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ABSTRACT

The physical properties of the SiOF films and the effects of photon radiation on
the Si0; films have been experimentally studied. The films used for the MOS devices were
fabricated by ECR microwave PECVD process at 305°C. The FTIR and XPS spectra
were used to characterize the SiOF films. The results show that fluorine incorporation
enhances the film deposition rate for the flow rate of fluorine below 6 scem, and etches the
films if the flow rate is greater than 6 scem. The breaking of the strained Si-O-Si bonds
and the formation of Si-F bonds by fluorine incorporation induce stress relaxation. The
XPS spectra confirm that fluorine is bonded 1o silicon but not to oxygen in the SiOF films.
There is a desorption of atomic fluorine after heat treatment at 400, 500 and 600°C. A
charged particle suppressor has been designed for the study of the effects of photon
radiation. With this suppressor, a suitable dc biasing applied to the grids suppresses all
charged particles and thus enables exhibition of the role played by photons. For the
photons produced by the N,O plasma at 103 mTorr, the photon radiation causes an
increase in both the interface trap concentration from 6 x 1011 eV-! cm=2 to 10i2 eV-1 cm-2
and the oxide trapped charge from 101! g cm™ to 4.5 x 101! q cm-2 for MOS devices after

post metallization annealing (PMA).
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CHAPTER 1
INTRODUCTION

Silicon dioxide has become the most common gate insulating material. With
device geometries scaled to increase circuit density, new processing techniques and new
materials have been introduced to obtain finer geometries and interconnections with lower
resistivity. In addition, in device-switching performance, the interconnection delay has
become important, which is mainly caused by the large parasitic capacitance in
interconnections. Therefore, the capacitance in interconnections should be reduced in order
to achieve high-performance VLSI devices. A trend to improve the propertics mentioned
above is the incorporation of fluorine to silicon dioxide during oxidation.

Previous works have shown that introducing a small amount of fluorine into
oxygen during thermal oxidation would significantly improve the properties of MOS
devices [1-9]. The specific improvement includes a significant suppression of hot electron
induced interface traps [2]. The effects of fluorine incorporation on the dielectric
breakdown strength [8], the radiation response [2, 6], and the relative dielectric constant of
the silicon oxide films have also been investigated.

There are a number of ways to introduce fluorine into the silicon dioxide, such
as diffusion [2-5, 8], ion implantation [6] and pre-oxidation HF treatment [1, 6]. In our
laboratory, we used electron cyclotron resonance (ECR) microwave plasma processing
with CF, incorporation in the deposition of the SiQ» fitms. One of the objectives of this
research is to study the physical properties of the fluorine-incorporated SiO, films
deposited by this method.

The plasma-enhanced chemical vapor deposition (PECVD) is a low-temperature
processing (about 300°C to 400°C) [26, 27, 30, 32]. To minimize the diffusion-related

and high-temperature sensitive effects which may seriously affect the performance of small
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MOS devices, several techniques based on this concept have been reported recently, and

cach technique has its own advantages and disadvantages. The radio frequency (rf)

PECVD technique has a high deposition rate but it also has some drawbacks. It suffers

radiation and ion bombardment damage during deposition of the films. Another PECVD

technique is the ECR microwave PECVD, which requires a higher carrier gas flow and a

lower operating pressure (in the order of mTorr). This results in a lower deposition rate

and the deposited films may suffer vacuum UV radiation damage. However, a

downstream ECR microwave PECVD technique can reduce the UV radiation damage but i

sutfers from the formation of microdust and the bombardment of energetic particles (mainly

ions) on the substrates and the on-growing films during the PECVD process.

In order to deposit good quality PECVD SiO, films, three conditions must be
met [26]:

(1) The PECVD system must prevent the back-diffusion of StHy from entering the plasma
region in order to reduce the heterogeneous gas-phase reaction due to the discharge of
SiHy to form microdust particles in the plasma chamber.

(2) The system must suppress all of the energetic particles (electrons, ions and photons)
from bombarding the substrates and the on-growing films in order to reduce the
damage on the SiOy/Si interface and defects in the bulk of the films.

(3) The system must provide sufficient activated species for the chemical reaction taking
place at the substrate surface in order to maintain a good reaction rate for the formation
of the films.

To meet these three conditions, one approach is to separate the plasma volume
from the substrates. The Materials and Devices Research group at the University of
Maniroba has developed an apparatus called the species selector and energy controller
(SSEC) [26] to separate the plasma source from the processing chamber. The basic
~ function of this apparatus is to reduce the energy of plasma-generated species by making

them to scatter with the walls of the SSEC before they enter the processing chamber. In



3

order to further minimize the damage caused by ion bombardment, the SSEC has been
modified to enable the use of dc biasing for controlling the energies of the charges particles.
The SSEC can block completely the photon radiation from the plasma to the substrates.
Although many investigators have realized the damaging effects of photon radiation, the
experimental data about these effects are not available. Therefore, another objective of this
research is to study how much the photon radiation would affect the propertics of the MOS
devices.

In this thesis, a brief review of the properties of the fluorinated silicon oxide
and also the principle of the ECR microwave PECVD technique with the apparatus of
SSEC are given in Chapter 2. The experimental methods for producing fluorinated SiQ;
films and their properties are described in Chapter 3. The apparatus developed for the
study of the photon 1'édiation effects and some preliminary results are given in Chapter 4.

On the basis of all experimental results, conclusions are drawn and given in Chapter 5.



CHAPTER 2

REVIEW OF THE PROPERTIES OF
FLUORINATED SILICON OXIDE FILMS AND
THE ECR MICROWAVE PLASMA PROCESSING
TECHNIQUES

The introduction of halogen atoms into the oxidizing gas stream during
deposition of silicon oxide films would result in a marked enhancement of the deposition
rate and a significant improvement in electric properties of the oxide and of the oxide/silicon
interface.  Chlorine-related effects on MOS devices, such as the deposition rate
enhancement, the mobile ion gettering, and the increase of minority carrier lifetime, have
been investigated since the early 1970's. 1t has been shown that MOS devices with
mmproved electrical properties including a belter threshold stability can be achieved by the
incorporation of fluorine in silicon oxide films.

Within a broader context of halogen oxidation as a means of growing silicon
oxide films with improved properties to be used in VLSI fabrication, the incorporation of
fluorine in the MOS devices has recently become of interest to industry. It has been known
since 1980's that the effect of fluorine on the oxidation rate is much more pronounced than
the corresponding chlorine and, in addition, fluorine can also induce a marked oxide
relaxation [6]. This effect can be attributed to the reduction of the bond strain gradient and

the passivation of dangling silicon bonds by fluorine.

2.1 The Chemical Composition of SiOF Films

Fluorine can be incorporated in silicon oxide bulk and at the silicon
oxide/silicon interface in a number of ways. Some of these are HF treatment before
oxidation, anodic oxidation in a fluorinated electrolyte, NF3 enhanced oxidation, ion

implantation, plasma-enhanced chemical vapor deposition (PECVD) with CF, inclusion,
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etc. Of these methods, NF; enhanced oxidation and fluorine implantation are two of the
most commonly used methods,

Previous works [1-20, 22-25, 28-30] have shown that the fluorinated oxide has
significant improvement in oxidation rate, stress relaxation and electvical properties, etc.
There is clearly a change in the bonding structure of silicon oxide with the incorporation of
fluorine. A two-step model has been put forward to explain the bonding structure in the
fluorinated oxide. First, a fluorine atom diffuses and bonds to a dangling bond, or a
weakened bond in the silicon oxide. The fluorine atoms will then accumulate and break the
Si-O-Si bonds. The X-ray photoelectron spectroscopy (XPS) has revealed that fluorine
atoms in the silicon oxide primarily bond to siticon atoms to form Si-F bonds but not to
oxygen [12, 17, 23, 30}, which causes changes in the local microstructure of the oxide
[20], and hence facilitates a fast diffusion of both oxygen and fluorine through the oxide
towards the silicon oxide/silicon interface. The extra Si dangling bonds (broken by
fluorine) are then available to react with oxygen to form another Si-O-Si bond.

It should be noted that the incorporation of fluorine by HF treatment results in
the Si-O-F bonding, possibly due to oxygen insertion into Si-F bond to form oxyfluoride
moieties [50]. This sequence of chemical changes during the oxidation process 1s
illustrated in Fig. 2.1(a) - (c) [50]. Initially, HF treatment results in the formation of a
surface layer of hydrogen while fluorine has a broad subsurface distribution as shown in
Fig. 2.1(a). When the HF-treated sample is oxidized, reactive oxygen attacks the Si-H and
Si-F bonds forming bridged and non-bridged SiO structures and mcorporating H and F
into hydroxyl (-OH) and oxyfluoride (-OF) moieties as shown in Fig. 2.1(b). The fayer of
OF and OH bondings become the interface of the growing oxide, and further oxidation will
involve migration of oxygen through the fluorinated oxide to consume a new silicon layer

as shown in Fig. 2.1(c).
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Figure 2.1 5S¢ hemanc representation of the atomic arrangements in the outer region of the
St surface after (a}) HF treatmenz, (b) oxidation, and (¢) extended oxidation.

There are two key roles of fluorine in SiO; films:

(1) the replacement of Si-H (or Si-OH) bonds by the much stronger Si-F bonds, and

(2) the breaking of the strained Si-O-Si

bonds by forming Si-F and O-8i bonds, resulting

in stress relaxation. The bond energies of the elements involved in fluorinated silicon

oxide are given in Table 2.1 {20].

Table 2.1 Bond energies of molecules involved in fluorine-incorporated silicon oxide films.

Bond Bond
Elements | Energy (eV)

F-F 1.6
Si-Si 1.9
O-F 2.1
N-F 2.8
Si-O 4.5
Si-F 5.8
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Halogens have been known as ‘catalyst' of dielectric films to increase the
oxidation or the deposition rate and halogens can also improve the various electrical
characteristics of MOS devices. The interaction of fluorine with silicon oxide is much more
pronounced than that of chlorine because fluorine has a higher electronegativity, which
results in a marked oxidation stress relaxation [6, 18]. There are a variety of fluorine
containing compounds, such as XeF;, SiF,, atomic and molecular fluorine, SiF, sputtered
amorphous silicon, SF¢ plasma and CF, plasma, which can be used for the incorporation
of fluorine into silicon oxide. However, CF, has been used extensively in Si and SiO;
etching. Incorporation of a small amount of oxygen in the CF, plasma can increase the
amount of atomic fluorine [44]. Tt is belicved that the oxygen species react with the CF,
species to release fluorine. The formation of the SiOF films is usually carried out bya
PECVD process.

In the CF, plasma, the energy of electrons is larger than those of ions and
neutral particles (thermal non-equilibrium state). Although the energies of the ions and
neutral particles are relatively low, they can be excited by the collision with electrons. The
excited state is equivalent to a high-temperature-induced activation, and the effective
reaction can thus proceed at a lower temperature. After being excited in the form of

plasma, CF, will be decomposed into CF3, CF,, CF, and atomic fluoride.

CFy —>CF;+F (2.1)
CF4 — CFQ + 2F (22)
CFy —> CF+F (2.3)

In the absence of oxygen, electrons in the discharge may decompose CF4 via the following

reactions [44]:

¢+ CFy—> CF* +¢ ' (2.4)
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e+ CFy* > CF3+ Ft + 2e (2.5)
e+CF;—> CF;+F+e (2.6)
e+ CFy—> CF+ T (2.7
e+ F+ —>F (2.8)

In the discharge without oxygen, reactions (2.5) and (2.6) together with the
detachment reaction (2.8) are apt to be the principal source of fluorine atoms. When
oxygen is added to the CF4 plasma, the fluorine atom concentration is increased
significantly [45]. The role of oxygen in fluorocarbon glow discharge is o react with
carbon to form CO, CO;, or COF, [45], thus increasing the effective fluorine atom
concentration. There are several plausible explanations for the increase in fluorine atom
concentration due to the added oxygen [44], and they are:

(1) Oxygen retards the heterogeneous recombination of fluorine atoms with other species
cither by reacting with them or by blocking access to a favorable recombination surface.

(2) Oxygen retards the rate of the homogeneous reaction of fluorine atoms with other
species by depleting the reactants via oxidation.

(3) Oxygen retards the loss rate of fluorine such as F- by removing species which would
otherwise consume the precursors.

(4) Oxygen reacts with fluorine-containing species to liberate fluorine atoms. The reaction

may occur at the surface or in gas phase.

2.2 The Effects of Fluorine in the Silicon Oxide

The fluorinated oxides sustains much less hot-electron induced damage [1] and
also exhibits an excellent stability under a high-field stress, especially when electrons are
injected from the substrate [9]. Nishioka et al. [1] have reported that the incorporation of
fluorine in the oxide substantially reduces the as-grown bond strain gradient near the silicon

oxide/silicon interface (the strained Si-O-Si bonds are replaced by Si-F bonds) to a point
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that it is overcome by the Al-gate induced strain gradient which is in the direction opposite
to the as-grown gradient {52]. Therefore, according to the Bond Strain Gradient model
[48], this would mean that the non-bridging oxygen defect, which could form interface
traps when it migrates to the silicon oxide/silicon interface, would tend to move in the
direction away from the interface. On the other hand, the prolonged NF; purge (100ppm
for more than 15 seconds) degrades the hot-electron hardness of the SiOF films [2]. resulis
in higher values of interface trap density (Dy). Wright et al. {12] have also reported that
interface trap density increases as the fluorine implant dose is higher than 105 cm-2, The
degraded interface state hardness may indicate an increase in the defects, which suggests
that oxygen deficiency of stretched Si-Si bonds exists due to excess fluorine incorporation,

The oxidation rate is enhanced by fluorine incorporation [1-9]. Fluorine can act
catalytically at the interface and compete with oxygen to form Si-F bonds because fluorine
has a higher electronegativity than oxygen. This increases the number of Si dangling
bonds and increases the reactivity at the interface and subsequently the growth rate of the
oxidation. Fluorine can also effectively substitute for oxygen as an oxide network modifier
and thus open the structure to more readily allow ingress of the oxidant. This also directly
relates to the change in the local stress and viscosity at the interface resulting in a lower
refractive index. Another possible explanation is the formation of volatile molecules such
as SiF4 caused by the direct reaction of NF; with Si0, surface [53]. In the contrast, the
tetracthoxysilane (TEOS)-based PECVD fluorinated oxide which is controlled by the flow
rate of CyFs gas, has a decreasing deposition rate as the flow rate of CyFg gas increases
[30]. This would be due to the domination of the etching process, probably caused by the
formation of HF from the reaction of fluorine with the residual moistures (i.e., H,O).
Therefore, the proper amount of fluorine incorporation is vital to the deposition or
oxidation rate of the SiOF films.

The tfluorine concentration is uniform throughout the oxide film in the NF3

enhanced oxidation at 800°C and 900°C [4]. However, at 1000°C, the fluorine
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concentration level is no longer uniform but rises toward a prominent peak at the silicon
oxide/silicon interface. More fluorine is incorporated in the oxide for the same flow rate of
NF; gas if the oxidation temperature is lower [4]. The higher flow rate of NFs gas results
in the same profile but with a higher overall fluorine concentration level. The deposition
temperature dependence of the SiOF films suggests that a thermally activated chemical
reaction replacing {luorine bonded in the oxide network takes place during the oxidation
process. The fluorine released from this reaction diffuses away, either toward the interface
to react and become bonded again, making fluorine concentration highest at the interface, or
going out of the oxide. The out-diffusion explains why a lower overall level of fluorine
concentration is observed at a higher oxidation temperature. Fluorine atoms noving
towards the oxidizing interface are incorporated in the growing oxide network there,
resulting in a fluorine concentration peak near the interface.

The interface trap density of the SiOF films increases with time at room
temperature after irradiation [6]. Immediately after irradiation, a prominent peak of D
appears at the energy level above the midgap of the SiOF films (peak-1). A thousand hours
after irradiation, peak-1 decreases but another peak of Dy, is built-up at an energy level
below the midgap (peak-2). The rate of growth of peak-2 is correlated with the rate of
decrease of peak-1. Some of the fluorine species, which are originally bonded to the SiO,
lattice, could be set free by the radiation and become highly chemically active and they may
react with lydrogen to form HF. If this reaction takes place more readily than that between
hydrogen and Si-H at the interface, the presence of fluorine near the interface would then
act as a sink for the hydrogen species (¢.g., H*) arriving from the bulk, and suppress the
evolution with time of interface traps due to the hydrogen ions [54].

Before annealing, the relative dielectric constant of the conventional
tetracthoxysilane (TEOS)-based PECVD oxide is about 4.9 [30], which is higher than that
of thermally grown SiO; films (3.9). The higher dielectric constant in the PECVD oxide is

due to the presence of high polarized compounds such as $i-OH and H,O in the film. The
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dielectric constant of the SiOF films decreases with increasing flow rate of fluorine gas,
which is due to the breaking of Si-OH and O-H-O bonds by fluorine to form Si-F honds.
After annealing at 400°C, the dielectric constant of the SiOF film decreases. At 14 atomic
percent of fluorine concentration in the SiOF films, the relative dielectric constant is 3.6,

which is lower than that of thermally erown oxide.

2.3 ECR Microwave Plasma Processing

In chemical vapor deposition (CVD), one or more gases react on the substrate
surface to form a film. A CVD is a process to supply reactive gases (0 a substrate surface
under conditions favorable to surface reaction but not favorable to reaction elsewhere. On
the other hand, an efficient method for breaking gas molecules into reactive fragments is to
make the gases electrically discharged to form a plasma. In a plasma reactants will be
dissociated into fragments at substantially reduced temperatures and this is why it is called
plasma-enhanced CVD.

When a microwave plasma is subjected to an externally applied 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 line of force of the magnetic field
and hence the electrons and ions are contined in the direction perpendicular to the magnetic
field vector. As the applied magnetic field is increased, the angular frequency of the
electron rotation also increases and when this frequency reaches the angular frequency of
the microwave electromagnetic excitation, the electron cyclotron resonance (ECR) condition
sets in. Under this condition the energy required to excite or maintain the plasma is
minimal [26].

An ECR microwave PECVD process in a gas mixture of N,O and SiH4 can be

simply expressed as follows:



300°C
Ngo —_— N2 +0 (29)

300°C
SiHs + 20 ———> Si0Q; + 2H, (2.10)

In the ECR microwave PECVD process, the microwave energy instead of the
thermal energy is used to excite the gas. A plasma is a neutral ionized gas consisting of
free electrons, ions, radicals, neutral and excited species, and photons. The neutral and
excited species and radicals normally outnumber the electrons and ions and are not
influenced by the external fields. Even in the plasma with a single gas, the number of
dissociated species is enormous. Virtually any possible breakdown product of a gas,
mcluding both fragments and ions, would be present and play an important role in the
physical and chemical properties of the plasma.

To maintain a plasma, a gas must receive a constant input of energy to offset the
loss of the particles by recombination. It must also be kept at the same low pressure (o
maintain the same collision rate and thus the recombination rate of the ions. The formation
of a plasma begins with some free electrons and an applied field sufficient to ionize the gas
atoms. During impact ionization, the newly generated electrons are then accelerated by the
applied field and collide with other particles to produce more electrons. The processes are

shown as follows:

ionization M+e—> M+ 2e (2.11)
penuing ionization M*+N-—>M+ Nt + e (2.12)

M+ M*—> M+ M+ +e (2.13)
excitation M+e—>M +e (2.14)
dissociation My+e—>M+M+e (2.15)

My +e—> M+ M* + 2e (2.16)
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electron attachment My+e—M +M (2.17)
M) + e —> M," (2.18)
M* + N— M + Nt (2.19)
recombination e+ Mt — M + hv (2.20)
e + Nt —> N + hu (2.21)

The electron energy in a plasma is much higher than the chemical bonding energy.
Molecules in a plasma are essentially randomized and they break down after collision with
electrons into all conceivable fragments. Energy relcases as light (photon) due to
recombination, giving plasma a characteristic diffuse glow.

A photon is an energy particle in the plasma. Recombination of electrons with
positively charged ions, relaxation of excited ions and molecules, and ion and electron
bombardments on any surface in the chamber may produce photons. The damage created
by photons depends on their energy as well as the properties of the photon striking surface.
In Si0; and at the SiO,/Si interface the photon-induced damage includes creation of
interface states, fixed charges and neutral traps.

Photons with energies of 8-9 eV are able to create electron-hole pairs near the
surface of the SiO, films. Holes may diffuse through the oxide and are trapped at the
S10,/S1 interface. This may be why the damage is found mostly at the interface. Since the
recombination of ions and electrons and the relaxation of excited neutral molecules may
generate photons at some distance away from the plasma and as a result, the wafers which
do not face the plasma may still be affected by photon radiation emitted by these radicals
[13].

Because of the non-equilibrium between the gas moiecules and the electrons,
the electron temperature may reach 104 K while the gas temperature remains at 300 K.

Certain reactions can be carried out inside the plasma at relatively low gas temperatures
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because most of the energy required by the reactions in the plasma is provided by electrons
excited to very high states.

Figure 2.2 (a) and (b) show the differences between the thermal oxidation
process and the PECVD process, respectively for the fabrication of SiO; films. In the
conventional thermal oxidation process, oxygen molecules from the gas ambient diffuse
through the oxide layer to the SiOy/Si interface and react with the silicon atoms there o
form SiO; films. Silicon atoms arc supplied from the silicon substrate and consumed at the
interface. In contrast, silicon atoms are supplied from the silane gas in the PECVD
process. The silane reacts with the activated oxygen atoms or ions, which are formed from
the dissociation of N»O gas in the plasma to form SiO, and H»O. Silicon dioxide is then
deposited layer by layer onto the silicon substrate and the water vapor is pumped out of the
System,

N>O molecules are dissociated by the microwave radiation into a variety of
ions, atoms, and electrons such as NO*, O*, O+, and e-. The activated O*atoms and O+ are
highly reactive and these species are the fundamental elements to react with silane to

produce silicon dioxide molecules. The dissociation of N,O can be described as follows:

N30 > NO + O* (2.22)
N7O ----> NO* + O* + - (2.23)
N2O ---->NO + Ot + ¢ (2.24)
NyO ---->NO+ + Ot + ¢- (2.25)

The dissociation species of N,O then react with silane:

SiHy + Ot + O* + & ----> Si0y + 2H, (2.26)
SiH4 + NO* + O* + ¢ ----> 8i0Q; + NH;0H (2.27)
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Figure 2.2 (a) Schematic diagram showing the thermal oxidation process for the

Jabrication of the 5i0; films, and (b) Schematic diagram showing the PECVD
process for fabrication of the SiO; films.

2.4 The Plasma Processing System and Species Selector and

Energy Controller (SSEC)

The plasma chamber and processing chamber are constructed as a stainless steel

waveguide, 34 cm long with standard dimensions of the WR-284 waveguide. The ECR

microwave system used in this research to produce the SiO, films is shown in Fig. 2.3,
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Figure 2.3 The ECR microwave plasma system.
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A turbomolecular pump is used in conjunction with a chemical rotary pump for evacuating
the system to a base pressure of 100 Torr. A water-cooled coil is mounted around the
plasma chamber to provide an axial magnetic ficld for confining the plasma in the
transverse direction and creating an the ECR condition. The end of the plasma chamber is
vacuum-sealed by a quartz window, which is used for sampling the plasma by the optical
emission spectroscopy (OES) and microwave power feeding. The end of the processing
chamber is held by a stainless steel substrate supporter flange. The microwave power is fed
through the quartz window in the TEjy mode. The plasma chamber and the processing
chamber can be heated to any temperature up to 400°C by a thermostatically controlled
heating element surrounding the chambers. The plasma is characterized by optical emission
spectroscopy (OES). The emission from the plasma is sampled through a quartz window.,
"The emitting light on a 25 wm slit of a Jarrell-Ash Monospec 27 spectrometer is focused by
a set of quartz lenses and mirrors. The Jarrell-Ash Monospec 27 spectrometer is equipped
with a 1200 groove/mm grating and 1024 diode array EGG-PARC multichannel analyzer.
The OES is taken at the chamber operating pressure, which is in the ran ge of 10-1to 10-3
Torr. The OES spectrum shows the intensities of different species in the plasma.

The apparatus of 'species selector and energy controller (SSEC)' is located
between the plasma chamber and the processing chamber. Its function is to sappress 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 plasma chamber
contains a mixture of ions, electrons, neutral atoms and molecules, activated atoms and
molecules, oxidizing species, and photons of various energies. The SSEC acts as a filter to
filtrate out the charged particles and photons. Figure 2.4 shows the schematic diagram of

the plasma and processing chambers and the SSEC.
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Figure 2.4 Schematic diagram of the plasma and processing chambers and the position of
the SSEC.

In the plasma the charged particles (ions and electrons) gain their energies from
the input microwave power. The charged particles after passing through the SSEC will not
regain their energy because the microwave is reflected by the SSEC. The SSEC maintains
a slightly higher pressure in the plasma chamber than that in the processing chamber thus
preventing the upstream flow of SiH, from entering the plasma chamber. This reduces the

possibility of the formation of microdust particles.

2.5 SiO; Films Fabricated by ECR Microwave Plasma

The basic difference between the ECR microwave PECVD and the thermal
oxides is that the thermally grown oxide is formed by the diffusion of 0Xygen species
through SiO; to the Si0,/Si interface, while the ECR microwave PECVD oxide is formed
layer by layer on the silicon surface. Therefore, in the case of the PECVD oxide films, the
silicon substrates must have a contaminant-free surface condition because the original

silicon surface, which later becomes the Si0,/Si interface is likely to contain more
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contaminants from the environment. In addition, the SiO,/Si interface of the PECVD oxide
films is believed to have a higher density of dangling bonds because of the incompatibility
between the silicon substrate lattice and the silicon oxide lattice. Both of the contaminants
and the dangling bonds create charges and defects at the SiQ5/Si interface, resulting in a
high interface trap density, and hence affecting the threshold voltage and the surface carrier
mobility of the MOS device. As a result, the feasibility of the PECVD oxide to be used as
gate oxide depends greatly on the degree of contaminants on the surface of the silicon
substrates prior to deposition.

Another vital factor to control the properties of the PECVD SiO, films is the
source gases. It should be noted that a source gas for a given element to be incorporated
into a PECVD SiO; film needs to be a gaseous or a volatile compound of that element. If a
mixture of source gases is to be used, as is usually the case, the combination must be
chosen that the composition gases do not react in the absence of a plasma, otherwise, gas-
phase reaction will occur in the mixing manifold, giving rise to unwanted incorporation and
pinholes in the deposited film. The inert gases (c.g., Ar, Ne or He) or reducing gases
(e.g., Hy) are frequently used as diluents or carrier gases. Source gases may be obtained
pure, or diluted in compressed gas cylinders. The usual source gases for SiQ, deposition
are SiH4 and N>O, often with SiH, diluted in an inert gas such as Ar. Other source gas
| combinations which can be employed are SiCly/O, and SI(0OC;Hs)4/05. The most obvious
combination of SiHy and O, cannot be used because these gases will react spontaneously
on mixing (in the absence of plasma) to form SiO; 'smoke' in the gas phase. N»O is
chosen as the source of 'O since it dissociates readily in a plasma, even though rather less
readily than does Silly. Therefore, NoO/SiH flow ratios appreciably in excess of 2 are
needed to deposit PECVD Si0; films. However, N»O is more easily dissociated than
CO,, another possible 'O' source, where CO»/SiH, gas flow is around 200:1,

The quality of deposited SiO, films depends strongly on the substrate

temperature doring deposition. For substrate temperatures between 175 and 200°C [46],
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the films show a large discontinuous change. Below 175°C, the films are non-uniform,
have a low density and refractive index, and a higher stress. Thus the films deposited
below 200°C are not useful for applications.

The refractive index of the PECVD SiO; films is mainly determined by the Si/O
stoichiometry (0.50-0.55) which is a function of the N,O/SiH, gas flow ratio. Above a
N-O/SiHy flow ratio of 15 to 20 (for a deposition temperature of 200°C or above), the
refractive index remains constant at 1.47, which is slightly higher than that of thermally
grown iy films (1.464) and is probably due to a very slightly oxygen deficiency (< 2%).
The small amount of oxygen deficiency may be due (o the presence of some Si-H and Si-
OH bondings in the films. The density of PECVD SiQ; films (~ 2.30 gm cm-3) is slightly

higher than that of thermal SiO; films (2.20 gm cm-3) [47].

2.6 Thermal Annealing

Thermal annealing is a commonly used technique to reduce the amount of
defects and associated traps formed during the radiation of MOS devices. The exact
mechanism is not clearly established but it is generally agreed that thermal energy is the key
catalyst to promote and sustain the various reactions during annealing. There are two
schools of thought about thermal annealing in a forming gas. The first school relates to the
bond relaxation mechanism during annealing while the second school relates to the

hydrogenation of defects.

2.6.1 Relaxation of Strained Bonds

The thermal annealing model is based on the hypothesis that annealing tends to
relieve the stress induced on the Si-O strained bonds at the Si0,/Si interface by a high
temperature oxidation process [49]. These strained bonds located at the SiO»/Si interface
are caused either by the lattice mismatch between the Si substrate and the SiO, film

(intrinsic stress), or by the differences in the thermal expansion coefficients between the
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two materials (extrinsic stress). As a result, the annealing action can reduce the defects and
related traps located at this strained region near the SiO,/Si interface through a thermal
reorientation process [56]. This implies that it heals the strained bonds. The dislocation of
the Si-O bonds at the SiO,/Si interface region during oxidation or deposition make the Si-O
bonds to stretch tightly to match the silicon lattice. Since the stress on these strained bonds
1s being applied either intrinsically or extrinsically, the distortion of the Si-O bonds appear
throughout the interfacial region indiscriminately so as to match the silicon lattice.
However, the strained Si-O bonds are relieved and rearranged after annealing because the
heat treatment relaxes the stress on the SiO; lattice network and the SiOy/Si interfacial
region through the thermal vibration of atoms. This thermal anncaling process thus

eliminates the bond distortions,

2.6.2 Hydrogenation of Defects
The second annealing mechanism relates to the diffusion of hydrogen species to
the 5i0,/Si interface as a catalyst to activate the chemical reactions occurring there. There
are some experimental facts that have pluzzled investigators for many years, which are:
{1) MOS devices with a polysilicon gate anneal much slower than those devices with an
active metal gate, such as aluminium or magnesjum.
(2) The speed of annealing is dependent on the lateral geometry for polysilicon gate
devices, but not for aluminium gate devices.
(3) MOS devices with an active metal gate can anneal even without ambient hydrogen.
(4) Annealing of bare oxide interfaces proceeds more rapidly in hydrogen than in nitrogen.
The above findings clearly indicate that hydrogen annealing in Al gate MOS
devices is not a straight forward ‘diffusion and reaction' process. Balk [55] has shown
that atomic hydrogen is produced at the AV/SiO; interface by aluminium reacting with traces

of water and the reaction is as follows:
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Al+OH— AIO+H (2.28)

In most cases, the waler is in the form of hydroxyl groups strongly bonded to the silicon
atoms on the oxide surface and is always present at the Al-SiQ, interface. The atomic
hydrogen then diffuses to the Si0y/Si interface and reacts with the interface traps. This
hydrogen transport mechanism is generally accepted because it can explain all the above
pluzzles:
(a) Polysilicon does not react with OH to form hydrogen atoms and diffusion through the
gate metal 1s a slow process.
(b) Since hydrogen is formed internally, external ditfusion parameters certainly have no
intluence on the annealing rate.
(¢) External hydrogen is not the major hydrogen source for devices with active metal
gates.
(d) Hydrogen is proved to be essential in interface trap annealing.
The arrival of the mobile hydrogen species enables the defects to be annihilated

and restores the bonding network through the following processes:

=Sie + H —> =SiH (2.29)
=Si* + OH" —> =SiOH (2.30)
=Si-Oe + H —> =SiQOH (2.31)

where '=' denotes three back bonds with oxygen in the SiO; network and 'e' denotes an
unpaired electron. Processes (2.29) and (2.30) show that the silicon dangling bonds react
with the hydrogen atom and the hydroxyl group to form the Si-H and Si-OH bonds,
respectively. Process (2.31) shows that the reaction between the non-bridging oxygen hole
center and the hydrogen atom produces Si-OH bond. These reactions imply that hydrogen
species are the key ingredients to passivate the defects so that the resulting products become

electrically inactive in the MOS devices.
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The hydrogenation effects described above confirm the importance of thermal
energy in the annealing process. Basicaily, thermal energy serves three main purposes:
(a) It promotes the generation of active hydrogen species, most likely atomic hydrogen;
(b) It enhances the diffusion of those hydrogen species; and
(c) It drives the defect-reaction process.
As a result, with proper control of the annealing conditions such as the ambient and

temperature, the electrically active defects can be passivated and deactivated after annealing.
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CHAPTER 3

FLUORINE-INCORPORATED SILICON OXIDE
FILMS FABRICATED BY ECR MICROWAVE
PLLASMAS

The ECR microwave plasma-enhanced CVD system consists of a plasma
chamber and a processing chamber. This system was developed and built by the Materials
and Devices Research Group at the University of Manitoba [26]. We used the same system
for the fabrication of fluorine-incorporated silicon oxide films (SiOF films).

The silicon substrates were n-type, <100> oriented, 2-6 Q-cm wafers. The
silicon substrates were cleaned by the RCA method [38], which will be described in
Appendix A. After that, the substrates were dipped in a solution of 1% HF and deionized
water to remove the native oxide and contaminants originally present on the substrate
surface. After this cleaning process, the substrates had only a few monolayers of oxide
when exposed fo air atmosphere for 30 minutes [37]. The deposition parameters used were

as follows:

Magnetic field for the ECR condition : 875G
Microwave input power 6.2 W

Gases : 5% of SiH  in Ar + CF4 + Oy
Substrate temperature: 305°C
Deposition time: 20 minutes

The silicon substrates were loaded into the processing chamber and placed on
the floor of the chamber. The pressure of the gas mixture in the chamber was between 12
mTorr to 20 mTorr for different gas flow ratios, which was monitored by a capacitance

manometer. Table 3.1 shows the gas flow rates used for various experimental conditions.
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Table 3.1 The gas flow rates used for fabrication of SiOF films.

Gas Flow Rate (sccm)
Remark
SiHy 0, CF,
) 1 The study of the effect of
1-8 0 SiH, concentration
) The study of the effect of
! 10-40 [ (0, concentration
0 (10 The study of the effect of
I ” CF, concentration

The SiOF films were characterized using a Bomem-Michelson 100 FTIR
spectrometer for the IR absorption spectra and a Gaertner L119 null ellipsometer with a
helium-neon laser light source (wavelength of 6328 /u%) for the refractive index (n) and the
tilm thickness (d). The uncertainties in the values of n and d were at most +0.004 and +5
fci, respectively.

The SiOF films were also characterized by X-ray emission spectroscopy (XPS)
using Model SSX-100 X-ray spectrometer equipped with a monochromatized Al Kq X-ray
source. As we do not have these equipments, we asked the Surface Science Laboratory at
the University of Western Ontario 1o obtain the results for our Laboratory. The XPS
spectra were obtained with a 600 pum spot size and a 150 eV pass energy. Depth profiling

was carried out with a 4 kV Ar* ion beam rastered over a 2x2 mm area to give a sputtered

rate of 10 nm/minute for the SiOF films.
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3.1 Infrared Absorption Spectra

There are four parameters from the infrared absorption spectra which are
generally used {o characterize the films:

(1) The full-width at the half maximum (FWHM) and the frequency (or the wavenumber)
for the occurrence of the maximum absorption (absorption peak) for the Si-O-Si
stretching bands are strongly influenced by the bonding character, stoichiometry,
density, and porosity of the films;

(2) The intensity of the absorption bands near 3650 cm-! and 3400 cm-! due to hydrogen-
bonded hydroxyl groups and absorbed water are indicative of the quality of surface
hydroxyl groups and porosity of the oxides;

(3) The impuritics other than hydroxyl groups or water can be determined by their
characteristic absorption bands; and

(4) The approximate film thickness can be determined by the interference fringes in the
spectrum.

For SiO; films, the absorption bands near 450, 800 and 1070 em-! are
associated with the SiO rocking, bending, and stretching vibration, respectively. For SiOF
films, an absorption band at 930 cm-! for Si-F bonding appears. The shifts of band peaks
can be caused by oxygen deficiency, intrinsic stress arising from the bond strain, and the
film density change. The common bands of SiOF film are summarized in Table 3.2,and a
typical spectrum of the SiOF films between 400 cm-1 and 1400 em! is shown in Fig. 3.1.
The absorption spectrum depends on the gas flow rate and we have studied this gas flow

rate dependence.
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Table 3.2 The identification of different absorption peaks in SiOF films.

Approximate Position (cm™!)

Identified as

465 S1-O rocking
800 51-O bending
930 Si-F
950 SiOH [13]
1070 Si-O stretching
3330 absorbed water {34)
3400 OH radicals
3650 SiOH [30, 323
)250 El T T T ¥ T T T T T T T F T T T T F
10001 |
0. 0750 ]
= =0, 06235
0. 0500 4
0. 0250 |
0' GUDO ¥ T ¥ T T 1 T T T f T _‘I
1400 1200. 400 Ch-1

F ig.fu‘e 3.3 A typical FTIR spectrum of the SiOF films.
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3.1.1 Dependence on the flow rate of CF4Gas

Figure 3.2 to 3.5 show the deposition rate, the refractive index, wavenumber
for the SiO; stretching peak, the FWHM, and the SiF/Si-O-Si stretching absorption peak
ratio as functions of the flow rate of CF4 gas with the gas flow rates of oxygen and silane
fixed at 10 scem and 1 scem, respectively. The gas flow rate of CF4 which is raised from
0.05 scem to 10 seem corresponds 1o a change in pressure from 13 to 18 mTorr. It can be
seen from Fig. 3.2 that the deposition rate increases with CF, concentration until it
reaches 68 A/min. After reaching the peak, it starts to decrease with increasing flow rate.
The increase of deposition rate is associated with the stress relaxation effect [18]. The
formation Si-F bonds in the SiOF films results in the breaking of the strained Si-O-Si ring
since the Si-F bonds (bond energy ~5.37 ¢V) are much stronger than those of the Si-H
and Si-OH weak bonds (bond energies in the range of 3 to 4 eV) in the non-fluorinated
oxides. Also, tluorine has a higher electronegativity than those of oxygen and hydrogen.
This mechanism tends to increase the number of fluorine atoms, which replace oxygen
atoms, and also the number of Si dangling bonds. The oxygen atoms will react with
silicon dangling bonds to form silicon oxides, and the fluorine atoms will be incorporated
to form SiOF films. This action enhances the reactivity at the interface and subsequently
the deposition rate of the SiOF films as the fluorine concentration is increased.

As the CFy flow rate is further increased, the replacement of oxygen by
fluorine will increase. This implies that the oxygen becomes deficient for the fabrication
of SiOF films. When the deposition rate reaches the peak, the concentration of oxygen
and fluorine atoms are at the optimal level for the formation of SiOF films. Beyond this
peak, the deposition rate will decrease because the number of fluorine atoms outnumbers
that of oxygen atoms.

The refractive index of the SiOF films decreases exponentially with increasing

flow rate of CF4 gas and it is shown in Fig. 3.3. This implies that there is a change in the
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composition of the film, such as the transformation of the film composition with the
incorporation of CFy. In general, the refractive index SiOF films is smaller than that of
thermally grown SiO; films (1.462). As the flow rate of CF; gas is increased, more Si-
O-Si rings are broken by fluorine. The formation of Si-F bonds opens up the oxide
structure, thus inducing a relaxation of the interfacial strain. The refractive index is related
to the dielectric constant (or permittivity) and hence the polarizability of the molecules
inside the SiOF films. Therefore, the reduction in the refractive index also implies a
reduction in diefectric constant and polarizability because of the reduction of the bond
strain in the film.

Figure 3.4 shows the wavenumber v, for the occurrence of the Si-O-Si
stretching absorption peak as a function of the flow rate of CF,. The value of Vi INCTEASES
with increasing flow rate of CF4. The value of v, is directly related to the intrinsic stress
[33]. As the flow rate of CF, gas is increased, the intrinsic stress decreases or in other
words, the stress relaxation in the SiOF film increases, thus resulting in an increase in the
value of yn. The substrate temperature during PECVD of SiOF films is relatively low (~
300°C) and the deposition rate is rather high. Therefore, the chance for the atoms to reach
their lowest energy state and hence the most dense structure of the films is low, which
resulting in the films with a porous structure and a high bond strain. However. as the flow
rate of CF, gas increases, more strained Si-O-Si rings are broken by fluorine to form Si-F
bonds and this can offset the increase in bond strain due to the fast deposition rate. As a
result, the SiOF films deposited at high CFy4 gas flow rates have less bond strain.

Figure 3.5 shows that the FWHM decreases with increasing flow rate of CF,
gas and that the SiF/Si-O-Si absorption peak ratio increases linearly with increasing flow
rate of CF4 gas. These two curves are consistent in that as CF4 concentration increases, the
number of fluorine ions increases and therefore, more Si-O-Si strained bonds are broken
by fluorine to form the Si-F bonds. The decrease of FWHM means the relief of the bond

strain [35] which is consistent with the trend of VYm shown in Fig. 3.4. It should be noted
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that the rate of change of the refractive index, the wavenumber for the occurrence of the Si-
O-Si stretching absorption peak and FWHM of the SiOF films start to decrease when the
increase of the flow rate of CF4 gas is beyond 6 scem. It is consistent with the results
given in Fig. 3.2, in which the deposition rate of the SiOF films starts to decrease for the
flow rate of CFy4 gas higher than 6 sccm. Excess fluorine incorporation leads to the
deficiency in oxygen. For the flow rate of CF4 gas larger than 6 scem, the excess fluorine

does not act to enhance the deposition rate, but instead to etch the SiOF films.

Deposition Rate (A/min)

3 " i . I . L N i L ] .
] 2 4 6 8 10 12

Flow Rate of CF, Gas (sccm)

Figure 3.2 The deposition rate of the SiOF films as a function of the flow rate of CFy4 gas
with oxygen and silane gases at fixed flow rates of 10 and 1 scem,
respectively. '
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Figure 3.3 The refractive index of the SiOF films as a function of the flow rate of CFy gas
with oxygen and silane gases ar  fixed flow rates of 10 and | scem,

respectively.
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Figure 34 The wavenumber for the occurrence of the Si-O-Si stretching absorption peak
of the SiOF films as a function of the flow rate for CFy gas with oxygen and
silane gases at fixed flow rates of 10 and 1 sccm, respectively.
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Figure 3.5 FWHM (a) and the SiFiSi-O-Si stretching absorption peak ratio (b) of the
SIOF films as functions of the flow rate of CFy gas with oxygen and silane
gases at fixed flow rates of 10 and 1 scem, respectively.

3.1.2 Dependence on the Flow Rate of Oxygen Gas
In contrast with the dependence of the flow rate of CF, gas, the deposition rate,

the wavenumber for the occurrence of the Si-O-Si stretching absorption peak, and the

SiF/5i-0-8i absorption peak ratio decrease while refractive index increases with increasing

flow rate of O, gas with the flow rates of CF, and silane kept constant at | scem, as shown

in Fig. 3.6-3.8. Since silane flow rate is kept constant, the deposition rate will be limited
by the fixed amount of Si available. As the flow rate of oxygen is increased the excess
oxygen ions will react with CF, CF,, and CF; to form CO and CO,, thus creating more

fluorine atoms. The excess fluorine atoms will react with Si to form Si-F bonds, resulting

in the decrease in deposition rate.
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Figure 3.6 Deposition rate (a) and refractive index (b) of the SiOF films as functions of
How rate of oxygen gas with both silane and CF4 flow rates ar 1 scem.
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Figure 3.7 Wavenumber for the occurrence of the Si-O-Si stretching absorption peak of
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Figure 3.8 SIFISIi-O-8i absorption peak ratio of the SiOF films as a function of the flow
rate of oxygen gas with both silane and CF 4 flow rates at 1 scom.

In our experiments, as the flow rate ratio of oxygen/silane is larger than 10,
there is no deficiency in oxygen. As the flow rate of oxygen gas is increased, the
deposition rate of the SiOF films decreases, which is shown in Fig. 3.6, implying that the
atoms in SiOF films have a better chance to assume their lowest energy state and to form a
denser structure of the film. This is why the refractive index increases with increasing flow
rate of oxygen gas becanse the film becomes less porous and less bond strain. In this case,
the efching reaction of fluorine may be more dominant than the promotion of the formation

of SiOF film. The etching reaction may be due to the following processes [44]:

Si + 4F > SiF, (3.1)
S$iO; + 4F -——> SiF, + O, | | (3.2)
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which results in the formation of the gaseous SiF4 which is pumped out from the System.
As a result, the Si-F bonds in the SiOF films subsequently decreases. It should be noted
that the SiF/Si-O-Si absorption peak ratio decreases as the flow rate of oxygen gas
increases beyond 25 scem. This may due to the limit of the amount of fluorine atoms

available for forming Si-F bonds.

3.1.3 Dependence of the flow rate of silane gas

Itis quite obvious that the deposition rate and the refractive index increase while
the value of vy, and the SiF/Si-O-Si absorption peak ratio decrease with increasing flow rate
of silanc gas with the oxygen and CF4 gases kept constant at flow rates of 20 and 1 scem,
respectively, as shown in Fig. 3.9-3.11. However, if the silane to oxygen ratio is larger
than 0.1 (ie., silane gas flow rate higher than 2), the SiOF filins will suffer the deficiency
in oxygen and become silicon rich, which, in turn, results in an increase of refractive
index. The decrease of the value of vy, with the increase of silane flow rate may be
explained as due mainly to the deficiency in oxygen although the SiOF films may have a

less stress and a higher density.
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3.2 Heat Treatment of SiOF Films

Heat treatment is a commonly used technique for reducing the number of
defects and associated traps formed during PECVD. One of the arguments, which has
been well documented in the literature for the mechanism of heat treatment, is the bond
relaxation mechanism. To study the effects of the heat treatment on the physical properties
of the SiOF films, the samples of SiOF films without electrodes were heated at 400, 500
and 600°C in the nitrogen ambient for 30 minutes in a quartz tube. The heat treatment
process began with nitrogen passing through a quartz tube in which the samples were
placed for about 10 minutes in order to purge away any trace of dust and oxygen inside the
tube. The samples were then placed on a quartz boat which was then inserted into the tube.
The quartz boat was then pushed towards the hot zone of the quartz tube which had already

heated to the desired heating temperature. After 30 minutes, the quartz boat was then
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pulled out of the quartz tube and allowed to cool gradually to the room temperature. The
cooling time was about 45 minutes. The SiF/Si-O-Si peak ratio and the wavenumber for
the occurrence of $i-O-Si stretching peak were measured before and after heat treatment.
We used three groups of samples for this investigation. These samples were produced
using the gas mixtures described in Table 3.3

Table 3.3 The gas mixture used for fabrication of the SiOF samples for heat trearment
cxperiments.

s | Gas flow rate (scem)
e BRI 0, CF,
A l 10 1
B { 10 4
C i 10 10

As the heat treatment temperature is increased, the SiF/Si-O-Si absorption peak ratio
decreases as shown in Fig. 3.12. In pure SiO; films fabricated by ECR microwave
plasmas, Hy and HyO are the major gases annealed out from the sample during the heat
.treatment. In the case of the SiOF films, in addition to Hy and H,Q, a certain amount of
fluorine atoms and HF gases might also be anncaled out. Usami et al. [30] have reported
that the atomic fluorine desorbs from the SiOF films at the heat treatment temperatures
higher than 350°C. The desorption of atomic fluorine may be due to the dissociation of Si-
F bonds. This is why the SiF/Si-O-Si absorption peak ratio decreases with increasing
temperature. However, the effects of desorbed atomic fluorine on device reliability have not
been clarified yet.

In general, heat treatment would induce stress relaxation, thus reducing bond
strain in the SiOF films, which would, in tum, result in a higher Si-O-Si stretching

frequency, as shown in Fig. 3.13. However, the result in Fig. 3.13 exhibits a reserve



39

trend. Itis possible that the dissociation of fluorine species induces the formation of atomic

fluorine and HF gas during the heat treatment. As a result, the amount of fluorine in the Si-

F bonds decreases, and more Si-O-Si strained bonds may then be formed again. If this is

the case, the increase of Si-O-Si strained bonds may offset the strain relaxation effect,

leading to the decrease in the value of v, after heat treatment.

CFE,;=10scem

CE,= 4 scCm

CF,; = 1 scem

0.07
2
—
a4
o
L

E 0.06 |
=
B=
z
S
=
3]
e
-

Y2005 L
Q
=
¥ s}

0.04

300

400 500 600

Temperature (°C)

700

Figure 3.12 SiFiSi-O-Si absorption peak ratio as a function of heat treatment temperature
Jor the SIOF samples (A) Oy : 10 scem, Sifly: I scem CFy - 1 scem; (B) Oy -
10 scem, SiHy : 1 scom CFy - 4 scem; (C) Oz : 10 scem, SiHy: 1 scem CFy
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3.3 X-Ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is ideally suited for characterization of
ultrathin oxide regions formed near a surface. The composition at the surface and
subsurface of SiOF films can be determined from the analysis of XPS data. XPS can be
used to obtain information on the most abundant surface atoms, with concentrations in the
range of 0.01 monolayer or greater.

The chemical nature of 81, O, C and F bonds may be inferred by the magnitude
and direction of the binding energy (Eg) shift (aeV) for the core electrons of the atoms. The
binding energy of an clectronic level is given by:

Eg=hv-Eg-¢ (3.3)
where hu is the energy of the x-ray excitation, Ex is the kinetic energy of the photoemitted
electron as measured in the spectrometer, and ¢ is a spectrometer constant. Binding
cnergies are referenced to as the Fermi level. Changes in the chemical environment about
an atom cause a binding energy shift. Core electron binding energy shifts have been
correlated with electronegativities for a large number of compounds [38]. Some
uncertainty exists in the relationship between core binding energies and chemical
composition since both relaxation processes and changes in Fermi level also alter binding
energies.

As we can see in the XPS spectra shown in Fig. 3.14, fluorine was easily
detected by XPS. These spectra were obtained prior to any depth profiling and thus
represent the surface chemistry of the outer ~50 A. The composition data are summarized
in Table 3.4. Additional work has also been carried out to characterize the 'bulk'
composition of the films. In order to obtain accurate 'bulk' composition data, multiplex
spectra for Si (2p), O (Is), F (1s), and C (1s) were obtained at sputter times of 0, 20, 40

and 60 second intervals. These sputter times represent the depth of 0, 3, 6 and 9 nm.
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Table 3.4 Composition in atomic % of the SiOF films fubricated at gas flow rates of CFy ;
02 N SiH4 =10:10: 1 scom.

Depth (nm) Elements Detected (atomic %)
Si O F C

0 33 50 272 15

3 46 | 50 2.4 1.1

6 5 | 52| 27 | -

9 45 1 52 | a5 | -

Table 3.4 lists the atomic composition of the SiOF films fabricated with gas mixture of CFy,
Oy, SiHy at the flow rates of 10, 10 and 1 sccm, respectively. Fluorine concentration is
about 2.5 atomic percent relative to the four elements surveyed in the outer 9 nm of the SiOF
film. The atomic percentages of silicon and oxygen increase with increasing depth, and
saturate at the depths deeper than 6 nm. The ratio of Sito Qis 1 to 1.16 at the depth deeper
than 6 nm. It should be noted that there is carbon at the outer surface and at a depth of 3
nm. Atdeeper depths, however, carbon concentration drops below the minimum detection
limit (~0.2 atomic %). Carbon existence may be due to the remaining reaction byproducts.
During the deposition of the SiOF films, CF, is dissociated and form fluorine ions and
carbon. Carbon atoms are supposed to bond with oxygen ions to form CO and COs.
However, there still have some carbon bonding with silicon or hydrogen to form Si-C
bonds and aliphatic hydrocarbons [39], The carbon residue is normally reacted with
fluorine to form gaseous CF, CF, and CF3. As the deposition process comes to the end,

the carbon atoms which left on the outer surface of the SiOF films could not find fluorine or
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even oxygen atoms to react with and as a resuli, they became deposited as contaminant on
the surface of the SiOF film.

Figure 3.14 shows the spectra of the SiOF sample fabricated in a gas mixture of
CF4, Oz and SiHy at flow rates of 10,10 and | scem, respectively. The binding energies

of i, C, O and F shown in Fig. 3.19 are given in Table 3.5.
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Figure 3.14 The XPS spectra of the SiOF film fabricated in a gas mixture of CFy, Oy and
Sify at flow rates of 10,10 and 1 scem, respectively.
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Table 3.5 Binding energies of Si, C, O and F in SiOF films.

Elements | Binding Energy
(eV)
Si (2p) 101
C (Is) 282.4
O (1s) 532.3
F (1s) 685.8

For the Si (2p) peak, the 101 eV binding energy is due to the Si-F bonds [40]. This
is consistent with the binding energy of fluorine (685.8 ¢ V), which has been reported that
this binding energy is due to the Si-F bonds [39]. The carbon binding energy is neither a
high binding energy component suggestive of fluorine-carbon bonds (binding energy ~290
eV) [41] nor a fow binding energy component suggestive of silicon-carbon bonds (binding
energy ~283 eV) [40]. Therefore, the carbon signal probably originates from a
physisorbed hydrocarbon layer not chemically bonded to silicon or carbon. As a result,
the carbon detected by XPS shows that it plays little role in the electrical passivation of the
surface. The presence of such hydrocarbon contamination which leads to the formation of
surface silicon carbide can only be observed after high-temperature processing [43]. In
addition, the peak position of Si (2p) shifts to a higher binding energy with increasing F
(1s) peak intensity (i.e., increasing the amount of fluorine). As the amount of fluorine
increases, more SiF, and SiF3 bonds in the SiOF films are formed. The SiF; and SiF;
bonds have binding energies of Si (2p) at 101.9 and 103.1 eV, respectively. Therefore, as
the intensity of the F (1s) peak goes up, the binding energy of the Si (2p) will shift to a

higher value.
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CHAPTER 4

THE EFFECTS OF PHOTON RADIATION ON
SiO2 FILMS FABRICATED BY ECR
MICORWAVE PECVD

The plasma-enhanced chemical vapor deposition (PECVD) technique is widely
used for the fabrication of passivation layers for integrated circuits. One of the advantages
of the PECVD processing is its low processing temperature, which is necessary for
multilevel metallization routing. However, the quality of the deposited Si0; films are
seriously affected by the bombardment of energetic ions, electrons, and photons produced
in the plasma. 1t is still not clear whether the charged particles or the photons play the
major role in the formation of various defects in the Si0O, films. In order to study the
effects of the charged particles and photon radiation on the properties of the deposited SiO;
films separately, a charged particle suppressor has been designed to stop the bombardment
of electrons and ions on the substrate and the on-growing films. In this chapter, we

present our approach to this investigation.

4.1 Experimental Techniques and the Charged Particle
Suppressor

The deposition system used in this study is the same as that described in
Chapter 3. The major difference is that a charged particle suppressor instead of a SSEC
was placed between the plasma chamber and the processing chamber,

The major function of the charged particle suppressor is to suppress the traffic
of ions and electrons and it is placed at about the edge of the coil generating magnetic
fields. The distance between the substrates and the charged particle suppressor is about 5

cm. The charged particle suppressor is made of stainless steel plate and consists of three
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grids (stainless stecl meshes), the separation between each other being 5 mm, as shown in
Fig. 4.1. Each grid is isolated from each other and also from the chamber so that it can be
biased with a positive or negative dc voltage. Ceramic coated aluminium wires and electric
feedthrough are used to connect the charged particle suppressor to the external de sources,
The front grid faces the plasma volume while the back grid faces the substrate. The middle
grid is connected to ground. The dc biasing can have three different modes depending on
the polarity of the dc voltage at the front and the back grids. If one of the grids is biased
with a negative voltage while the other biased with a positive voltage, the number of
charged particles (ions and electrons) will be etfectively suppressed from bombarding the
substrates and the on-growing films. Since the charged particle suppressor is designed not
to block the photon radiation, the effect of photon radiation on the Si0; films during

PECVD can be experimentally studied.

Middle grid
Back grid

Front grid

Stainless
steel

Insulation
(glass)

A[ —L—+ dc voliage

I | | } source

Figure 4.1 Schematic diagram of the charged particle suppressor.
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By connecting the front and the back grids of the charged particle suppressor
separately to two Hioki 3212 digital testers (potential meters) with the middle grid
grounded, the floating potentials induced by the N»O plasma have been measured. Using a
tungsten Langmuir probe biased at +12 and -12 V and positioned at 5 cm behind the
charged particle suppressor, we have also measured the electron and the ion currents from
the N;O plasma with a Keithley 610 C electrometer. It should be noted that the chamber
walls must be grounded, otherwise a floating potential will be induced by the N,O plasma
on the chamber walls. The experimental arrangement for the measurements of the electron
and the ion currents from the N2O plasma is shown in Fig. 4.2,

The substrates were n-type, <100> oriented, 2-6 Qcm silicon wafers. The
substrates were cleaned by the RCA method {38] (Appendix A). All SiO; films were

fabricated using the same deposition parameters as follows:

Magnetic field for the ECR condition : 875G

Microwave input power : 0.2 W

Gases mixture flow rate: 5% of SiHy in Ar : I sccm
N->O : 10 sccm

Substrate temperature: 305°C

Gas Pressure: 15 mTorr

Deposition time; 30 minutes

The external bias voltages applied to the grids varied from 25 to 40 for the back grid and -25
to -40 for the front grid. The Si substrates were divided into two groups, one was piaced
on the chamber floor horizontally to the chamber axis, which had almost no photon
radiation. The other was held on a substrate holder which was mounted in such a way that
the substrate surfaces were perpendicular to the chamber axis and directly exposed to the
photon radiation. The substrate holder could also be heated to any temperature up to 400°C
by a thermostatically controlled tungsten lamp inserted beneath the table surface. Comparing

between the results of these two groups, the photon radiation effects can be estimated since
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the external bias can suppress most of the electrons and ions and significantly reduce the

amount of ion bombardment.

Processing Plasma
chamber chamber

'

12V
Or

Langmuir probe

Plasma

Charged particle

Sll])l‘(‘)SSO]'
@ Electrometer

Figure 4.2 Experimental arrangement for the measurements of ion and electron currents
Jrom the N>OQ plasma.

After the SiO; films were deposited on Si substrates, the samples were
immediately loaded into another vacuum system for metallization. The fabrication of MOS
devices follows two steps:

(1) The deposition of aluminium on the top of the SiO, through the shadow mask to form
the gate electrodes.

(2} The deposition of aluminium on the silicon side to form the back electrode.

The size of each gate electrodes was 5 x 10-3 cm2. The aluminium films were thermally

evaporated under a vacvum of 106 Torr. The thickness of both the back contacts and gate

electrodes was about 1000 A,
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After metallization and the PMA treatment in a forming gas (10% H, in N,) at
400°C for 30 minutes, the SiO, films were characterized by high-frequency (1 MHz) C-V
and quasi-static C-V measurements. For quasi-static C-V measarement a Hewlett Packard
4140B PA meter/dc voltage source was used as a linear voltage ramp, while for high-
frequency C-V a Boonton 72AD capacitance meter was used in conjunction with a HP
4140B PA meler/dc voltage source. All measurements were performed at room

temperature.

4.2 Floating Potential

The potential at the front grid at a constant gas flow rate of 10 scem of N,O is
negative with respect to ground because the sheath potential is built up on the surface of
any object which is in contact with the plasma volume. When the positive ions pass
through the charged particle suppressor, they may collide with the middle and the back
grids. This causes a positive charge built up on this two grids. The total internal potential
difference between the front and the back grids is about 6 V at the chamber pressure of 10
mTorr, which is shown in Fig. 4.3. The potential difference between the front and the
back grids decreases with increasing gas pressure since the mean free path of the charged
particles in the plasma decreases. Therefore the probability of particle collision increases
which then reduces the life time of the charged particles. For most ECR microwave
PECVD operations, the gas pressure used is between 10-20 mTorr. Within this range, the
potential difference between the front and back grids is about 3.5-4.5 V. In addition, the
floating potential measured by the tungsten Langmuir probe at a point 5 ¢cm from the back
wall is 6.5 mV negative with respect to ground. This means that there is a certain number

of electrons entering the processing chamber,
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Figure 4.3 The floating potentials induced by the N>O plasma (10 scem) at the front and
the back grids.

4.3 Ion and Electron Currents

Without biasing the charged particle suppressor, the electron and ion currents
are in the order of 10-7 A. In order to suppress the number of positive ions and electrons
passing through the charged particle suppressor and flowing toward the subsirates, the
- front grid was negatively biased while the back grid was positively biased. This bias
arrangement is the most efficient way to reduce both the electrons and the ions flowing
toward the substrates. The negatively biased front grid tends to attract positive ions toward
it and to repel the electrons. When the ions enter the charged particle suppressor, the
electric field in the region between the front grid and the central ground grid tends to block
them to pass through the middle screen. However, some of the ions and electrons may still
go through to reach the back grid. Even electrons can pass through the negatively biased

front grid and the middle grid, it is difficult for them to travel far away from the back grid,
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which is positively biased. The positively biased back grid can also repel positive ions
from entering the processing chamber.

It should be noted that the currents measured by the tungsten Langmuir probe
may also be due to the photoionization by the photon radiation. In order to define the range
of the external bias voltage which can suppress effectively the traffic of ions and electrons,
5 biasing arrangements were used as given in Table 4.1, The flow rate of N»O was 10
scem and the gas pressures used were from 10 to 70 mTorr. The results for the biasing
arrangements A, B and E are shown in Fig. 4.4-4.6. It should be noted that the biasing
arrangements C to E, which are biased at +30, 35 and +40, respectively, give almost

identical electron and ion currents,

Table 4.1  The biusing arrangements for the measurements of electron and ion currents
induced by the N,O plasma.

Bias Voltages (V)

Biasing
ATangement I Front screen| Back screen
A 0 0
B 25 -25
C 30 -30
D 35 -35
E 40 40
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Figure 4.4 lon and electron currents of the N>O plasma as functions of pressure without
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In Fig. 4.4, both the ion current and electron current decrease with increasin g gas
pressure. Obviously, the currents in this case are produced by the ions and electrons in the
N;O plasma because the increase in pressure reduces the mean free path and subsequently
decreases the probability of impact ionization and hence the number of the charged
particles.
| With bias voltages of 25 V and -25 V at the back and the front grids, respectively,
the ion and electron currents drop significantly to 10 and 10-10 A, respectively. As the
pressure is increased, electron concentration behind the back grid is decreased because the
mean free path decreases. As a result, more electrons collide with the gas molecules. After
collisions, the electrons lose a portion of their energies and the probability for them to

penetrate through the charged particle suppressor is reduced. On the other hand, the
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reduction of electrons increases the effective ion concentration behind the back grid. This
means that the collision between ions and gas molecules does not involve in energy
exchange as much as that between electrons and gas molecules, at least for pressures
between 10-80 mTorr. When the pressure is higher than 25 mTorr, the electron
concentration behind the back grid saturates and a equilibrium condition is reached for both
ion and electron currents.

The ion and electron currents drop to the values in the order of 10-1! A when the
tront and the back grids are biased at -40 and 40 V respectively, as shown in Fig. 4.6, The
ion and electron currents become saturated at pressures higher than 25 mTorr indicating that
the currents are independent of the gas pressure. Therefore, the probe currents detected by
the tungsten Langmuir probe is induced by photoionization but not the charged particles.
We can conclude that the amount of the charged particles is obviously smaller than 10-11 A
at the bias voltage at 240 V. As a result, the concentration of the remaining particles in the
processing chamber is small and hence the electric field near the substrate surface created
by the ion sheath is small. Thus, we believe the kinetic energy of the remaining particles
impinging on the substrates and the on-growing films is small and may not cause
significant damage. Since the activated oxygen species which react with the reactant gas to
form solid films is not affected by the biased grids, thus the amount of these species

flowing to the processing chamber does not reduce.

4.4 Interface Trap Density (Dit) and Oxide Trapped Charge
(Qox)

The values of Dy and Q,y as functions of bias voltages applied to the grids are
shown in Table 4.2. As the dc bias voltage is higher than +25 V for the front and the back
grids, the suppression of ions and electrons has reached its optimal condition. Therefore,

we chose the bias voltage of £40 V. The values of Dy, and Qox were determined from the
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C-V characteristic measured after the samples had been sub jected to post-metallization

annealing (PMA). The C-V measurement method is shown in Appendix B.

Tuble 4.2 The values of Dy, and Q. before and after photon radiation.

Charee Remark Without photon With photon
s radiation radiation
Interface with zero bias 7.332 x [()“ 2x 107
frap
density o .
with bias voltage 6.068 x 10 1.133 x 10'2
(eV'em?) of 40 V o
I
Oxide with zero bias 1.48 x 10 46x 10"
trapped charge
2 with bias voltage I 1
(gcom™) of OV 1.7627 x 10 3x 10
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Table 4.2 shows that both D;; and Q,, are affected by photon radiation. Without

applying bias, the SiO; film suffers both the ion bombardment and photon radiation and the

values of Dy and Qo are quite high. The photon radiation increases Dy, from 6 x 1011 eV-

Pem2to 1012 eVl em? and increases Qq, form 1.7 x 101 g em=2 to 3 x 1011 qcm2, The

rate of increase of Dy, is greater than that of Q, indicating that more holes are produced in
the films during photon radiation.

Photons with energies of 8-9 eV are able to create electron-hole pairs near the

surface of the SiO; film {7]. The holes tend to diffuse through the oxide and are trapped at

the Si0,/St intertace following the process [36];

Photon
racliation

Si-O-Si > 851-0e + Sie (4.1)

The SiQe siructure can act as an electron trap due to the hi gh electron affinity of oxygen.
S5i-0e + ¢ —> Si0: (4.2)
The Sie structure can act as a hole trap due to the relatively low electron affinity of silicon.
Sie —> Si* + ¢ (4.3)
In addition, based on the Bond Strain Gradient (BSG) model [48], the oxygen dangling
bond tends to propagate in the direction of increasing strain; whereas the silicon dangling
bonds stays at its original position, as shown in Fig. 4.9. Once the oxygen dangling bond
arrives at the interface region, it may encounter with other Si centers and be trapped there,

forming an interface trap.
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Figure 4.7 The Bond Strain Gradient model showing the r upture of the Si-O bond and the
subsequent propagation of the defects toward the SiO-/Si interface.

Since electron-hole pairs are generated in SiQ5 upon radiation, these carriers, along
with those injected from the contacts through internal photoemission, will transport through
the Si0; film according to the electric field available at the time. The mobile electrons are
driven out of the oxide in a very short time (~1 ps) [49]. The holes in the oxide are
subjected to a further transport process. However, some holes which fall into iraps inside
the oxide during transport will be trapped there to form positive trapped charge; others are
captured by neutral bulk traps created during ionizing radiation, leading to the accumulation
of positive trapped charge. Holes which are not trapped in the bulk will proceed toward
the Si0y/Si interface. Holes may also encounter electrons injected from the silicon
substrate. In this case holes are subjected to & recombination process. The holes
approaching the SiO,/Si interface may capture electrons from the Si substrate and create
interface trap charge.

The penetrating photon radiation may also break up the bonding network of the
Si0; film, which may lead to subsequent structural rearrangement. Some of the broken

bonds may be able to restore their original status upon the initial electron-hole
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recombination process, others may remain broken and give rise to electrically active
defects. These defects are the main source for the eventual build-up of various charges and
associated traps depending on their location. Moreover, the rupture of strained Si-O bonds
located near the SiOy/Si interface can also result in the formation of interface traps because
the non-bridging oxygen defects diffuse easily toward the interface [49]. This leaves the
dangling Si bonds behind, which subsequently form the interface traps.

The bias voltage applied to the grids can suppress the ions and electrons, and thus
reduce the probability of creating defects in the films, The charged particles are confined
by the magnetic field around the chamber axis as shown in Fig. 4.8. The magnetic field
profile is the 'thickest' right beneath the magnetic field coil. Since the substrates are placed
about 8 cm from the magnetic field coil, the magnetic field profile is 'thinner' above these
substrates and therefore no ion bombardment occurs even without biasing, In contrast, the
substrates placed perpendicular to the chamber axis are subjected to direct bombardment by
particles from the plasma and therefore the damage caused by ion bombardmenti is

significant without biasing.
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Figure 4.8 Hlustration of the flow of particles and photons between the plasma and
processing chamber with no bias.
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CHAPTER 5

CONCLUSIONS

The PECVD films fabricated by ECR microwave plasmas and the photon
radiation effects have been studied. On the basis of experimental work given in the
previous chapters, the following conclusions are drawn:

(1) Fluorine incorporation of the PECVD films enhances the deposition rate of the SiOF
fitms. Fluorine acts as a 'catalyst' for the flow rate of fluorine gas below 6 scem. Ag
the flow rate of fluorine gas is greater than 6 scem, fluorine acts as an etchant and tends
to decrease the deposition rate.

(2) Fluorine incorporation induces stress relaxation of the interfacial strain by the breaking
of 5i-O-5i bonds. The increase of fluorine incorporation results in the decrease of
refractive index and subsequently the dielectric constant and polarizability of the films.

(3) With fluorine incorporated, an increase of the flow rate of oxygen gas results in a
decrease in deposition rate indicating that oxygen enhances the amount of available
fluorine.

{(4) The heat treatment of SiOF films causes dissociation of Si-F bonds and desorption of
atomic fluorine, which, in turn, decreases the SiF/Si-O-Si absorption peak ratio and
increases the bond strain.

(5) The XPS analysis shows that there is carbon at the outer surface of the SiOF films and
its concentration drops to zero at the level deeper than 3 nm, and, on the other hand,
that fluorine is bonded with silicon but not with oxygen in the SiOF films .

(6) A suitable dc biasing applied to the grids of the charged particle suppressor prevents
charged particles from bombarding the substrates and the on-growing films.

(7) Photon radiation from the N;O plasma causes an increase in the concentration of bulk

traps in the SiO; films at the Si0Q,/Si interface.
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APPENDIX A

RCA Silicon Substrate Cleaning Process

The RCA standard clean is a two-step oxidizing treatment with hydrogen
peroxide solutions. The two-step treatment consists of an alkaline mixture af high pH
followed by an acidic mixture at low pH, and this is the basic framework for the RCA

standard clean. The procedures are as follows:

(1) submersion in NH,OH : 1,05 : HoQ (62 1 : 1) at about 80°C for 15 minules
(2) deionized water rinse (with resistance of 17.6 MQ-cm) Tor 1 minute

(3) submersion in HF : H,O (1 : 100) for 30 seconds

(4) submersion in HC1: HzO; : H;O (6: 1 : 1) at about 80°C for 15 minutes

(5) deionized water rinse (with resistance of 17.6 MQ-cm) for 1 minute

(6) submersion in HF : H,0 (1 : 100) for 30 seconds
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APPENDIX B

Capacitance-Voltage Method

Bl. Calculation of Interface Trap Density

The high-low frequency C-V method has been used for the determination of the
mterface trap density. This method is superior to the hi ¢gh frequency C-V method alone or
the qguasi static (low-frequency) C-V method alone because it does not involve the
computation of the theoretical C-V curves under trap free conditions. The hi gh frequency
C-V curves are usnally measured at a frequency in the MHz range. At such a high
frequency, the interface trap density cannot follow the small signal ac gate voltage, but
follow the gate bias as the MOS capacitor is swept from the accumulation to inversion
mode. The capacitance per unit area measured at a high frequency (about 1 MHz) can be

written as:
CHF = Cscox/(cs + Cox) (B 1)

where Coy is the oxide capacitance per unit area which is given by:

Cox = Eox/d (B2)

and C; is the depletion region capacitance which is given by:

Cs=e/W : (B3)
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in which e,y and e; are the permittivities of the oxide and the silicon semiconductor,
respectively and d and W, however, the oxide thickness and the depletion region depth in
the silicon semiconductor, respectively.

The total capacitance at low frequencies (~1-10 Hz) is expressed as:

VCLg = 1/Cox + H(Cs + Cyp) (B4)
where the ac response of the interface traps can be accounted for at these frequencics,
because the response from the interface traps is immediate, which contributes to significant
amount of Cj;. Since both Eqgs. (B1) and (B4) contain the C, term, the combination of

high-low frequency measurements omits the evaluation of C,. B y rearranging Eqgs. (B1)

and (B4), we can obtain the following expressions for the interface trap capacitance:

Cit = [/Cpg - 1/Cou I - [1/Cip - 1/Coy ]! (B5)

However, C, is:

Cir () = - dQi/d¥s =~ q Dy(¢s) (B6)

where Wy = banding bending, Q;, = interface trap charge per unit area, and ¢, = surface
potential measured from intrinsic level at the silicon surface. Substituting Eq. (B5) and

(B6) and solving for Dy, vields:

Di = 1/ { [1/CLp - 1/Cox]™! - [1/Chr - 1/Co ] ¥ (B7)

where Cyy and Cpg denote the capacitance values at high frequency (HF) and low

frequency (LF), respectively,
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Extraction of the Dy value is often quoted at the midgap of the silicon bandgap

because it is a better representation of the overall value across the silicon bandgap. This is
due to the Dy near the band edges become less precise in describing the number of interface
traps at these regions. As a result, the Dy values are usually obtained from the separation
between the HF and the LF C-V curves in the depletion region. In order to exiract this
midgap value, Dy, is converted from a function of gate bias to a function of energy level (E,.

- E) in the silicon bandgap through the following relations [49]:

Vg

qjs (Vg) = J. [ l - CLF (Ivg)/cox ] dvg (BS)
Vib

(Ec - E)q=Ey/2q + ¥ - ¢p (B9)

where Vi, = flatband voltage, E. = conduction band edge energy, E = energy level in the
gap, E; = bandgap energy. and ¢ = potential difference between the thermal equilibrium
Fermi level and the intrinsic Fermi level in the silicon bulk. Using the above relations, we
can compute the Dy, value at midgap, which is 0.55 eV below E. with E; = 1.1 eV for Si at
room temperature.,

All the capacitance values quoted above are per unit area. They are also
normalized to the oxide capacitance values so that the C-V measurements will not be
affected by device geometry like gate area and oxide thickness. Usage of capacitance
values in the calculation of oxide charge density is also treated the same way. The LF C-V

curve after normalization will be referred to as the quasi-static curve.

B2 Calculation of Oxide Charge Density
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The determination of oxide charge density (Q.y) is mainly based on the HF
capacitance method. We can usually infer this density from the 'flatband voltage shift' in
the HF C-V curve of the MOS device. However, in doing so, we must first locate the
flatband capacitance Cy, and the corresponding flatband voltage Vg, on the C-V curves.

The method is as follows:

Cpp = Cl'hscoxff(cﬂ)s + Cox) (B10)

with

Crs = V(g2 Npp £/KT) (BI1)

where Cp,s = silicon flatband capacitance, g, = oxide capacitance, Np = donor
concentration, and &, = permittivity of silicon. Knowing the value of Ciy. we can identify
the corresponding Vy, values from the HF C-V curves.

With the flatband voltage values determined; we can evaluate the oxide charged
density by using an appropriate equation. In doing so, we can relate these values with the
work function difference between the gate metal and the silicon, Wy, In an ideal case, the
flatband voltage is equal to Wy for charge free condition at flatband. However, there is a
certain amount of intrinsic oxide charge residing in the oxide film causing the apparent
deviation between Vg, and Wy, which we denote as Vi, - Whs. This deviation is
equivalent 1o a parallel shift of the HF C-V curve compared to the one in an ideal charge
free condition. Subsequently injection or trapping of carriers can also lead to a
corresponding flatband shift of the HF C-V curve. The direction of the shift is dependent
on the polarity of the charge carriers. Thus, the Q, can be related to the flatband voltage

shift through is as follows:
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Vﬂ) - Wms =- Qox/cox =- dox Qoxf'eox (B12)

where dyx = oxide thickness, and &,, = permittivity of the oxide in which the relation Cox =

Eox/doy 15 used in the expression.



