Figure 3.4. Experimental set up for optical emission spectra, Langmuir probe, and
pressure measurements of the plasma in the plasma chamber.
processing chamber to the plasma chamber. The OES was taken at the
pressure of 3 x 10-2 torr. This slightly higher pressure was chosen because
it was desired to see the diffusion of SiH, by increasing the gas flow rate
ratio to 20 scem (O2)/10 scem (5% SiHy in Ar) instead of the ratio 10 scem
(N20)/1 sccm (5% SiH4 in Ar), which was normally used for film
deposition. The optical emission spectra for the plasma of the three cases

are shown in Fig. 3.5. Figure 3.5(a) shows the standard O, plasma
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Figure 3.5. The optical emission spectra of the plasma for (a) pure oxygen gas, (b) pure
oxygen gas + 5 % of SiHyg in Ar for the case without the SSEC, and (c)
pure oxygen gas + 5 % of SiH4 in Ar for the case with the SSEC.
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OES [3.3, 3.4]. When an Ar + 5 % SiH4 gas is introduced into the

processing chamber, the OES in the plasma chamber is changed. Figure
3.5(b) shows that new OES peaks at 421 nm due to the presence of SiH
[3.5] and at 750 nm and 811 nm due to the presence of Ar [3.3, 3.6] appear
for case (b) without the SSEC. This indicates that the reactant gas (Ar and
SiHy4) diffuses into the plasma region. However, with the SSEC placed
between the plasma and the processing chambers, the intensities of these
new OES peaks are significantly reduced, as shown in Fig. 3.5(c). This
experiment results show clearly that the SSEC inhibits the upstream
diffusion of the reactant gas from the processing chamber to the plasma

region.

Figure 3.6 shows the emission intensities for the O3 at 558 nm, O* at
777 nm, and Ar at 811 nm versus the flow rate of the gas containing 5% of

SiH, in Ar for the case without SSEC. The emission intensities of O} (558

nm) and O* (777 nm) decrease with increasing flow rate of the SiHy gas,

indicating that the O3 and O* species react spontaneously with SiHy species.

The chemical reactions can be described as follows:

(a) The reaction of SiHx species with O3:

SiHy+ O} + e — Si02+§H2 x<4 (3.0
SiHy + O} + &= — SiH,.;OH + O 3.2)
SiHx + O} + e — SiOH + Hx.yO xs2 (3.3)
SiH, + %o;g+ e — 2SiOH + 3H,0 (3.4)

(b) The reactions of SiHx species with O*:

SiH, + 0" — SiOH + %Hz x<4 (3.5)
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Figure 3.6. Emission intensities of O}f (558 nm), O* (777 nm), and Ar (811 nm) as
functions of the flow rate of the gas consisting of 5 % SiH,4 in Ar for the
case without the SSEC. Flow rate of oxygen: 10 scem, gas pressure: 10-12
mtorr, and microwave absorption power under ECR condition: 6 watts.

SiH,+ O +e¢ — SiH, ,OH (3.6)

Process (3.1) shows a direct gas phase reaction that may be responsible
for the production of dust particles during the deposition processes.
Processes (3.2) to (3.6) are gas phase reactions producing precursor
species, which may be responsible for the deposition of SiO, films.
However, the decrease of the emission intensity of O* (777 nm), when SiH4
was introduced into the chamber, may not be due to the reaction between

O* and SiHx species (3.5-3.6), but may be due to the inhibition of the

formation of O* species such as:

O} +e — 20" 3.7)

Oy+e — O+0 3-8)
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Figure 3.7. Emission intensity of OJZF (558 nm), OF (777 nm), and Ar (811 nm) as
functions of the flow rate of the gas consisting of 5 % SiHy4 in Ar for the
case with the SSEC. Flow rate of oxygen: 10 sccm, gas pressure: 10-12
mtorr, and microwave absorption power under ECR condition: 6 watts.

O+c = O (3.9)

Furthermore, process (3.8) may have a much higher reaction rate than
process (3.7) [3.7]. If this is the case, then O, species may also react with

the SiHx species leading to the results shown in Fig. 3.6.

Figure 3.7 shows the emission intensities of O%, O*, and Ar as
functions of the flow rate of SiHy for the CPPP system with the SSEC. In
contrast to the case without the SSEC, the emission intensities of O3 and O*
increase with increasing flow rate of SiHy, indicating that there is no
reaction between oxygen species and SiHy taking place inside the plasma

chamber. The increases of the emission intensity peaks are mainly caused
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by the increase in pressure, which corresponds to the introduction of SiHg
into the processing chamber. The emission intensity peaks at 558 nm and
777 nm decrease when the flow rate of 5 % SiHg in Ar is higher than |
sccm. However, this decrease is only about 3 % of the total emission
intensity, and it seems independent of the flow rate of SiH,. This result
again confirms that the SSEC can inhibit SiHy from diffusing toward the
plasma chamber. Even though Ar appears in the plasma chamber, it is
believed that the amount of SiHy leaking through is very small because the
molecular weight of SiHs is much larger than that of Ar, and its

concentration is only 5 % in the total gas mixture.

3.3. Langmuir probe measurements

Using a tungsten Langmuir probe biased at +10 V and -10 V and
positioned at 5 cm from the edge of the magnetic field coil, the
electron and the ion currents of the N,O plasma have been measured using
a Keithly 610 C electrometer with and without the SSEC. Figure 3.8
shows the electron and the ion currents as functions of the microwave
power absorbed at a constant flow of 10 sccm of N,O gas. The electron
current is in general higher than the ion current irrespective of the SSEC
as expected because electron mobility is larger than the ion mobility.
However, both currents for the case with the SSEC are about three orders
of magnitude smaller than those without the SSEC, indicating that the SSEC
does effectively suppress the energetic charged particles from entering the
processing chamber. Neither the electron nor the ion current vary with the
microwave power absorbed, implying that the numbers of electrons and
ions generated in the plasma have reached the saturation values at the ECR

condition. The electron and the ion currents were also measured as
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Figure 3.8. The electron and the ion currents of the NoO plasma at a constant flow rate
of 10 scem as functions of microwave power absorbed. (a) the electron
current without the SSEC, (b) the ion current without the SSEC, (c) the
electron current with the SSEC, and (d) the ion current with the SSEC.

functions of gas pressure. The results are shown in Fig. 3.9. Again, both
currents for the case with the SSEC are about three orders of magnitude
smaller than those without the SSEC. The decrease of the current with
increasing pressure can be explained as due to the decrease in mean free
path as the pressure is increased, thus increasing the collision among
particles and hence reducing the energies of both electrons and ions. It
should be noted that the electrons and ions are not completely shielded by
one unit of the SSEC. In the SSEC, the two walls are about 1 cm apart and
both walls are arranged in such a way that there is no straight-path opening

which would allow particles to move directly from the plasma chamber to
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Figure 3.9. The electron and ion currents of the NyO plasma at a constant microwave
power of 6 W as functions of gas pressure (a) the electron current without
the SSEC, (b) the ion current without the SSEC, (c) the electron current
with the SSEC, and (d) the ion current with the SSEC.

the processing chamber, or vice versa. One unit of the SSEC consists of

two walls, so that any particle has to collide at least once with the wall

because most particles are moving in parallel with the chamber axis due to
the magnetic field confinement. Electrons and ions may lose some energy
by such a collision with the wall. Only those with higher energy may still
have sufficient energy after losing some due to collision to proceed toward
the processing chamber. In general, the average energy of the electrons
and ions in an ECR microwave plasma is within the range of 3-10 eV [3.8].

However, in the case without the SSEC there must be a large number of

high energy electrons and ions (>10 e¢V) entering the processing chamber
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and thus causing bombardment damage to the substrates and the on-
growing films. The major function of the SSEC placed between the plasma
and the processing chambers is to remove the majority of charged particles
(electrons and ions) before they have a chance to enter the processing
chamber. This function is clearly demonstrated in Figs. 3.8 and 3.9. As a
result of this action, the concentration of the remaining charged particles in
the processing chamber is small and hence the electric field near the
substrate surface created by the ion sheath is small. Thus, the kinetic
energy of the remaining charged particles impinging on the substrates and
the on-growing films is likely small and may not cause any significant
damage. This is also why the properties of the SiO, deposited with the
SSEC approach those of high quality thermally grown SiO, films. It
should be noted that the activated oxygen species have to flow to the
processing chamber for chemical reaction with the reactant gas to form
solid films. Like the charged particles, the amount of these species which
can enter the processing chamber is also considerably reduced because of
the SSEC. For this reason, it is desirable to limit the number of the SSEC
walls to only two and with a suitable biasing as shown in Fig. 3.3(b) in
order to effectively suppress the flows of electrons and ions, and in the

mean time, not to seriously hinder the flow of the activated oxygen species.

The SSEC also creates a pressure difference between the plasma and
the processing chamber. Figure 3.10 shows the ratio of the pressure in the
plasma chamber (P) to that in the processing chamber (P,) as a function of
the pressure in the plasma chamber. The SSEC makes the pressure in the

plasma chamber about twice as large as that in the processing chamber for
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Figure 3.10. The ratio of the gas pressure in the plasma chamber (P;) to that in the
processing chamber (P2) as a function of gas pressure in the plasma
chamber (by varying the pumping speed) for the case with the SSEC. The
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Figure 3.11. The difference between the gas pressure in the plasma chamber (P1) and
that in the processing chamber (Py) as a function of the flow rate of NoO
gas (with a constant pumping speed) for the system (a) without the SSEC
and (b) with the SSEC.
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a pressure in the plasma chamber of 10-3 torr which is normally used for
the deposition of SiO, films. This pressure difference makes upstream
diffusion of the reactant gas (such as SiHy) difficult from the processing
chamber to the plasma chamber. An experiment was also performed to
measure the pressure difference (P;-P,) as a function of gas flow rate of
N2O gas injected via the gas inlet | to the plasma chamber with the flow
rate of N2 gas injected via gas inlet 2 to the processing chamber kept
constant at I scem. The results are shown in Fig. 3.11. As expected, the
pressure difference increases with increasing flow rate, and in general this
pressure difference is much higher for the system with the SSEC than
without. Again, this experiment further demonstrates that the SSEC acts as
the pressure regulator and that it not only suppresses upstream diffusion
but also blocks the convection current flow of the gas from the processing

chamber to the plasma chamber.

3.4. Comparison of the properties of SiO, films deposited with

and without the SSEC

SiO; films were deposited on n-type, <100> oriented, 1-2 Q-cm
silicon wafer substrates using the microwave ECR plasma system described
above with and without the SSEC. The film samples deposited without the
SSEC are labeled group A samples and those with the SSEC are labeled
group B samples. For FTIR measurements, the wafers were thinned by a
HF/HNOj3 solution to increase the IR transmission prior to film deposition.
Both group A and group B films were deposited under the same plasma
conditions with the following parameters: gas mixture of 5 % SiH, in Ar at
a flow rate of 1 sccm and 100 % N,O at a flow rate of 10 sccm, gas

pressure of 16x10-3 torr in the plasma chamber for the case without the
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SSEC, gas pressures of 22x10-3 torr in the plasma chamber and 16x10-3
torr in the processing chamber for the case with the SSEC, microwave
absorption power of 4 watts, magnetic field of 875 Gauss for the ECR

condition, and deposition temperature of 300 °C.

It is interesting to note that for the system with the SSEC, the
deposition rate of SiO; films increases with increasing deposition
temperature and gradually becomes saturated for deposition temperatures
higher than 200 °C as shown in Fig. 3.12. In contrast, for the case without
the SSEC, the deposition rate decreases with increasing deposition
temperature. ‘These results indicate that the films deposited with the SSEC
follow a heterogeneous surface rate-limited reaction which has an Arhenius
type temperature dependence. The Arrehenius plot of the deposition rate
versus I/T yields an activation energy of 0.035 eV. For the case without
the SSEC, the deposition rate follows a gas phase mass-limited reaction.
The deposition rate decrease with increasing temperature is due to the
densification of the films at higher deposition temperatures. For the case
with the SSEC, the rate of densification is much smaller than the rate of
surface reaction, so that the deposition rate increases with increasing

deposition temperature.

The refractive index for each film was also measured using a
Gartner ellipsometer with a helium-neon laser light of wavelength of 6328
A. SiO, films with thicknesses of 1200-1400 A were used for this
investigation because this thickness range corresponds to approximately
half an ellipsometric cycle and is supposed to yield more accurate
ellipsometric results. The film thickness was also measured by

ellipsometry and checked by capacitance measurement. Figure 3.13 shows
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the refractive index of SiO, films as a function of deposition temperature.
For the films deposited with the SSEC, the refractive index of SiO, is about
1.38 at the deposition temperature of about 30 °C. It increases rapidly as
the temperature is increased and become saturated at temperatures higher
than 200 °C. At these temperatures the refractive index is about 1.456
indicating that the films may have become denser as the deposition
temperature increases. For the case with the SSEC, the refractive index
increases from 1.41 at 30 °C to 1.456 at the deposition temperature of 300
°C implying that the film also becomes denser as the deposition

temperature is increased.

The basic parameters governing the film deposition rate are the rate of
mass transport of reactants to the substrate surface and the rate of chemical
reaction at the substrate surface. The reaction rate depends mainly on the
concentration of the reactants and deposition temperature. For the case
with the SSEC, the reactants are activated oxygen species and SiHy, and the
mass transport of these reactants can be considered to be constant because
both the gas pressure and the gas flow rate are kept constant during
deposition. The saturation of the deposition rate at deposition temperatures
higher than 250 °C implies that the reaction in the deposition process is

heterogeneous and is surface-rate limited. The surface reaction is due to

the reaction of SiHy adsorbed on the substrate surface and the approaching
activated oxygen species generated from the N,O plasma. The reaction
between SiH, and activated oxygen species is an exothermic type of
reaction [3.9]; hence, the reaction itself may contribute part of its energy to
promote the reaction. The deposition rate for this particular set of

deposition parameters is low when compared with those using other
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Figure 3.12. The deposition rate of SiO; films as a function of deposition temperature
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for the films deposited (a) without the SSEC and (b) with the SSEC.
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PECVD processes [3.10, 3.11]. However, several investigators [3.12, 3.13]

have reported that the quality of the films is directly related to the
deposition rate. SiO, films deposited at slow rates of the order of those in
this present investigation usually exhibit good electronic properties. From
a practical point of view, the slow deposition rate, on the other hand,
provides an easy control of film thickness, particularly for very thin gate
oxides (100-200 A in thickness) for VLSI. It should be noted that the low
activation energy of 0.035 eV is the same as that reported by Adam et al
[3.14], but is about 10 times smaller than that for the SiO» films deposited
by a LPCVD process [3.15], which is about 0.4 eV. Although this
activation energy is small, it still plays an important role in the change of
the film composition. In other words, the activation energy is related to
the energy required for the arrangement of the activated atoms to form
Si0O, species and for the formation of a stable SiO, film structure. The
evidence of this action is that the SiO, films change from a silicon rich
composition to a more stoichiometric composition as the deposition

temperature is changed from 25 °C to 300 °C.

Figure 3.14 shows the infrared (IR) spectra of the SiO, films
measured with a Bomem 1000 FTIR spectrometer. The Si-O stretching
mode absorption peak occurs approximately at 1070 cm-! for (a) the films
deposited without the SSEC and (b) the films deposited with the SSEC and
at 1080 cm-! for (c) the films fabricated by thermal oxidation at 1100°C.
The full widths at half maximum (FWHM) of these peaks are 85 cm-!, 75
cm-! and 70 cm! for (a), (b), and (c), respectively. A more careful
observation reveals that the peak in (a) is much more asymmetric than that

in (b) and (c), exhibiting a high frequency shoulder in (a) larger than that



81

in (b) and (c). The ratios of the absorbance at the shoulder edge to the
absorbance peak (Rir) are 0.4, 0.2, and 0. 13 for (a), (b), and (c),
respectively. It can be seen clearly that the IR spectrum of the SiO; films
fabricated with the SSEC approaches that of the high quality thermal

oxides.

For electrical measurements, aluminum electrodes 1000 A in
thickness and 5 x 1073 cm? in area each were vacuum deposited on the SiO,
surface through a shadow mask to form MOS capacitors. The SiO, layer
was in the range of 200-250 A. The I-V characteristics were measured
with the gate biased at positive polarity (accumulation mode) using a
current ramp technique. The high frequency (I MHz) and the quasi-static
C-V characteristics were measured for the devices after being subjected to
post metalization annealing (PMA) in a forming gas (10 % of H, in N,) at
400 °C for 30 min using a linear voltage ramp in conjunction with a
Boonton capacitance meter and Keithly 604 electrometer. The ramp rates

used for I-V and C-V measurements were 1 V/s and 50 mV/s, respectively.

The MOS capacitors were first subjected to a low field test (1 MV/cm)
to screen out those which were short circuited. The devices which
withstood the low field test were then subjected to a ramp voltage stressing
with the ramp rate of 0.5 MV/cm-sec until the occurrence of destructive
breakdown. The histograms of typical breakdown distributions for films
deposited without the SSEC (group A) and films deposited with the SSEC
~ (group B) are shown in Fig. 3.15. For group A samples, about 40 % of
the devices could not sustain the low field test at 1 MV/cm, and the average
breakdown strength was about 7 MV/cm. For group B samples only 12 %

of the devices failed in the low field test, and the average breakdown
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Figure 3.14. The infrared absorption spectra of SiO, films (a) deposited without the
SSEC, (b) deposited with the SSEC, and (c) fabricated by thermal
oxidation at 1100°C.
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Figure 3.15. The histograms of typical breakdown distributions. (A) MOS capacitors
with SiO; deposited without the SSEC, and (B) MOS capacitors with SiO»
deposited with the SSEC.

strength was about 10 MV/cm. Furthermore, the spread of the breakdown
distribution for group A samples is much wider than that for group B
samples. The destructive breakdown may be characterized into three
modes: (i) for the breakdown strengths (EBp) = 1 MV/cm, the breakdown
may be caused by dust particles and pin holes in SiO, films; (ii) for 1
MV/em < EBp = 9 MV/cm, the breakdown may be associated with weak
spots in SiO; films, and (iii) for EBp = 9 MV/cm the breakdown may be
considered to be intrinsic. Group A samples contains more dust particles
and pin holes as well as more weak spots as compared with group B
samples. The difference between these two group samples may be
attributed to the difference in their film growth processes. Group A
samples were deposited without using the SSEC, the SiH, was in direct

contact with the plasma formed by N,O, which produces species due to

ae

i5
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discharge. These species underwent heterogeneous gas phase reaction to
form micro-dust particles which then landed on the substrate surfaces and
on-growing film surfaces. These harmful particles, depending on their
size, might be embedded inside the film to form weak spots. For the case
of group B samples, the SiH, was kept away from the plasma region by
the SSEC, thus minimizing the chance for the formation of micro-dust
particles. The current-voltage (I-V) characteristics of SiO, films deposited
without (A) and with (B) the SSEC are shown in Fig. 3.16. The I-V
characteristics for (B) samples are similar to those for the high quality
thermal oxides. At fields higher than 5 MV/cm, the current is mainly due
to Fowler-Norheim (FN) tunneling injection [3.16] with the final
breakdown occurring at the field range of 8-11 MV/cm. No self-healing
phenomenon was observed in (B) samples prior to the final breakdown.
However, self-healing phenomenon was observed in (A) samples when the
applied fields were higher than 2 MV/cm. This indicates that (A) samples
have weak spots so that the breakdown point could be self-healed during
breakdown at low fields due to the melting of the aluminum electrode.
During the growth of (A) samples, the substrates and the on-growing films
were exposed to the plasma, and therefore subjected to the bombardment of
energetic particles such as ions, electrons, and photons. The ultraviolet
radiation created by the plasma alone could break weak Si-O bonds [3.17],
which would, in turn, create electron traps. These traps will then capture
electrons coming from the plasma, and as the electron capturing process
continues throughout the deposition period, layer by layer of negative
charges will build up. The threshold field for the FN tunneling injection is
higher for the SiO; films deposited without the SSEC than that for the
SiO; films deposited with the SSEC as shown in Fig. 3.16 indicating that
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Figure 3.17. The quasi-static and high frequency capacitance-voltage characteristics for
SiO; films deposited without and with SSEC.

the concentration of bulk trapped charge is higher for the former case than
the latter. This phenomenon is similar to the shift of the I-V curve towards
higher fields due to the build-up of trapped electrons injected from the
negatively biased silicon in the MOS capacitor. The breakdown strength of
the SiO; films deposited without the SSEC spreads unevenly in the range 5-
9 MV/cm. The early breakdown at lower fields may be associated with the
micro-dust particles incorporated in the bulk of the films coupled with the
build-up of negatively charge layers. The former has been observed under

helium laser light reflection and the latter is consistent with the observation
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of Holland and Hu [3.18] who have reported that the injection of positive

charge carriers into SiO, results in an increase of the breakdown strength.

The high frequency (1 MHz) and the quasi-static capacitance-voltage
(C-V) characteristics for SiO; films deposited without and with the SSEC
are shown in Fig. 3.17. It can be seen that both the high frequency and the
quasi-static C-V curves for the SiO, films deposited with the SSEC are
very similar to those of high-quality thermal oxides with an interface trap
deﬁsity (Dip) of 5x10'" eV-I ecm-2 after PMA. However, for the SiO, films
deposited without the SSEC, the high-frequency C-V characteristic is
shifted toward the positive bias voltage indicating that the film contains a
high concentration of negatively trapped charge. Also, the quasi-static C-V
characteristic is distorted as shown in Fig. 3.17 indicating that the film has
a high interface trap density. The value of Dj, after PMA for this case has

been estimated to be about 1013 eV-! cm-2.
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4

Effects of Deposition Parameters on Properties of
S10,/S1 systems

In this chapter, some results and discussion about the effects of
deposition parameters on properties of SiO,/Si systems with the SiO, films
fabricated by the ECR microwave plasma processing system with the SSEC
apparatus will be described. The deposition parameters include the gas flow
rate, the gas pressure, the substrate temperature, and the dc bias of the
SSEC. The effects of the thickness of the SiO, films have also been

systematically studied and are also included in this chapter.

4.1. The effects of the gas flow rate

As mentioned previously, the gas flow rates, the pressure, and the
substrate temperatures are important parameters that depict control of the
film deposition rate and the film composition. It has been reported that the
deposition rate of SiO, films fabricated by PECVD has to be low in order
to produce high quality SiO, films [4.1-4.3]. In practice, the low
deposition rate is generally acceptable for gate oxide fabrication because
this enables precise control of the film thickness. However, for other
applications such as dielectric inter-layers for metal routing, thicker SiO,
films (>1000 A) are required. Thus, the trade-off between film quality
and film deposition rate should be optimized for given applications. Figure
4.1 shows the deposition rate and the refractive index of SiO, films as

functions of the gas flow ratio (N2O/SiHy). The deposition rate is about 65
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Figure 4.1. Deposition rate and refractive index of SiO, films as functions of gas-flow

ratio at a constant pressure of 27 mtorr.

A/min at a gas flow ratio of 1 (6.5:6.5 of N,O:SiH,). The films deposited at
a gas flow ratio of 1 have a refractive index of 1.477 indicating that the
films are silicon rich. As the N,O gas-flow ratio increases, the deposition
rate tends to decrease and so does the refractive index. However, when
the gas-flow ratio reaches 10, the refractive index and the deposition rate
tend to become saturated. The films deposited at a gas-flow ratio of 10
have a refractive index of 1.46, which is close to the refractive index of the
thermally grown oxide. Figure 4.2 shows the breakdown strength as a
function of the gas-flow ratio. The breakdown strength increases with
increasing gas-flow ratio for the gas-flow ratios less than 10. But for gas-
~ flow ratios between 10 and 20, the breakdown strength becomes saturated.

Figure 4.3 ‘shows that the oxide fixed charge (Qr) and the interface trap
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density (Dj) as functions of gas-flow ratio after the PMA process. Films
deposited at a low gas-flow ratio have a higher oxide fixed charge than
those deposited at a high gas-flow ratio, and the value of D; can reach
as low as 10!! eV-! cm-2 for films deposited at gas flow ratios between 10
and 20. The value of Dj, follows the same trend of the oxide fixed charge.
These results indicate that the higher the concentration of SiH, (gas flow-
ratio of 1) the faster the deposition rate. The films produced at a fast
deposition rate tend to be off-stoichiometry, which is reflected by their
higher refractive index, lower breakdown voltage, and higher bulk and
interface trap densities. Thus, to increase the deposition rate by using
excess silicon concentration in the gas mixture can cause degradation in the
film quality. Excess silicon concentration in the gas mixture may not only
result in silicon rich films, but may also promote gas phase nucleation to

form silicon dust particles inside the reactor.

4.2. The effects of the gas pressure

Figure 4.4 shows the deposition rate and the refractive index of the
SiO, deposited films as functions of the gas pressure. The deposition rate
increases linearly with the gas pressure. Thus, much higher deposition
rates can be achieved by controlling the gas pressure than by controlling
the gas flow ratio. The refractive index tends to increase, but the
breakdown voltage tends to decrease with increasing pressure as shown in
Fig. 4.5. The final breakdown strength is around 8-9 MV/cm for films
deposited at gas pressures larger than 100 mtorr. Thus, the films deposited
at pressures higher than 100 mtorr may not be stoichiometric, but the
structure is not as bad as in the case of the gas-flow ratio less than 10. The

high breakdown voltage of the films deposited at higher pressures can be
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explained as due to the increase in electron trapping in the high field
region, which is caused by the non-stoichiometric SiO, or silicon rich
films [4.4]. Such trapped electrons create an internal field opposite to the
applied field as indicated by the ledge in the I-V characteristics. Oxide
fixed charge increases with increasing gas pressure as shown in Fig. 4.6.
For the PECVD films fabricated at low substrate temperatures, the
adsorbed gas molecules on the substrate surface have a low mobility and
hence they need a certain time to move around to reach a stable state. If
the deposition rate is high, the adsorbed gas molecules could not move
around to search for a stable state. This leads to a non-complete chemical
reaction thus creating more defects or silicon rich films. However, the
value of D;; does not depend on pressure, suggesting that the value of Dj,
may not depend on the growth process. This may be due to the fact that
the present films were fabricated using the new system, and therefore they
were not subjected to either ionic particle or photon bombardment, and
that prior to the deposition process a thin native oxide film was already
present on the silicon surface. It is also worthy to mention that before the
PMA process, the Dy level is quite high (>1013 eV-1 cm-2). However,
this high value of Dj; can be annealed out by the PMA process. The high
value of Dy before annealing may be due to the formation of an interface
transition layer between Si and SiO, film, which may be similar to the
native oxide that had already been present prior to the deposition process.
This may be why the quality is not as good as the transition layer of the
thermally grown oxide before annealing. Nevertheless, the treatment of
the deposited SiO, in an H, environment at 400 °C can anneal out the excess

D;; as previously have mentioned. This indicates that the role of H, in the

annealing of PECVD films is as important as in the thermally grown oxide,
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and that the substrate preparation for PECVD films is much more

important than in the case of thermally grown oxide.

4.3. The effects of the substrate temperature

As mentioned in section 3.4, the chemical reaction at the substrate
surface in the CPPP system is a heterogeneous surface rate limited
reaction, and the deposition rate increases with increasing substrate
temperature for temperatures below 300 °C. The refractive index of the
SiO; films deposited by the CPPP system depends also on the substrate
temperature. In this section some other results on the substrate
temperature dependence will be presented. The infrared spectra of the
Si0; films as functions of substrate temperature are shown in Fig. 4.7. It
can be seen that there is an extra absorption band in the region of 850-

950 cm-1 for films deposited at 30 °C and 100 °C, but this absorption band
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Figure 4.7. The IR absorption spectra of SiO; films deposited at various substrate
temperatures for films fabricated by the CPPP system.
gradually disappears for films deposited at 200 °C or higher temperatures.
This band is difficult to identify because it involves two absorption bands,
885 and 940 cm-1. The 885 cm-! band is frequently observed in deposited
silicon dioxide films [4.5, 4.6] and has been assigned to Si-OH [4.7], Si-
H[4.6], Si-N [4.8], and Si»Os3 [4.5, 4.9,] vibrations. The 940 cm-! band has
been assigned to Si-OH [4.10] and Si-Si [4.11] vibrations. Adam et al [4.12]
have also reported that there is a strong correlation between the intensities
of the 885 and 940 cm-! bands and the Si-H and Si-OH stretching modes,
respectively. As there are no absorption in the stretching modes of Si-OH,

Si-H and Si-N based on our IR absorption spectra, it is believed that this
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850-950 cm-! band may be assigned to oxygen deficiency, which is
normally observed in pyrolytic silicon dioxide films [4.13, 4.14]. When
the substrate temperature increases, this absorption band decreases and
disappears as the substrate temperature reaches 300 °C, indicating that the
substrate temperature does promote a phase change from a silicon-rich to a

more stoichiometric structure.

The ratio (Rjg) of the shoulder height to the maximum absorption of
the Si-O-Si stretching band Ry as a function of substrate temperature is
shown in Fig. 4.8. A value of Rjg =0.20 indicates x =~ 2 for SiOy [4.15]
The present films deposited at 300 °C have Ry = 0.25 indicating that x is
very near 2 implying that the films are stoichiometric. This deduction is
supported by the leakage current of these films measured at a constant
electric field of 2 MV/cm as shown in Fig. 4.8. Both the R, and the
leakage current increase as the substrate temperature decreases, implying
that the films deposited at temperatures lower than 250 °C gradually

become silicon rich.

The peak frequency of the Si-O-Si stretching absorption mode v,
decreases with increasing substrate temperature. For a substrate
temperature of 300 °C, v, is 1060 cm-!, which is normally observed for
high quality PECVD films. As the substrate temperature decreases, vy,
shifts toward a higher wave number and becomes 1070 cm-! for a substrate
temperature of 30 °C. Furthermore, FWHM increases with increasing
substrate temperature, indicating that the films deposited at 300 °C have a
higher intrinsic stress than those deposited at lower temperatures.

Nakamura et al [4.16] have reported that v, is directly related to intrinsic

stress and decreases with increasing intrinsic stress. The low intrinsic
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Figure 4.8. The shoulder height and the leakage current at an average dc field of 2

MV/cm as functions of substrate temperatures.

stress for film below 200 °C may be associated with the mixture of SiO,
and genius silicon phase [4.16]. This is also consistent with the presence of
the 850-950 cm-! band. The high intrinsic stress in PECVD films is
associated with the nature of the film growth process. The stress in
PECVD films is tensile, that may be caused by the low pressure and low
temperature during film deposition. The low pressure may lead to the film
growth rate lower in the absorbed phase (before reaction) than in the solid
phase (after reaction). This may in turn lead to the formation of elongated
bonds thus resulting in the built-in tensile stress. Furthermore, low
substrate temperature during film deposition may reduce the probability

for the active species to reach an optimal position for interaction at the
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substrate surface because of low surface mobility. This could also result in

the elongated bonds in the films [4.17].

The I-V characteristics as functions of substrate temperature are
shown in Fig. 4.9. As the substrate temperature decreases, the low-field
leakage current increases and the breakdown strength decreases. It
appears that at least a temperature of =~ 270 °C is required to deposit good
quality SiO; films. At substrate temperatures lower than 250 °C,
premature injection occurs at fields much lower than the normally accepted
threshold field = 5 MV/ecm. These results are consistent with the high-
frequency C-V characteristics shown in Fig. 4.10. As the substrate
temperature decreases, the C-V curve tends to shift towards negative gate
voltage, indicating that the positive trapped charge inside SiO, films
increases. The total oxide charges based on the flat-band shifts for four
substrate temperatures are listed in Table 4.1. For the substrate
temperature of 25 °C the C-V curve is stretched out indicating that the film
consists of a high concentration of interface traps. The quasi-static C-V
characteristics have also been measured. Typical results for three different
substrate temperatures are shown in Fig. 4.11. Again, they show the same
tendency: the interface trap density (Djt) increases as the substrate
temperature is decreased below 300 °C. The values of Dy, for different
substrate temperatures are also given in Table 4.1. For the substrate
temperature of 300 °C, Dj is about 5 x 1010 cm-2 eV-1, which is about the
same order as that for high quality thermal oxides. For a substrate
temperature of 100 °C the C-V is quite distorted possibly due to high

concentrations of both oxide traps and interface traps.
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Figure 4.9. I-V characteristics for SiO; films fabricated at substrate temperature of 100,
200, and 300 °C.

Table 4.1. The stretching frequency (vyy), full width at half maximum (FWHM), oxide
charge (Qot),and interface trap density (Dj¢) for SiO; films deposited at four

different temperatures.

Substrate Vm FWHM Qot Dit
Temp.(°C) (cm1) (cm'D) (cm™2) (cm2eV-1)
25 1067 77.0 1.4x 1012 -
100 1064 80.0 7.9 x 1011 7.0 x 1011
200 1061 874 4.2 x 1011 6.2 x 1011
300 1061 87.6 2.4 x 1010 5.0 x 1010
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Figure 4.10. Typical high-frequency C-V characteristics for SiO5 films deposited at
substrate temperatures of 25, 100, 200, and 300 °C.
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Figure 4.11. Typical quasi-static C-V characteristics for SiO, films deposited at three
substrate temperatures of 100, 200, and 300 °C.
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4.4. Thickness dependence of dielectric behavior of SiQO, films

It has been shown that the quality of SiO, films deposited by the CPPP
system at 300 °C is close to that of high quality thermal oxide with an
average breakdown strength higher than 9 MV/cm and an interface trap
density about 1010 ¢V-! cm-2 for film thicknesses below 600 A. In terms of
electrical integrity these SiO; films are good enough for microelectronic
devices. Unlike the thermal oxide that is grown at the interface between
S10, and Si, the PECVD SiO5 film is deposited on the substrate surface
layer by layer. Thus, It would be expected that the film growth mechanism
for the latter would be much influenced by the deposition parameters, and
that the composition and the structure should be uniform throughout the
film and independent of film thickness if the deposition parameters are kept
constant during deposition. By maintaining identical stable plasma and
deposition parameters, a series of SiO, films with thicknesses ranging from
120 A to 1000 A were fabricated. It was first determined whether the
composition and the structure of the fabricated films were thickness
dependent. The film thicknesses were measured using the capacitance
method and the measured values were consistent with those obtained from
ellipsometric measurements. The refractive index measured by
ellipsometry for a film of thickness of approximately 1425 A
corresponding to one half the ellipsometric cycle for the incident light with
wavelength of 6328 A is 1.458 which is about the same as that for the high
quality thermal oxide. The etch rate of the PECVD films in HF solution is
independent of the film thickness and is about 2 times faster than that of the
high quality thermal oxide. The high etch rate for PECVD films may
imply that these films have a low density and low compressive stress [4.18].

However, within the resolution of the analytical techniques used, no change
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in composition and structure of the films with thickness could be found, at
least for the thickness range form 120 A to 1000 A in this investigation.
Figure 4.12 shows that the film thickness is linearly proportional to the
deposition time, yielding a deposition rate of 8 A per min, independent of
film thickness. The FTIR results also show that there is no detectable
difference in the Si-O stretching absorption band (at 1060 cm-!) between
films of different thicknesses, and that the absorbance at this band is
linearly proportional to film thickness, following the Lambert-Bougmer's

faw as shown in Fig. 4.13. This law is given by |4.19]:

A =logo(l/1) = 0.434 Capp (d - X) (4.1

where A is the absorbance, I, and 1 are the incident and transmitted light
intensities, respectively, Qupp is the apparent absorption coefficient, X is the
thickness of the native oxide layer on the silicon surface which is assumed
to be zero, and d is the thickness of the SiO; film. The apparent absorption
coefficient deduced from Fig. 4.13 is about 1.5x104 cm! which is smaller
than the value of 3.34x104 cm-! for thermal oxides [4.20]. The FTIR
spectrum for samples after PMA has also been measured. No detectable
difference in IR spectrum between the samples as deposited and those after
PMA was found indicating that PMA at a temperature of 400 °C for 30
minutes may anneal out some defects at the SiO,/Si interface, but does not

cause any change in the composition and structure of the films.

At applied fields below the threshold field for the FN tunneling
injection, the bulk SiO; can be considered approximately free of trapped
charge. The general shape of the C-V characteristics (Plotted in C-F
where F is the average applied field which is equal to the applied gate
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Figure 4.12. The deposited SiO; film thickness as a function of deposition time. The
linear relationship yields a deposition rate of 8 A/min.

0.2

Absorbance (arbitrary)
&
]

0.0 1 1 1 1 i
0 200 400 600 800 1000 1200

Thickness (A)

Figure 4.13. The absorbance at the Si-O stretching band as a function of SiO, film
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voltage divided by the oxide thickness) are practically independent of film
thickness as shown in Fig. 4.14. The curves were plotted in C-F rather
than C-V mainly for the convenience of the comparison of films with
different thicknesses. The difference in minimum capacitance is due to the
difference in normalized SiO; capacitance which is inversely related to film
thickness. The flat band voltage as measured from these high frequency C-
V (HF C-V) curves shows a shift toward negative values. By assuming that
this shift is caused mainly by the work function difference and the positive
oxide fixed charge, it is estimated that the positive oxide fixed charge is
about 10! q em-2. The quasi-static C-V (QS C-V) characteristics were also
measured. Typical results for two different film thicknesses are shown in
Fig. 4.15. Again, they do not appear to be thickness dependent. The
positive oxide fixed charges (Qf) and the densities of interface traps (Djy)
deduced from HF C-V and QS C-V results for different film thicknesses
are given in Table 4.2. Within the limit of the accuracy in determining the
values of these parameters, both Q; and D;, can be considered to be

practically independent of film thickness.

Figure 4.16 shows the I-V characteristics for various SiO, film
thicknesses measured using a linear voltage ramp at the rate of 0.2
MV/em/sec with the aluminum gate electrode biased at positive polarity. It
can be seen that the Fowler-Norheim (FN) injection of electrons from the
n-Si starts at an average field of 5.0 - 5.5 MV/cm and the I-V
characteristics follow the FN tunneling relation [4.21] until the onset of the
space charge limitation. The threshold field for the onset of this limitation

increases with increasing film thickness. This phenomenon suggests that
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film thickness (a) 120 A, and (b) 480A.
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Table 4.2. Values of oxide fixed charge density, Qr, and interface trap density, Dj,

deduced from C-V characteristics for various SiO; film thicknesses, d.

Sample d(A) Qr (q cm?) D;; (cm2 eV-)
TDO1 120 1.42X1010 1.5X 101!
TDo2 235 1.12X10!! 5.0X10!!
D04 480 6.20X1010 2.4X10!!
TDO5 845 4.16X101! 6.0X10!!
TDO7 966 4.80X10!T | -

Current (A)

12 4 6

12 4 6

10 12 4 6

Average Applied Field (MV/cm)

Figure 4.16. Current-Voltage characteristics (plotted in current as a function of
average applied electric field) for SiO; film thickness: (a) 120 A, (b) 240

A, (c) 480 A, and (d) 845 A.

12
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the motion of the injected electrons in the SiO, bulk is mainly controlled by
their interaction with the lattice rather than with the traps in the forbidden
gap of the SiO, bulk [4.22]. This also implies that the injected electrons
may travel quite a distance before being effectively trapped. At any
heterojunction between two different materials, there always exists an
interface layer caused either by the mismatch between the two material
surfaces, or by the fabrication process or the stress. While much attention
has been devoted to the SiO,/Si interface, the effect of the S10s/metal
interface is hardly mentioned in the literature. In practice, water in the
form of an hydroxyl group can be strongly bound to the Si atoms on the
oxide surface and this hydroxyl group will react with Al producing
hydrogen and forming aluminum oxides [4.23] and hence an interface
layer. It is believed that in the SiOy/Al interface layer there are deep
electron traps. Some of the electrons moving toward the aluminum anode
will be trapped there forming a negative trapped charge which then retards
the on-coming electrons thus gradually increasing their interaction with
bulk traps. In other words, the bulk traps in the SiO, film are gradually
filled starting from the anode towards the cathode. As the current and
hence the trapping rate increase, an internal field rapidly builds up which
tends to suppress the field towards the cathode and to enhance the field
toward the anode as shown in Fig. 4.17. When the trapped electron charge
builds up to a certain level, it begins to significantly affect the current
injection, and the I-V characteristics start to deviate from the FN relation.
The trapped charge is more effective in suppressing the field, and hence the
electron injection at the injecting contact, for a given trapped charge

quantity located close to the contact.
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Figure 4.17. Schematic diagrams illustrating the build-up of negative space charge Q
and its effect on potential distribution due to electron injection and filling of
electron traps in the bulk of SiO,. The numbers 1, 2, 3, 4, and 5 show the
gradual change of the space charge distribution as the space charge builds
up. Electron injection is at x=0 (cathode). Ax¢, and Axj are the widths of
the interface layers at the Si and at the Al surfaces, respectively, which are
supposed to be very small as compared with the oxide thickness.
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By taking the location of the cathode surface (the electron-injecting
contact) at X = 0 and that of the anode (Al gate electrode) at x = d, the
centroid, X,, of the trapped electron charge should be located at the same
position as the first sheet of trapped electron charge near the anode. As the
trapped electron charge builds up sheet by sheet toward the electron
injecting contact, the centroid, X,, also moves toward the electron injecting

contact; i.e. X, decreases because it is defined as:

} P(X) X dx } p(x) x dx
Q0 ‘,u——,() (42)

d - Q
p(X) dx

Xo=
0

where p(x) is the trapped charge density at x and Q is the total trapped
space charge in the oxide. The internal field created by such a trapped

charge is given by [4.24]:

Fin=—%(1-3) 43)

€ox

where ¢ox is the permitivity of the SiO, film. For the same quantity of Q,
the thinner is the sample the smaller the value of x,/d and hence the higher
the value of Fi,. On the basis of the above argument about the build up of
trapped space charge, the trapped space charge effect is greater for a thin
sample than for a thick one. This is why the threshold field for the onset
of the deviation from the FN tunneling relation (or the onset of the space
charge limitation) increases with increasing film thickness as shown in Fig.
4.16. For thick samples such as 845 A, the threshold field for the onset of
the breakdown process may be lower than that for the onset of space

charge limitation for that particular voltage ramp rate used. In this case
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the I-V characteristics follow the FN tunneling relation right up to the
breakdown field. For thin samples such as that of 120 A the bulk traps
may have been almost completely filled prior to the onset of the breakdown
process during the first cycle of the ramp voltage stressing. In order to
study the dielectric behavior in some detail, the following experimental
procedure was used to reveal the effect of the applied high electric stress
on the I-V and C-V characteristics. First, a high-frequency C-V curve for
a virgin MOS capacitor device was taken and then the device was stressed
with the first cycle of voltage ramp at 0.2 MV/cm/sec until it reached a
predetermined level at about 8-9 MV/cm (close to the breakdown field) and
then held there for 10 seconds. The stress was then released and the C-V
curve was immediately measured, and followed by a second cycle of
voltage ramp stressing. This procedure was repeated several times. The I-
V and the corresponding C-V characteristics for the SiO, film of 120 A are
shown in Fig. 4.18, and those for the SiO, films of 845 A are shown in
Fig. 4.19. For thin samples such as 120 A, there is a stretch-out in the C-V
curve after the first cycle indicating that the interface trapped charge plays
an important role in both the I-V and the C-V characteristics. There is no
shift in either the I-V or the flat band of the C-V curves after the second
stress cycle indicating that the bulk traps may have been almost completely
filled during the first cycle of ramp voltage stressing, and that further
stress does not increase the trapped charge even with the stress time
increased from 10 sec to 1 min for each cycle as shown in Fig. 4.18.
However, the situation for thicker samples such as 845 Ais quite different.
In this case, the I-V curves shift toward higher voltage and C-V curves

shift towards the positive gate voltage direction after each stress cycle
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Figure 4.18. The effects of high electric stress on (a) the I-V and (b) the high frequency
C-V characteristics for a typical SiO film of 120 A in thickness for the virgin
sample, V, and after 15t, 2nd, apq 3rd cycle of stressing. After each cycle a
stress of 8-9 MV/cm was applied to the device for 10 seconds prior to the
measurements for the following cycle.
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Figure 4.19. The effects of high electric stress on (a) the I-V and (b) the high
frequency C-V characteristics for a typical SiO, film of 845 A in thickness
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device for 10 seconds prior to the measurements for the following cycle.
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indicating that the higher or the longer the application of the high electric
stress, the more the negative space charge builds up in the bulk of the SiO,
as shown in Fig. 4.19. The amount of the negative space charge that can
build up in SiO, depends not only on the total time of applied electric
stressing but also on the electric stress. For low electric stresses such as 6
MV/cm, the high frequency C-V curve shifts only after the first 10 seconds
of electric stressing and then remains unchanged upon further stressing as
shown in Fig. 4.20 (a). However, for higher electric stresses such as 8.5
MV/em the C-V curve shifts further toward positive gate voltage as shown
in Fig. 4.20(b). If the bulk trap concentration is distributed uniformly in
space, the total number of traps is larger for a thick sample than for a thin
one. It is likely that the bulk traps are not completely filled after the first
cycle of the ramp voltage stressing. The function of the applied high
electric stress is to increase the electron injection and the trap-filling.
From these results it is difficult to know even under a long period of high
electric stress whether all the bulk traps are filled or whether any new
traps are created by the hot injected electrons. By assuming that for the
120 A samples, all the traps are filled during the first cycle of the voltage
ramp stressing, the current ledge shown in Fig. 4.18 gives the bulk trap
concentration of 1014 cm-3 which is small. However, based on the flat band
shift shown in Fig. 4.19 for the 845 A samples the bulk trap concentration
could be 1016 cm3. Comparison of these two values, suggests that further
stress may not only enhance electron injection and trap filling but may also
create new traps [4.25]. The present experimental work does not provide
enough evidence about new trap creation by hot electrons. However, it
may be speculated that each electron-trapping event will evolve an energy

of the order of 2-5 eV depending on the trap energy levels. This energy,
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devices for 10 seconds.
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if not converted to light emission, will be dissipated in the material by the
breaking of bonds and hence the creation of defects or traps [4.26]. By
observing the breakdown size on the SiO, surface at the gate after the
removal of the aluminum electrode under a microscope of magnification
X400, the average size of the breakdown channel has been estimated to be
about 2-10 um in diameter. It is most likely that for carrier injection
from the electrodes at fields higher than the injection threshold field, the
electric conduction is filamentary because the electrode surface is not
microscopically identical in asperity and surface condition from domain to
domain. Thus, there may be one or more micro-regions in which the
potential barrier has a profile more favorable for carrier injection than in
other regions |4.27, 4.28]. Furthermore, the material itself is never
microscopically homogeneous. Thus, the current density is definitely not
uniform.  Supposing that the current filament which leads to final
destructive breakdown is the filament carrying the majority of the total
current, then the current density of this filament can be estimated. For the
filament size of 10 um in diameter, the current density may reach 10
A/em? for the total current of 10-6 A. The energy stored in the filament at
the current corresponding to an average field of 9 MV/cm is approximately
equal to 90 MW/cm3. This is an enormous energy far more than the
energy required to cause thermal instability. It is believed that destructive
breakdown is initiated by thermal destruction and followed by impact
ionization leading to a sharp increase in current at the breakdown field.
There is no evidence of impact ionization prior to the occurrence of
thermal instability. Thermal destruction is the way to open up some local
micro-regions to provide large mean free paths for the electrons to

accelerate to energies greater than the band gap (9.0 - 9.5 eV) and to cause
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Figure 4.21. The breakdown strength as a function of SiO5 film thickness.

impact ionization. Figure 4.21 shows that the average breakdown strength
decreases with increasing film thickness. A similar phenomenon has been
observed in thermal oxides [429] and other dielectric materials [4.30]. Heat
transfer is easier for thin samples than thick ones. This can be considered
as one of the factors responsible for the decrease of breakdown strength as
the film thickness increases [4.31]. The I-V curve is dependent on the
voltage ramp rate as shown in Fig. 4.21. The lower is the voltage ramp
rate the lower the breakdown field. Since the thermal run away effect is
proportional to f I2(t) R(t) dt, where R(t) is the conduction filament
resistance, and both R(t) and I(t) are time dependent, the critical field or
the critical current density for the onset of thermal instability is lower for
the lower ramp rate as expected. For a fixed ramp rate, the effect of the
oxide trapped space charge, which creates an internal field opposite against

the applied field, is greater for the thin samples than for the thick ones at a
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Figure 4.22. The effects of the ramp rate on the ramp Current-Field characteristics for
the SiO; film thickness of 845 A (a) for the ramp rate of 0.8 MV/cm/sec
and (b) for the ramp rate of 0.1 MV/cm/sec.

given applied field as discussed above. This can be considered as another
factor responsible for the decrease in the average breakdown strength with
increasing film thickness. It should be noted that when the volume of the
negative trapped space charge for thick samples reaches a value high
enough to increase the field at the anode to such a level that the potential
barrier becomes sufficiently narrow for effective tunneling of holes from
the anode, then double injection ensues [4.32]. Although the mobility of

holes in SiOz is very small, hole injection provides a channel for
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recombination. Several investigators have observed that after the
application of high electric stress, the I-V curve may show a negative
differential conductance and the C-V curve tends to shift to negative
voltage [4.33] and that under high field stress there is light emission [4.34].
Double injection provides an alternative, though speculative, explanation

for these phenomena.

4.5. The effects of dc biasing to the SSEC

In chapter 3, it was shown that the SSEC can cffectively suppress
charged particles progressing towards the processing chamber if the SSEC
is properly biased with a dc voltage. The schematic diagram of the SSEC
is shown in Fig. 3.3(b) of chapter 3. Without a dc bias, the potential
created by the plasma volume at the front wall of the SSEC at a constant
gas flow of 10 sccm of N,O is negative with respect to the screening mesh
ground as shown in Fig. 4.23. The negative potential at the front wall
causes positive ions to move from the plasma volume towards the SSEC.
The potential at the back wall under the same non-biasing condition is
positive with respect to the screen mesh ground. Thus, the total internal
potential between the front wall and the back wall is about 4 V at the gas
pressure of 10-3 torr. The internal potential drives the positive ions
through the SSEC and guides them along the central line toward the
substrates. This potential decreases with increasing gas pressure because
the mean free path of the charged particles in the plasma decreases, thus
decreasing the probability of impact ionization and hence decreases the
number of charged particles. However, for most ECR microwave PECVD
operations the gas pressure used is about 10 - 20 x 10-3 torr. Within this

pressure range, the internal potential between the front wall and the back



Floating Voltage (V)

121

2
L %th""'ﬂ.,
g ()
ot 3
.-"!-_- i
.-"j—-.rr
-1 2 e
.._E‘*.’
i (a;’f..
-2 B
a"ﬁ
- 3 i H 1 1 1
0 10 20 30 40 50 60

Pressure (mtorr)

Figure 4.23. (a) the floating potential at the front wall of the SSEC and (b) the floating

potential at the back wall of the SSEC under non-biasing condition.

Floating Potential (V)

0.2

-0.1 S

5

10 15

Bias Voltage (V)

20

Figure 4.24. The floating potential measured at distance of 5 cm from the back wall as a

function of negative voltage applied equally to both the front and the back

walls.



122
wall is about 2.5 - 4.0 V.

The floating potential has been measured using a tungsten probe at a
point 5 cm from the back wall. At zero bias the floating potential is 0.135
V and positive with respect to ground indicating that there is a certain
number of positive ions entering the processing chamber and possibly
bombarding the substrates and the on-growing films during PECVD. In
order to reduce the positive ions passing through the SSEC and flowing
toward the substrates, dc bias was applied to the front wall and the back
wall. The negatively biased front wall tends to attract positive ions toward
it, but when the ions enter the SSEC, the field in the region between the
front wall and the central screening mesh tends to block them from passing
through the screening mesh. However, some ions may leak through to
reach the back wall. Because the back wall was also negatively biased, it
was difficult for the positive ions passing through the SSEC to travel far
away from the back wall. This is why, with the front wall and the back
wall negatively biased with respect to ground, the floating positive potential
with respect to ground decreases with increasing magnitude of the negative
bias as shown in Fig. 4.24. This indicates that the number of positive ions
reaching the probe decreases under such a biasing condition. Furthermore,
the negatively biased back wall also tends to reduce the kinetic energy of
the impinging positive ions toward the substrates. Without bias, the
floating potential is about + 0.135 V with respect to ground. Although this
internal potential seems very small, it may create a field as high as 10
MV/cm inside the on-growing SiO, film when the thickness of the film is
still thin, say 15 A. Such a high field occuring during the initial stage of

the film growth may cause electrical breakdown, leading to damage of the



10 10
18
L: |
(‘Il,; C\IA
= 16 '=
- 10 1 L
l> ﬁ —
= 14 2
= ] e
=]
{1, o
10 1
10 L 1 5 1 1 J 1 0
0 5 10 is 20

Bias Voltage (V)

Figure 4.25. The interfacial trap density and the oxide bulk traps concentration as

functions of negative bias voltage.
SiO,/Si interface.

The SiO,/Si systems with SiO, films grown at 20 x 10-3 torr under
various bias voltages have been studied. It can be seen from Fig. 4.25 that
the D;; and Q. decrease with increasing negative bias voltage. It should be
noted that various biasing conditions have been tested, such as positive bias
for the front wall and negative bias for the back wall, positive bias for the
front wall as well as for the back wall etc. However, none would improve
the behavior of the SiO,/Si system. Only the bias condition with both the
front and the back walls negatively biased with respect to ground tends to
improve Dj;and Q.x levels. Although the effect of biasing is not very
significant, the experiment shows that positive ion bombardment on the

substrates and the on-growing films cause damages. It should also be noted
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that the SSEC itself without bias reduces significantly the number and the

energy of impinging energetic particles from bombarding the substrates

and the on-growing SiO, films, and hence improves the behavior of the

S10,/Si systems.
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5

The Effects of ECR microwave Plasma Radiation on
the Charges and Defects in Si0»-Si Systems

The effects of radiation due to gamma rays [5.1], X-rays [5.2],
energetic electrons [5.3] and ion beams 15.4], on the behavior of MOS
systems have been extensively studied although most of the studies are
related to the MOS devices used in space or nuclear reactor environments.
However, the effects of radiation due to these sources are similar, which
cause mainly an increase in both the bulk trapped charges and the SiO,/Si
interface trapped charges. It is anticipated that the electron-hole pairs
generated in the SiO, bulk during radiation are the main particles to cause
the increase of such charges [5.5]. In the case of MOS systems, which are
biased positively at the gate electrodes during radiation due to the floating
potential, the electrons generated in the SiO, bulk can easily drift through
the oxide toward the positive gate electrode, while the holes, because of
their low mobility, may react with the vacant oxygen sites in the Si-Si
bonds, creating E' centers and hence positively trapped charges in the SiO,
bulk [5.6-5.8]. The creation of E' center and positively trapped charge is a
reversible reaction process [5.9]; for example, electrons approaching E'
centers may react with them neutralizing the positively trapped charges.
Regarding the interface traps created by radiation, there are several schools
of thought. One is the trapped hole model [5.10]. With this model, the

radiation-generated holes are simply trapped at the SiO,/Si interface
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forming interface traps. One model is based on the assumption that the
radiation-generated holes react with Si-OH bonds in the SiO, bulk releasing
hydrogen ions(H+), which then drift towards the interface [5.11]. These
H™ ions will then react with Si-H bonds and electrons from Si to form Si-
dangling bonds (interface traps), and neutral atomic or molecular
hydrogen. Another model is the bond strain gradient (BSG) model. Based
on this model the oxygen dangling bond tends to propagate in the direction
of increasing strain. Once this bond arrives at the interface, it encounters

Si centers and becomes trapped there forming an interface trap.

The recent trend of using microwave plasma processing for the
fabrication of MOS devices has raised a new concerns about the plasma
radiation effects on the devices. Several investigators [5.12-5.13] have
reported that MOS devices undergo degradation during the plasma etching
process, particularly for devices with oxide thicknesses below 200 A.
However, the plasma radiation effects on the SiO, films and the Si0,/S1
interfaces during plasma-enhanced chemical vapor deposition (PECVD)
have not yet been studied. It is known on the basis of several years’
experience on microwave plasma processing that plasma radiation causes
deterioration in the PECVD SiO; films and SiO,/Si interfaces [5.14]. In-
situ study of such effects in on-growing SiO, films is impossible. The
viable way of studying such radiation effects is to simulate the radiation
effects due to microwave plasmas during PECVD by using thermally
grown SiO; films on Si substrates to form SiO,/Si systems and to study the
changes of the behavior of such systems after being exposed to microwave
plasmas. It is hoped that this simulation study may shed some light on the

radiation damage in MOS systems.
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5.1. Experimental
The MOS capacitors used in this study were fabricated using the
thermal oxidation process. Prior to loading, a drop of HCI was dropped on
the empty boat which would be used later for holding the Si wafers. This
boat was then placed immediately inside the hot zone of the quartz tube
which had been heated to a temperature of 1100°C. After that, the quartz
tube was flushed with O, gas for about 30 minutes. This is an important
step based on experience because with this purging the concentrations of
charges and defects are significantly reduced. In fact, a similar result
about the effect of HCI has been reported by Hashimoto et al [5.15]. The
substrates were n-type, <l100> oriented, 2-4 ohm-cm silicon wafers. After
the wafers were cleaned by the RCA method [5.16] with 17.5 x 106 ohm-
cm de-ionized water, they were then dipped into a reduced HF:H,O
solution (1:100) to remove the native oxide before being placed in the boat.
The boat was then placed in the hot zone of the quartz tube which was at
1100°C and the SiO; films were thermally grown on the Si wafer surfaces
in dry oxygen to the desired thicknesses, the film growth rate being 25 A
min-1.  After the film growth, the quartz tube was pulled out of the hot
zone and allowed to cool slowly outside the furnace. The time required for
the sample to cool down to room temperature was about 30 minutes. No
further post annealing was performed. After the SiO, films on the back
side of the wafers were removed by HF etch, an aluminum electrode was
blanket-deposited on the surface of the silicon side for each wafer by
thermal evaporation. The samples were then divided into two groups. One
group was named the "OS" group which remained unaltered with only Al
back electrodes, while the other group was named the "MOS" group in

which Al electrodes of 5x10-2 cm? in area each were vacuum deposited on
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top of the SiO; surfaces through a shadow mask to form MOS capacitors
by thermal evaporation. The MOS group was further divided into three
sub-groups, namely; (a) MOS capacitors as fabricated without any further
treatment, (b) MOS capacitors subjected to post-metalization annealing
(PMA) at 400 °C in forming gas (10 % of H, in N,) for 30 min, and (©)
MOS capacitors covered with a shadow Cu mask of 0.5 mm in thickness
having the opening windows for Al gate electrodes to protect the SiO,
region. These three sub-groups were named "MOS", "PMAMOS". and
"MASKMOS" for (a), (b), (c), respectively as shown in Fig. 5.1. For each
run a set of samples including OS, MOS, PMAMOS, and MASKMOS was
subjected to radiation produced by a microwave plasma of N,O in the
plasma chamber. The microwave ECR plasma system used to produce
plasmas has been described elsewhere [5.14]. All experiments were
performed at the same plasma parameters which were: microwave
frequency: 2.45 GHz, microwave power absorption: 6 W, N,O gas flow
rate: 10 sccm, gas pressure: 2x10-2 torr, and total exposure time: 30
minutes. Four temperatures for samples during plasma radiation were
used, namely, 30°C, 100°C, 200°C, and 300°C. Plasma of N,O gas was
chosen for this study because it was the gas that was used in the fabrication
of microwave ECR PECVD SiO, films [5.14]. To characterize the samples
before and after radiation, high frequency (1 MHz) and quasi-static
capacitance-voltage (C-V) measurements were used. The overall flow
chart of the experimental set up and measurement steps is shown in Fig.
5.2. All measurements were performed at room temperature (22 °C). For
the determination of the oxide trapped charge, the charge centroid is
assumed to be located near the SiO,/Si interface for the case prior to the

plasma radiation, and located near the middle of the SiO, film for the case
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Figure 5.1. Device configurations for plasma radiation experiments. (a) OS sample with
only Al electrode on the Si surface, (b) MOS or PMAMOS sample with Al
clectrodes on both the Si and SiO, surfaces, and (¢) MASKMOS sample-
same as (b) but with a thick Cu mask to prevent the radiation from

penetrating into the SiO; regions.
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Figure 5.2. Flow chart of the experimental set-up and measurement steps.
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after plasma radiation. The work function difference between the

aluminum electrode and silicon is assumed to be -0.28 eV.

3.2. Model of plasma radiation effects on the MOS systems
When MOS system is subjected to plasma radiation, particles such as
electrons, ions and photons created in the plasma will react with the system.
For the MOS system with the SiO, film fabricated by PECVD, the on-
growing SiO; film as well the SiO,/Si interface may continue being
subjected to plasma radiation during the film growth process. In this
model, an ideal oxide-silicon unit prior to the plasma radiation has been
used and is shown in Fig. 5.3(A). It is assumed that this unit has no oxide
fixed charge and interface trapped charge. When such an ideal OS unit is
exposed to plasma radiation, electrons, because of their high mobility, will
first arrive at the SiO, surface and rest there creating a floating potential
across the SiO; film, which may reach 17 - 20 V although the average
kinetic energy of the electron is about 3.8 eV [5.17]. These electrons
resting on the SiO; surface will create a depletion region in the n-type Si as
shown in Fig. 5.3(B). The width of the depletion region W;, depends on
the number of electrons on the SiO, surface. As time goes on, high energy
electrons and photons from the plasma will penetrate into the SiO,. Some
of the penetrated electrons are trapped in the SiO, bulk creating negative
oxide trapped charge and some may reach the SiO,-Si interface creating
traps and being trapped there. The UV photons are generally absorbed
near the SiO; surface [5.18-5.19] and they will produce electron-hole pairs
as well as break the strained Si-O bonds. The broken strained bond may
then trap an electron by the silicon dangling bond, or capture a hole by the

oxygen dangling bond. According to the bond-strain gradient model [5.19,
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5.20] the silicon dangling bond stays at its original site, while the oxygen
dangling bond tends to propagate in the direction of increasing strain.
Since the strain is highest at the SiO,-Si interface, this implies that the
oxygen dangling bond tends to propagate toward the interface to interact
with Si there to form an interface trap. At the same time, under the
influence of the internal electric field, electrons generated by the radiation
will move toward the anode (n-Si) while holes tend to move toward the
cathode (SiO; surface). Because of their low mobility, some holes will be
trapped inside the SiO, bulk to form positive trapped charges. These
positive trapped charges then screen out the effects of the electrons on the
SiO, surface, thus reducing the field toward the SiO,-Si interface. This

causes the depletion region width to decrease as shown in Fig. 5.3(C).

When the number of positive trapped charge in the SiO, bulk becomes
sufficiently high, they could drive the OS unit from its depletion mode to
an accumulation mode as shown in Fig. 5.3(D). Under this accumulation
mode condition, holes generated by the radiation may move towards the
Si0,/Si interface and be trapped there to form interface trapped charges.
Based on this model, it is expected that the thicker the SiO, film, the more
will be the positive trapped charge in the SiO, bulk and the higher will be
the interface trap density. In the following, some experimental results

which are in good agreement with this model are presented.

5.3. Results and discussion
Prior to plasma radiation exposure, the MOS devices were first
characterized by capacitance-voltage (C-V)measurements. The average

value of the interface trap density (D;) for MOS devices after an initial

PMA treatment varied from 5x10% to 2x1010 eV-1 ¢cm-2 as the oxide
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thickness increased from 228 A to 941 A. A similar thickness dependence

has been reported by Nicollian and Brews [5.21]. The average value of
the oxide trapped charge (Q,;) for MOS devices after an initial PMA
treatment varies from 1.5x10!'! gecm=2 (negative) to 1.5x1010 q cm-2
(negative) as the oxide thickness increases from 228 A to 941 A. These
negative charges are introduced by metalization and initial PMA treatment.
During the PMA treatment at 400 °C, electrons from the n-Si substrate are
introduced into the oxide bulk [5.22]. Thus, not only are the positive
charges originally present in the oxide bulk due to excess oxygen species
near the interface during the oxidation process [5.23] neutralized by the
negative electron charges, but an excessive amount of negative charges is
also accumulated. Prior to plasma radiation exposure, MOS devices were
heated at temperatures up to 300 °C (below the PMA temperature which is
400 °C) for about 30 min, and then the C-V measurements were carried
out at room temperature in order to check whether such low temperatures
(=300 °C) would affect the values of Dj; and Q.. The results show that Di¢
and Qot are practically unaffected by the heat treatment at temperatures
below 300 °C. In the following, the effects of device temperature during
plasma radiation exposure on the radiation-induced defects and charges in
annealed MOS devices (PMAMOS) will be reported. In this case, although
the device temperatures used for the experiment are below 300 °C, it was
found that the radiation effects are strongly dependent on device
temperature during radiation. It is therefore important to ensure that prior
to the radiation exposure, the values of Dj; and Q. are consistent for all
MOS devices, and these values will be called the Pre-irradiation values as

the references for comparison purposes. Table 5.1 gives the values of Dy



138

Table 5.1. The pre-irradiation values of Dj; and Qg prior to plasma radiation exposure.

Before PMA After initial PMA
Oxide
Thickness (A) 288 941 228 941
DiteV-1 cm2 3.5x 101! 2.0x 101! 5.0 x 109 2.0x 1010
Qot (qem™2) +.18 x 1011 +6.0x 1010 - 1.5x 1011 -1.5x 101!

and Q,, which are consistent for all devices in this investigation.

3.3.1. Radiation effects on the interface trap density

The effects of plasma radiation on the value of Dj for the four device
configurations with various SiO; film thicknesses and also the effects of
Post-irradiation final PMA (Annealing after radiation treatment) have been
studied. The results are shown in Fig. 5.4. It can be seen that Dj always
increases with increasing oxide thickness (doy) for all four device
configurations. The Dj-dox curves for devices after radiation follow a
simple power law (Dj; a d,) with n varying from 0.3 to 0.6. A similar
power law dependence but with n of 0.5-2 has been reported for high
energy radiation such as Co60 and gamma rays [5.24, 5.26] with energies
extending to the MeV range. The lower value of n for microwave plasma
radiation may be due to its low energies (<50 eV). By comparing the
results with the pre-irradiation values of Dy, it can be seen that the plasma
radiation has created a large quantity of defects at the interface. These

results are consistent with those for the MOS devices with the oxide
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Figure 5.4. Mid gap Dj; as a function of oxide thickness for device temperature of 22°C
during radiation (I) after exposure to plasma radiation and (II) after post-
irradiation final PMA treatment for (A) OS samples, (B) MOS samples, (C)
PMAMOS samples, and (D) MASKMOS samples.

fabricated by PECVD, which always have a large value of Djt because
such MOS devices have already been subjected to N,O plasma radiation

during the deposition of SiO; films.

As has been mentioned in the last section, the radiation effects are
mainly due to UV penetration into the SiO, bulk and the interface, which
generates electron-hole pairs and breaks strained Si-O bonds. The thicker
the oxide, the greater the number of electron-hole pairs and broken
strained bonds generated. Furthermore, a thicker oxide has a relatively
larger strain gradient toward the interface [5.3, 5.20, 5.27, 5.28]. This
leads to the experimental fact that MOS devices with a thicker oxide have

more radiation induced interface traps. Of the four device configurations,
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the PMAMOS sample has been subjected to an initial PMA treatment.

Therefore, this sample has fewer strained bonds and hence a fewer number
of bonds susceptible to breakage upon ionizing radiation, and therefore
fewer defects migrating to the interface to form interface traps. This is
why the PMAMOS sample has the lowest Dj, after radiation. The OS,
MOS, and MASKMOS samples were not subjected to an initial PMA
treatment, and these samples are expected to have a higher concentration of
strained bonds. The OS sample has a slightly higher Dj; than the PMAMOS
sample. It is likely that without the top electrodes on the SiO, surface,
energetic particles, such as electrons with energy E. > 7 eV, would easily
penetrate into the SiO; bulk. These penetrated electrons could be trapped
to form a negative trapped charge tending to act as a screen to suppress
further electron penetration. The penetrated electrons may react with E'
centers converting them to neutral species. This may be the reason why the
OS samples have a Dj, lower than the MOS and the MASKMOS samples.
The MASKMOS samples have not only the Al electrodes covering part of
the SiO; surfaces but also have a thick Cu mask covering the remaining of
the SiO; surface to eliminate the penetration of energetic particles. It can
be expected, therefore, that the MOS samples have the highest and the
PMAMOS samples the least radiation-created Dj;.

For all device configurations shown in Fig. 5.1, the value of Dijt
created by plasma radiation always decreases with increasing device
temperature during radiation for temperatures up to about 200 °C
regardless of the oxide thickness as shown in Figs. 5.5 and 5.6. This
phenomenon implies that the radiation effects involve two competing

processes, one is the defect generation process and the other is the
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annihilation process. The main cause for the damage is the plasma-
generated vacuum UV light as has been discussed in the previous section.
The UV light can penetrate through the aluminum electrode into the SiO,
bulk and the SiO,-Si interface, thus creating interface traps. As the device
temperature increases, the thermal annealing process becomes important. It
tends to annihilate the defects generated by the radiation. According to the
recombination enhanced defect reaction (REDR) model [5.29], the
recombination of excess electrons and excess holes via defect centers
releases a substantial amount of energy which can cause excitation of the
vibrational states of the defects. This would in turn enhance the defect
reactions such as diffusion, dissociation and annihilation of defects. The
higher the device temperature during radiation, the more effective are the
reactions causing the annihilation to override the generation of defects.
This is why Dy, decreases with increasing device temperature during

radiation for device temperatures up to 200 °C.

As the device temperature increases beyond 200 °C, Dy starts to
increase with increasing device temperature as shown in Figs. 5.5 and 5.6.
This reverse trend may be attributed to the possibility that for temperatures
larger than 200 °C, the defect generation process becomes more dominant
than the defect annihilation process. It is likely that the higher the
temperature the easier is the breaking of the Si-O bonds and the movement
of radiation-generated electrons and holes. This tends to enhance defect
generation and to nullify the defect annihilation process, and possibly the

traps created are deeper traps at higher device temperatures.

For the four device configurations there is no significant difference in

the rate of the decrease in the value of D;, with respect to the change of the
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Figure 5.5. Midgap Dj as a function of device temperature during radiation (1) after
exposure to plasma radiation and (II) after post-irradiation final PMA
treatment for (A) OS samples, (B) MOS samples. (C) PMAMOS samples,

and (D) MASKMOS samples for oxide thickness of 228 A.
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device temperature during radiation in the temperature range of 20-200
°C, but this rate becomes more drastic for devices with a thicker oxide as
shown in Fig. 5.6. This can be attributed mainly to a larger strain gradient
for the devices with a thicker oxide. It should be noted that mobile
hydrogen species present in the oxide would be enhanced by the thermal
activation and become more effective in passivating the broken bond
defects to form SiH or SiOH bonds. This will reduce the potential trap
sites to form the interface trapped charge at the interface. Furthermore,
the large strain gradient is also responsible for hydrogen transport by
accelerating the hydrogenation process. This may explain also why D,
decreases so drastically with increasing device temperatures for samples

with a thick oxide.

From Figs. 5.5 and 5.6 it can be seen that the post-irradiation final
PMA treatment can anneal out most of the radiation-induced interface
traps. The value of Dy is still slightly higher than its pre-irradiation value
(prior to radiation), particularly for the OS samples. The difference
between the value of Dj after post-irradiation PMA treatment and that
prior to radiation increases as the device temperature during radiation is
increased, indicating that more deep traps are produced at elevated

temperatures, particularly at temperatures higher than 200 °C.

5.3.2. Radiation Effects on the Oxide Trapped Charge

The effects of plasma radiation on the value of Qgt for the four device
configurations with various SiO; film thicknesses and also the effects of
post-irradiation final PMA treatment have been studied. The results are
shown in Fig. 5.7. Of the four device configurations, the value of Q after

radiation changes its polarity from a net negative charge to a net positive
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charge as the oxide thickness is increased for MOS and MASKMOS

samples, while Q. is negative and the net negative charge decreases with
increasing oxide thickness for OS and PMAMOS samples. In fact, the
trend for all the four device configurations is consistent, that is, the net
radiation-induced positive oxide charge increases with increasing oxide
thickness. The internal field inside the oxide due to the plasma floating
potential which can be considered to be practically independent of oxide
thickness, increases with decreasing oxide thickness. For devices with a
thin oxide (e.g. 228 A), the electrical field inside the oxide under radiation
can reach a value as high as 7-10 MVem-!, which can cause electron
injection from the Al gate electrode to the oxide and subsequently trapped
by silicon dangling bonds created by bond rupture during radiation in the
oxide. This is why Q is negative when the oxide is thin. Furthermore,
devices with a thin oxide have a small strain gradient and hence the broken
bonds have more chance to stay in the oxide bulk rather than to migrate to
the Si0,-Si interface leading to a high concentration of electron traps in the

Si0; bulk.

As the oxide thickness increases, the internal electric field during
radiation decreases. Thus, electron injection from the Al electrode may
drop significantly, but the radiation-generated electron-hole pairs
increases. In this case the number of holes trapped may become more
dominant and hence the net charge Q;becomes positive for PMAMOS
samples. Initial PMA treatment has removed most of positive net trapped
charge, so that during radiation, electrons injected from the Al electrode
under high internal fields become dominant. This is why Q; is large and

negative. For OS samples the high-energy electrons from the plasma can
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Figure 5.7. Qg as afunction of oxide thickness for device temperature of 22 °C during
radiation (I) after exposure to plasma radiation and (II) after post-irradiation
final PMA treatment for (A) OS samples, (B) MOS samples, (C) PMAMOS
samples, and (D) MASKMOS samples.

directly penetrate into the SiO; bulk and then be trapped there. This is
why for OS samples, Qo is large and negative. Both the MOS and the
MASKMOS samples, which have not been subjected to the initial PMA
treatment, have a net positive trapped charge after radiation. However, the
value of Qq¢ can be annealed out after a post irradiation final PMA

treatment as shown in Fig. 5.7(I]).

Figures 5.8 and 5.9 show that for the MOS, PMAMOS and
MASKMOS samples, the positive oxide trapped charge Q. increases with
increasing device temperature during radiation, regardless of the oxide
thickness. According to Hughes [5.30, 5.31] both the electron and hole
mobilities are temperature dependent, and the hole mobility deceases much
faster than the electron mobility with increasing temperature. Thus as the

device temperature increases, the radiation-generated holes will be more
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readily be trapped in the SiO, bulk after the mobile electrons are driven
out, resulting in an increase of positive Q.. For the OS sample, the net
negative oxide trapped charge Q. is high because hot electrons from the
plasma can easily penetrate into the SiO, bulk and be trapped there. As the
device temperature increases, the radiation-generated electrons may be
casily driven out of the oxide and the holes left behind may be trapped to
form a positive trapped charge, but the number of such trapped holes may
not be large enough to override the number of electrons already trapped
there. This is why the net negative oxide trapped charge decreases with
increasing device temperature but the change is still not large enough to

convert the net oxide trapped charge from negative to positive.

Post-irradiation final PMA treatment can anneal out most of
radiation-generated oxide-trapped charge as shown in Figs 5.8 and 5.9,
Again, the value of Q after the post irradiation final PMA is still higher
than the pre-irradiation value (prior to radiation), and the difference
between these two values increases as the device temperature is increased
implying that the PMA treatment can not remove the deeply oxide trapped

charge.
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Conclusions

On the basis of the work described above, the following conclusions

are drawn:
(A) The ECR microwave CPPP system used in conjunction with the SSEC
for deposition of thin films at low temperatures has the following

features::

(1) It suppresses effectively the damaging effects on the substrates and
the on-growing films due to the bombardment of energetic

particles produced in the plasma during film deposition.

(2) It suppresses effectively the upstream diffusion of the reactant gas
injected into the processing chamber to the plasma chamber, thus
avoiding the heterogeneous gas phase reaction in the plasma which

may produce micro-dust particles.

(3) It allows sufficient neutral activated species to diffuse in
downstream into the processing chamber for chemical reaction
with the reactant gas at the substrate surface, because with the

SSEC the substrate can be placed very close to the plasma region.

(4) Experimental results have shown clearly that the SiO, films
deposited using the ECR microwave plasma in conjunction with
the SSEC exhibit the physical and electronic properties

approaching those of high-quality thermal grown silicon dioxide.
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(B) The effects of deposition parameters on the properties of MOS systems

are as follows:

(1) The deposition rate is more sensitive to the increase in gas pressure
than to the increase in gas-flow ratio. A high deposition rate is
always accompanied by a high electron trap concentration and
poor stoichiometry of the SiO; films.

(2) Good quality SiO; films can be deposited at a relative high
deposition rate by keeping the gas-flow ratio of 10 (N,O:SiHy) and
the gas pressure within 20-50 mtorr.

(3) The reactions in the ECR microwave PECVD process are
heterogeneous and chemical reaction rate limited at the substrate
surface with an activation energy of 0.035 eV.

(4) For deposition temperatures lower than 200 °C, the films are
silicon rich and all other properties are further deteriorated as the
deposition temperature is further decreased.

(5) At deposition temperatures higher than 250 °C, the deposition rate
become practically independent of the deposition temperature and
the films are stoichiometric.

(6) The SiO; films fabricated at 300 °C are uniform in composition
and structure throughout the films for at least the thickness range

of 100-1000 A.

(C) The dependence of the behavior of the SiO,/Si system on the thickness
of SiO; films are as follows:

(1) The threshold field for the onset of the Fowler-Norheim (FN)

tunneling injection is about 5.0 - 5.5 MV/cm, independent of film

thickness, while the threshold field for the onset of space charge
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limitation (the onset of the deviation from the FN relation)
increases with increasing film thickness.

(2) The average breakdown strength decreases with increasing film
thickness, and also decreases with decreasing the applied voltage
ramp rate. This phenomenon may be attributable to the thermal
instability and the space charge effect which lead to final
destructive breakdown.

(3) There is no impact ionization prior to breakdown. The breakdown
process is initiated by thermal instability and followed by impact
ionization leading to a sharp increase in current at the breakdown

{ield.

(D) The effects of plasma radiation on the SiO, films are as follows:

(1) The plasma radiation damage in MOS devices depends on the
thickness of the SiO; films. In general, the interface trap density,
Dj¢, increases with increasing SiO; film thickness after plasma
radiation following a power law (Dj; a dfx) with n ranging from
0.3 to 0.6 for our MOS devices. The positive oxide trapped charge,
Qo> also increases with increasing SiO; film thickness after plasma
radiation.

(2) The value of Dj; decreases with increasing device temperature
during plasma radiation for temperatures up to 200 °C. Beyond
200 °C, the trend is reversed; that is, the value of Dj; increases with
increasing device temperature. The value of positive Qg also
increases with increasing device temperature during radiation.

(3) The radiation effects are mainly due to the vacuum ultraviolet

(UV) lights which penetrate into the SiO, bulk and the SiO,-Si
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interface creating electron-hole pairs and broken bonds in the SiO,
bulk and at the interface. These effects as well as the bond-strain
gradient toward the interface coupled with the floating potential
across the SiO; film lead to the formation of charges and defects in

the SiO, bulk and at the interface.

The strong effect of device temperature during radiation on the

radiation induced damage indicates that there are two processes
taking place during radiation, one is the defect creation and the
other is the defect annihilation. Thus, the degree of radiation
damage can be reduced during the plasma processing for both
PECVD or etching if it is conducted in a temperature range of 200-
300 °C.

Most of the radiation-induced defects and charges can be annealed
out by a standard PMA treatment. However, some damage induced
by plasma radiation at temperatures higher than 200 °C remains

unaltered even after a standard PMA treatment.



